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ABSTRACT 

The lipid class composition of beef heart  
ventricle was determined by a combination 
of diethylaminoethyl c e l l u l o s e  c o l u m n  
chromatography and q u a n t i t a t i v e  thin- 
layer chromatography. Percentages of the 
total lipid were: triglyceride, 43.6; cho- 
lesterol, 7.4; phosphatidyl choline, 22.8; 
sphingomyelin, 4.0; phosphatidyl ethanol- 
amine, 11.2; diphosphatidyl glycerol, 5.8; 
phosphatidyl serine, 1.2; p h o s p h a t i d y l  
inositol, 3.0; phosphatidyl glycerol, 0.9; 
unsaturated hydrocarbon, 0.02; saturated 
hydrocarbon, 0.20. Nonlipid components 
represented 33 .6% of the crude chloro- 
form/methanol  extracts. 

INTRODUCTION 

A LTHOUGH THE HEART is a n  important  organ 
and heart  mitochondria have been the 

subject of numerous investigations, little in- 
formation is available on the lipid composition 
of heart (1 -5 ) .  This relative lack of informa- 
tion led to the following investigation, the first 
quantitative analysis of heart  lipid class com- 
position employing a diethylaminoethyl cellu- 
lose column chromatographic procedure. 

MATERIALS AND METHODS 

Solvents and Nitrogen 

All solvents were reagent grade redistilled 
from glass, and prepurified nitrogen (less than 
7 ppm oxygen) was used. 

Extraction of Lipids 

Fresh beef heart obtained from the slaughter- 
house was freed of adipose and connective tis- 
sues and passed through an electric meat 
grinder four times to obtain a homogeneous 
paste. Extraction of lipids was accomplished 
with 100-g portions of the paste with chloro- 
form/methanol  2/1 in a nitrogen atmosphere 
(6) .  The crude chloroform/methanol  extract. 
was evaporated to dryness in a 2-liter round 
bottom flask and then thoroughly dried in a 
vacuum desiccator over KOH. When the crude 
lipid was extracted with chloroform/methanol  
2/1 to free of denatured protein, only a por- 

1 Present address: Max-Planck-Institut ffir Zellchemie, 
Munich, Germany. 
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tion of the protein was present as a sufficiently 
granular precipitate to be readily removed by 
filtration in contrast to proteins of crude lipid 
extracts of brain. Repeated evaporations with 
chloroform/methanol  2/1 to which enough 
water had been added to give a slight turbidity, 
followed by drying over KOH in a desiccator, 
were necessary before all of the protein had 
been denatured and could be removed by filtra- 
tion. The alternate evaporatio n and drying were 
carried out until no turbidity was observed up- 
on treatment with chloroform/methanol  2/1.  
The lipid thus prepared was free of protein and 
good recovery (100-+-2%) of the solids ap- 
plied to DEAE columns was obtained. 

Attempts were made to evaporate the final 
chloroform/methanol  2/1 filtrate free of pro- 
tein to a small volume, transfer to a mortar,  
evaporate to dryness under a vacuum in a 
nitrogen atmosphere, and mix the lipid residue 
in a mortar  with a pestle as for brain lipids (6) .  
These operations were not conveniently per- 
formed as with brain lipids since heart  lipid 
became moist while being mixed in the mortar.  
Representative s a m p l e s  a n d  r e p r o d u c i b l e  
weights for column chromatography were ob- 
tained by solution of lipid in chloroform or 
a chloroform/methanol  mixture, transfer of 
aliquots to 50-ml side-arm filtering flasks, 
evaporation of solvent under nitrogen, and 
drying to constant weight over KOH. 

DEAE Column Chromatography 

D E A E  column chromatography was carried 
out as previously described (6) using a 4.5 
(I .D.)  X 20 cm column packed with 45 g of 
D E A E  cellulose (Selactacel DEAE,  regular 
grade, Brown Company, Berlin, N. H.) .  The 
chromatography tube was equipped with a t -  
liter solvent bulb, a Teflon stopcock, and a 
glass wool plug to retain adsorbent. 

The D E A E  column was packed as a slurry 
in g lac ia l  acetic acid and acetic acid washed 
out with methanol (3 bed volumes).  The col- 
umn was washed with 5 bed volumes each of 
chloroform/methanol  1/1, chloroform/metha-  
nol 9 /1 ,  and chloroform. Column performance 
was tested with cholesterol (8) .  This test dis- 
closes any channels that may be present in 
the column and gives a good estimate of the 
column volume 

Beef heart  l i p i d  (200-300 mg) was applied 
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TABLE I 
D E A E  Column Chromatography of Beef Heart Lipids 

Volume Weight % Total 
Solvent (ml) (rag) extract Substance(s) 

CJM 9/1 1800 165.6 55.7 Ch, TG, PC, Sph 

C / M  7/3 1550 26.35 8.8 PE-form I 

CH3OH 1250 42.40 14.2 Water solubles, 
and PE-form I I  

C / H A c  3/1 1700 20.30 6.8 U, PE-form II  

HAc 1000 8.75 2.9 PS, U 

C / H A c  3/1 -~ 3000 28.55 9.6 DPG, PI, U 
0.01 M NH4Ac 

CH~OH 1000 1.05 0.3 U 

C / M  4/1 + 1500 4.25 1.4 PI, traces U 
20 ml/1 NH~ 

C / M  4/1 
made 0.01 M in 1500 1.85 0.6 PI, PG, U 
NH4Ac + 
20 ml/l  NH:~ 

CHaOH wash 1000 5.85 1.9 U 
HAc wash 1000 0.90 0.3 U 

Abbreviations: C /M = CHClz/CI-LOH; HAc = acetic 
acid; Ch = cholesterol; TG ~ triglyceride; PC = phospha- 
tidyl choline (all forms);  S p h = s p h i n g o m y e l i n ;  p E w  
phosphatidyl ethanolamine (diacyl, plasmalogen, and alkoxy 
forms) ; PI  = phosphatidyl inositol; PG  = phosphatidyl gly- 
cerol; U = uncharacterized nonlipid; PS = phosphatidyl 
serine (all forms);  D P G  ~ diphosphatidyl glycerol (cardio- 
lipin) ; N H  a ~ concentrated (28% by weight) aqueous am- 
monia. 

to columns in 10 ml of the first eluting solvent. 
Columns were eluted first with chloroform 
followed by chloroform/methanol  9/1 or im- 
mediately with chloroform/methanol  9/1 when 
triglycerides and cholesterol were to be eluted 
along with phosphatidyl choline and sphingo- 
myelin. Fractions of 40 ml were collected at a 
flow rate of 10 ml/min.  The course of elution 
was followed with the solids and ninhydrin tests 
(7) through the methanol eluate. Following 
this, all fractions were collected in bulk. The 
solvents, elution volumes, and compositions of 
the fractions are given in Table I. 

Fractions were evaporated to dryness in a 
rotary evaporator first flushed with pure nitro- 
gen (6).  Samples were then transferred to 
50-ml side-arm filtering flasks, the solvent re- 
moved under nitrogen on a vacuum rack (6) ,  
and the samples dried over KOH in a vacuum 
desiccator and weighed. The fractions were 
then dissolved in chloroform or chloroform/ 
methanol 2/1 at a concentration of 2-5 mg 
per milliliter and spotted for quantitative thin- 
layer chromatography (TLC) .  

Thin-Layer Chromatography 

TLC was carried out essentially as described 
by Rouser et al. (9) with an adsorbent com- 
posed of 9 parts of Silica Gel Plain (Warner-  
Chilcott Laboratories, Instrument Division, 
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Richmond, Calif.) plus 1 part  magnesium sili- 
cate (Allegheny Industrial Chemical Co., P.O. 
Box 786, Butler, N. J.) .  Various chloroform/ 
methanol /water  mixtures (65 /25 /4 ,  65 /35 /5 ,  
6 0 / 3 5 / 8 )  as well as 1-butanol/acetic acid/  
water ( 60 /20 /20 )  were used as developing sol- 
vents depending upon the substances to be 
determined. 

Glass plates (20)< 20 cm) were spread with 
a water slurry of adsorbent (about 20 g of 
adsorbent mixed with 65 ml of water to spread 
five plates).  After  spreading, the adsorbent 
layer was heat activated for 20 min at 120C, 
the plates cooled in air for 30 min, spotted and 
chromatograms developed with the desired sol- 
vent. The air-dried plates were sprayed with 
the sulfuric acid-potassium dichromate reagent 
(1.2 g K~Cr207 in 200 ml 55% by weight 
H2SO4). Spots were developed at 180C for 
30-60 min. The plates were cooled, the back 
sides carefully cleaned, and the density of the 
sample spots and spots from standards deter- 
mined with a Photovolt densitometer (Photo- 
volt Corp., 1115 Broadway, N. Y.) using a 
recorder and integrator. Spotting for TLC was 
by the single spot or row of small spots tech- 
niques. Four  applications each of sample and 
standard were made per chromatogram and a 
minimum of two chromatograms were used 
for each analysis. 

Various pure lipid standards for quantita- 
tive TLC were prepared by column chroma- 
tography, largely from a beef brain (6,10). 
Commercially obtained cholesterol recrystal- 
lized from ethanol and a pure sample of tri- 
glyceride isolated from beef spleen were also 
used as standards. 

RESULTS 

The total lipid (free of nonlipid) of beef 
heart  ventricle varied between 2.7 and 3.7% 
of the fresh weight of the organ. Table I shows 
the details of the elution of different fractions 
of beef heart lipid from D E A E  columns and 
the percentages by weight represented by each 
fraction. Table I shows that more than 50% 
of the sample is eluted in the first two frac- 
tions. The crude lipid extracted with chloro- 
form/methanol  2/1 contains a large amount 
of water-soluble nonlipid material (5).  The 
nonlipids appear in all fractions except the 
chloroform and chloroform/methanol  9/1 
fractions. The presence of these substances 
makes quantitative determination of the lipid 
classes in each fraction by TLC essential. The 
amounts of the various lipid classes of beef 
heart lipid are given in Table II. The values 
are averages of four separate analyses on each 
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T A B L E  I I  

Lip id  Compos i t ion  of  Beef Hear t  

Percent 
Lipid  C / M 2 / 1  
Class extract 

Molar  ratios of phospholipids  

Percent Marinetti Youngs and Gray and 
total Present et al. (1) Cornatzer (2) Macfarlane (2) 

lipid a study (pig heart) (beef heart) (beef heart) 

Wheeldon 
et al. (4) 

(beef heart) 

Triglyceride 28.9 
Cholesterol 4.9 
Phosphatidyl  

choline 15.0 
Phosphatidyl 

ethanolamine 7.4 
Fo rm I 5.6 
Form II 1.8 

Phosphatidyl 
serine 0.8 

Phosphatidyl 
inositol 2.0 

Phosphatidyl 
glycerol 0.6 

Diphosphatidyl 
glycerol 3.9 

Spbingomyelin 2.9 
Nonlipid 33.6 

43.6 . . . . .  
7.4 . . . . .  

22.8 46.5 40.4 33.2 42 50.2 

11.2 22.8 21.1 20.1 38 32.3 b 

1.2 2.5 3.6 13.3 5 - -  

3.0 6.1 9.5 13.4 2 2.3 

0.9 1.8 . . . .  

5.9 12.0 11.4 - -  9 10.1 
4.0 8.2 9.5 19.8 5 5.1 

a Excluding nonlipid.  

b Phosphat idyl  e thanolamine plus phosphat idyl  serine. 

of two extracts prepared from one ventricle 
and one analysis of a second ventricle. In- 
dividual values differed by no more than 6% 
from the mean values. 

The lipid classes eluted with chloroform/ 
methanol 9/1 are triglyceride, cholesterol, 
phosphatidyl choline, and sphingomyelin. Tri- 
glyceride and cholesterol (as well as other 
minor neutral lipids) are elutable from DEAE 
columns with chloroform and can therefore be 
separated from phosphatidyl choline and 
sphingomyelin (6). This is not particularly 
advantageous when the DEAE-TLC procedure 
is used for quantitative estimation since all of 
these lipid classes are readily separated by 
TLC and can be determined by the charring 
technique. 

Phosphatidyl ethanolamine and some non- 
lipids are eluted from DEAE with chloroform/ 
methanol 7/3. Phosphatidyl ethanolamine 
eluted with chloroform/methanol 7/3 is desig- 
nated as PE-form I. The phosphatidyl ethanol- 
amine in this fraction can be removed from al- 
most all of the nonlipid material in the frac- 
tion by solution in cyclohexane. The remaining 
nonlipid material is soluble in chloroform/ 
methanol 2/1. The nonlipid substances do not 
give spots on TLC with the charring or rhoda- 
mine 6G reagents for lipids. 

Methanol used as eluting solvent after 
chloroform/methanol 7/3 elutes primarily 
water soluble nonlipids and a small amount 
of a different form of phosphatidyl ethanolam- 
ine. The phosphatidyl ethanolamine eluted 
with methanol is designated as PE-form II be- 

cause its binding properties to DEAE are dif- 
ferent from that of PE-form I. PE-form II is 
only partially eluted with methanol. T h e  re- 
mainder of this form is eluted with chloroform/ 
acetic acid 3/1. If methanol is not used as 
eluting solvent before chloroform/acetic acid 
3/1, all of PE-form II is eluted with the latter 
solvent. The chloroform/acetic acid fraction 
contains nonlipid and a trace of free fatty acid 
in addition to PE-form II. PE-form II has the 
same elution characteristics as PE-form I on 
silicic acid columns and TLC migration of both 
forms is the same. 

Glacial acetic acid eluted phosphatidyl serine 
and some uncharacterized non!ipid substances. 
Phosphatidyl serine was determined by quanti- 
tative TLC and nonlipid materials in the acetic 
acid fraction were estimated by difference. 
Diphosphatidyl glycerol, a part only of the 
phosphatidyl inositol present, and uncharacter- 
ized nonlipids were eluted with chloroform/ 
acetic acid/ammonium acetate. Chloroform/ 
methanol /ammonia and chloroform/methanol/  
ammonia /ammonium acetate elution of DEAE 
columns removed the remainder of the phos- 
phatidyl inositol and some uncharacterized 
components. 

DISCUSSION 

Lipids are recognized to be important con- 
stituents of biological membranes and most if 
not all of the polar lipid appears to be present 
in membranes. The determination of the lipid 
composition of whole beef heart is of interest 
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to c o m p a r e  wi th  tha t  of  bee f  hea r t  m i t o c h o n -  
dr ia  (9 ,11 ) .  T h e  m o l a r  ra t io  d iphospha t idy l  
glycerol  / phospha t i dy l  e t h a n o l a m i n e  / p h o s p h a -  
t idyl cho l ine  is 1 / 2 / 2  for  m i t o c h o n d r i a  and  
1 / 2 / 4  for  who le  hear t .  T h e  phospho l ip id  values  
ob ta ined  in this l abo ra to ry  are in re la t ively  
good a g r e e m e n t  wi th  those  r epo r t ed  b y  Mar -  
inet t i  e t  al. (1 )  for  p ig  h e a r t  ventr ic le ,  bu t  
are  ve ry  di f ferent  f r o m  values  for  beef  h e a r t  
ven t r ic le  r epo r t ed  f r o m  three  o the r  l abora tor ies  
( T a b l e  I I ) .  T h e  large differences no ted  for  beef  
vent r ic le  w h e n  silicic acid i m p r e g n a t e d  p a p e r  
(3 )  or  silicic acid c o l u m n  c h r o m a t o g r a p h y  
(2 ,4)  are used  for  analysis c a n n o t  be  exp la ined  
fully, a l t hough  the  decompos i t ion  of  l ipids on  
silicic acid co lumns  observed  in one  l a b o r a t o r y  
(2)  c an  explain,  at  ~ in  par t ,  the  different  
va lues  repor ted .  

Ex t r ac t i on  wi th  c h l o r o f o r m / m e t h a n o l  2 / 1  
yields m u c h  p ro t e in  ind ica t ing  tha t  m u c h  of  
the  l ipid is ex t rac ted  as p ro teo l ip id  ( l ip id-pro-  
te in  c o m p l e x ) .  In  order  to dissociate  the  l ipid 
f r o m  the  pro te in ,  the  res idue  ob ta ined  af ter  
evapora t i on  of  the  c rude  l ipid ex t rac t  was 
t h o r o u g h l y  dried,  t aken  up  in c h l o r o f o r m /  
m e t h a n o l  2 / 1 ,  insoluble  d e n a t u r e d  pro te ins  re- 
m o v e d  by  fi l tration,  and  the  fi l trate evapora t ed  
to dryness.  T h e  process  was r epea ted  several  
t imes to dena tu re  the  p ro te in  comple te ly  and  to 
ob ta in  lipids quan t i t a t ive ly  in the  f ree  form.  
A d d i t i o n  of  wa te r  to the  c h l o r o f o r m / m e t h a n o l  
2 / 1  was f o u n d  to aid in  the  d e n a t u r a t i o n  of  
the  prote in .  T h e  presence  of  p ro teo l ip id  in  
hea r t  and  a p r o c e d u r e  for  i sola t ion has  been  re- 
po r t ed  by  M u r a k a m i ,  Sekine  and  F u n a h a s h i  
( 1 3 ) .  P ro teo l ip id  p ro te in  can  be  r e m o v e d  
quick ly  f r o m  lipids by  Sephadex  c o l u m n  chro-  
m a t o g r a p h y  (5 ,12 ) .  A u t o x i d a t i o n  of  l ipids dur-  
ing r epea t ed  ext rac t ion,  fi l tration, and  evapora -  
t ion  was r educed  by  p e r f o r m i n g  all opera t ions  
u n d e r  n i t rogen.  T h e  c rude  solids ob ta ined  by  
c h l o r o f o r m / m e t h a n o l  2 / 1  ex t rac t ion  were  
f o u n d  to be  hygroscop ic  and  accura te  sample  
weights  for  c o l u m n  c h r o m a t o g r a p h y  were  ob- 
ta ined  on ly  wi th  care  to  avoid  e r r o r s  re la ted  
to this  proper ty .  H e a r t  l ipid f reed of  water -  
soluble  non l ip id  by  Sephadex  c o l u m n  c h r o m a -  
t og raphy  does no t  show this p roper ty .  

Ev idence  for  the  p resence  of  sterol  esters 
was sough t  by  silicic acid c o l u m n  c h r o m a t o g -  
raphy ,  bu t  no  t race  of  esters of  choles tero l  or  
o the r  sterols was found.  Beef  h e a r t  was f o u n d  
by  silicic acid c h r o m a t o g r a p h y  in the  p resen t  

studies to con ta in  a m i n u t e  t race  ( 0 . 0 2 % )  of  
unsa tu r a t ed  h y d r o c a r b o n  ( p r o b a b l y  mos t ly  
squa lene)  and  a t race  ( 0 . 2 0 % )  of  sa tu ra ted  
hydroca rbons .  These  h y d r o c a r b o n  f rac t ions  
were  isolated quan t i t a t ive ly  f r o m  a silicic acid 
c o l u m n  p r e p a r e d  in and  e lu ted  wi th  n-hexane .  

I t  will be  n o t e d  in T a b l e  II  t ha t  a b o u t  2 5 %  
of  the  to ta l  phosphaf idy l  e t h a n o l a m i n e  in beef  
h e a r t  is p resen t  in  a n  u n c h a r a c t e r i z e d  f o r m  
( f o r m  I I )  t ha t  m a y  be  an  a r t i fac t  of  b ind ing  
of  a po r t i on  of  the  phosphaf idy l  e t h a n o l a m i n e  
t h r o u g h  some non l ip id  componen t .  

T h e r e  is a m a r k e d  difference in the  l ipid 
compos i t i on  of beef  h e a r t  and  bee f  b r a i n  ( 6 ) ,  
par t icu la r ly  wi th  r ega rd  to the  a m o u n t s  of  
cholesterol ,  glycolipids,  and  some phospho-  
lipids. Beef  b r a i n  con ta ins  a grea t  deal  of  
cholesterol ,  cerebrosides ,  s u l f a t i d e s ,  a n d  
sph ingomye l in  bu t  does no t  con t a in  tr iglyceride.  
H e a r t  conta ins  m u c h  tr iglyceride,  a low level 
of  cholesterol ,  n o  cerebros ide  or  sul fa t ide  and  
a low level of sph ingomyel in .  These  differences 
are reflect ions of  m a j o r  differences in m e m -  
b r a n e  s t ruc tures  in  these  two organs.  
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Agents Affecting Lipid Metabolism. XXVI. 
Specificity of Some Inhibitors of the Late 
Stages of Cholesterol Biosynthesis 1 

M. KRAML, J. DUBUC and D. DVORNIK, Department of Biochemistry, 
Ayerst Research Laboratories, Montreal, Canada 

ABSTRACT 

The capacity of 22,25-DAC, z AY-9944 
and triparanol to inhibit cholesterol bio- 
synthesis from three precursors, mevalon- 
ate, 7-dehydrocholesterol and desmosterol, 
has been studied in rat liver homogenates. 

Evidence is presented that, in vitro, 
22,25-DAC, a potent inhibitor of the sterol 
A24-reductase, also inhibits the 7-dehydro- 
cholesterol-~x 7-reductase system. 

INTRODUCTION 

I N T H E  P A S T  F E W  YEARS w e  have been search- 
ing for novel types of inhibitors of choles- 

terol biosynthesis (1-8). The basic testing pro- 
cedure consisted of determining the effect of a 
given compound on the incorporation of 2-C 14- 
MVA into cholesterol by a rat liver homogen- 
ate. At that time it became known that a fac- 
tor limiting the therapeutic usefulness of tri- 
paranol, an extensively studied inhibitor of the 
A24-reductase, was the accumulation of desmos- 
terol (24-dehydrocholesterol), a sterol biosyn- 
thesized instead of cholesterol in the presence 
of triparanol (9). In view of this, a compound 
found by the test to block incorporation of 
MVA into cholesterol, was in turn tested in 
vitro for its effect on the 24-reductase system as 
reflected in its effect on the conversion of 
26,27-C~4-desmosterol to cholesterol (6). 

Application of this screening procedure has 
led to the discovery of inhibitory activity in 
DBED (7),  a finding which has eventually led 
to the synthesis of AY-9944 (10), a very 
potent, orally active inhibitor of cholestero- 

aPresented in part at the 31st Congr~s Annuel de l'As- 
sociation Canadienne-Fran~aise pour l'Avancement des 
Sciences, Quebec City, Canada, November, 1963. For Part 
XXV of this series, see P. Hill and D. Dvornik, Proc. Soc. 
Exp. Biol. Med. 122, 1223 (1966). 

2Abbreviations: 22,25-DAC (SC-11952), 20a-(2-dimethyl- 
aminoethyl) amino-Sa-pregnan-3fi-ol dihydrochloride; AY- 
9944, trans-l,4-bis(2-chlorobenzylaminomethyl)cyclohexane 
dihydrochloride; triparanol (Mer-29), 1-[p-(/3-diethylamino- 
ethoxy) phenyl]-I-(p-tolyl)-2-(p-ch 1 o r o p h e n y 1) ethanol; 
20,25-DAC (SC-12937), N-methyl-N- (3-dimethylamino) 
propyl-17p-aminoandrost-5-en-3fi-ol; AT-reductase, 7-dehydro- 
cholesterol-,~7-reductase; h24-reductase, 24-dehydrosterol-A 24- 
reductase; MVA, mevalonic acid; HMGCoA, hydroxymethyl- 
glutarylcoenzyme A; DBED, N,N'-dibenzylethylenediamine. 

genesis (4). AY-9944 was the first agent shown 
to act by inhibiting the AT-reductase system 
(4,11-13). Subsequently, any compound in- 
hibiting cholesterol formation from MVA was 
also tested for its effect on the /xT-reductase. 

Previous studies with 22,25-DAC revealed 
the appearance of desmosterol in tissues of 
laboratory animals (3,14). Subsequently, the 
direct measurement of the effect of 22,25-DAC 
on the • system in vitro (6) has 
demonstrated that its predominant mechanism 
of action consisted in the inhibition of the 
enzymatic reduction of the ~x 24,25 double bond 
in the side chain of sterols. We now wish to 
report on the findings of a second site of inhibi- 
tion of hepatic cholesterogenesis by 22,25-DAC. 
The inhibitors AY-9944 and triparanol were 
used as reference standards. 

EXPERIMENTAL PROCEDURE 

2-CI~-MVA (Nuclear Chicago Corp.), 26,27- 
C14-desmosterol (Volk Biochemical Co.) and 
7-dehydrocholesterol (Mann Research Labora- 
tories, Inc.) were used as substrates. Commer- 
cially available 7-dehydrocholesterol is usually 
contaminated with its 5~,8 a-peroxide (13) (see 
below); before use, it was crystallized twice 
from ethyl acetate-methanol (15). The inhibit- 
ors used were triparanol (a gift from C. A. 
Bunde, Win. S. Merrell Co.), 22,25-DAC (a 
gift from V. A. Drill, G. D. Searle and Co.) 
and our AY-9944. 

The effect of these inhibitors on the incorpor- 
ation of 2-C14-MVA and 26,27-C~4-desmosterol 
into cholesterol in rat liver homogenates was 
determined as described previously (6). Ra- 
dioactivity measurements were made using a 
Nuclear Chicago Model 720 Liquid Scintilla- 
tion Counting System. 

2xT-Reductase inhibition was assayed by a 
modification (7) of the original procedure of 
Kandutsch (16), which consists in measuring 
the disappearance of 7-dehydrocholesterol in 
the presence of liver enzymes and suitable co- 
factors. The homoannular ~xs,7-diene system of 
7-dehydrocholesterol is susceptible to. Diels- 
Alder-like addition of oxygen to form the ultra- 
violet transparent transannular 5~,8~-peroxide 
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T A B L E  I 

Effect  of  AY-9944, 22,25-DAC and  Tr ipa rano l  o n  the  Convers ion  of  2-Ca4-MVA and  26,27-CX4-Desmosterol 
to cholesterol  by R a t  L ive r  Homogena te sa  

Meva lona te  as precursor  Desmos te ro l  as p recursor  

F ina l  D p m  in Inhib i t ion  D p m  in Inhib i t ion  
Inhib i tor  conc. cholesterol b % cholesterol % 

N o n e  - -  37,492 - -  88,287 - -  

1.0 X 10-SM 27 100 92,714 0 
AY-9944 1.0 X 10 - aM 595 98 82, 821 7 

1.0X10-TM 36,716 7 - -  - -  

1.0X 10-5M 60 100 3,625 96 
22,25-DAC 1.0 X 10"eM 967 97 4,242 95 

1.0>( 10-4M 151 100 8,941 90 
Tr ipa rano l  1.0 X 10"~M 11,703 69 26,408 70 

aValues repor ted  are averages  f r o m  incubat ions  in duplicate.  

bCholesterol  added  as car r ier ;  isolated,  and  counted  as 5 ,6-dibromocholes tan--3f l -o l  
(13) and  calculated as  d p r a / m g  of  cholesterol .  

(4,12,13). In  the assay of Kandutsch, the 
enzymatic conversion of 7-dehydrocholesterol 
to cholesterol is determined by measuring the 
disappearance in the ultraviolet of the &5,7_ 
diene system. Hence, the assay will register 
any reaction, other than the nT-reductase in- 
volved in the formation of cholesterol, which 
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FIG. 1. The inhibition of 7-dehydrocholesterol- 
AT-reductase by AY-9944 (A) and 22,25-DAC (B). 
Values for inhibition of cholesterol biosynthesis 
with MVA (o) and desmosterol ( e )  as substrates 
are also included. 

causes disappearance of the n~,7-double bond, 
e.g. 5~,8~-peroxide formation. Assuming that 
peroxidation may occur, Kandutsch suggested 
to perform the assay with brain and kidney 
tissue under strict anaerobic conditions. I t  is 
pertinent to note that in the presence of AY- 
9944, the level of 7-dehydrocholesterol in the 
Kandutsch test remained unchanged, thus indi- 
cating that, with our experimental conditions, 
the disappearance of 7-dehydrocholesterol in 
control experiments was indeed due to the A 7- 
reductase activity of the liver homogenate. 

RESULTS 

The results obtained with 22,25-DAC, AY- 
9944 and triparanol are presented in Table I 
and Fig. 1A and B. 

As reported earlier (4) ,  AY-9944 is a potent 
inhibitor of the aT-reductase and 50% inhibi- 
tion is obtained with a final concentration of 
4.0 • 10 -7 ~ (cf. Fig. 1A).  Similar data were 
also reported by Niemiro and Fumagall i  (17).  
Within the limits of the experimental error, 
AY-9944 inhibits the incorporation of MVA 
into cholesterol to the same extent as it inhibits 
the AT-reductase. At  concentrations up to i .0  
• 10 -4 M, AY-9944 had no effect on the con- 
version of desmosterol to cholesterol and thus 
behaves like a "pure" AT-reductase inhibitor. 
Recently, three new types of n7-reductase in- 
hibitors were described (18) but  their specificity 
regarding the A24-reductase system was not 
reported. 

22,25-DAC, on the other hand, suppressed 
the incorporation of MVA into cholesterol to 
the same extent as it inhibited the h24-reductase: 
in both instances, and at a final concentration 
of 1.0 • 10 ~6 M, the inhibition was over 90%.  
At  this concentration, 22,25-DAC had virtu- 
ally no effect on the nT-reductase system (Fig. 

LIPIDS,  VOL. 2, NO. 1 
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1B). However ,  at higher  concentra t ions ,  22,25- 
D A C  affected the A~-reductase: 50% inhibi t ion 
was observed wi th  4,5 • 10 .6 M, while at 1 .O 
• 10 .4 M the inhibi t ion exceeded  9 0 % .  Hence ,  
22 ,25-DAC behaved  in vitro like a "mixed"  
inhibi tor  b locking bo th  the &7_ and the A 24- 
stero1 reductase  systems. 

Wi th  tr iparanol ,  the inhibi t ion of M V A  in- 
corpora t ion  into cholesterol  paral lel led its block 
of  the A24-reductase ( 7 0 %  inhibi t ion in bo th  
cases at 1.0 • 10 .6 M) .  A t  the highest  concen-  
t ra t ion tested (1.0 • 10 -4 M), t r iparanol  had  no 
significant effect on the AT-reductase. 

DISCUSSION 

Previous work  in vivo (3,14,19)  and in vi tro 
(6)  has indicated that  the major  site of  inhibi- 
t ion of  cholesterol  biosynthesis  by 22 ,25-DAC 
was at the level of  the enzymat ic  reduct ion  of  
the A24, 2~ double  bond  in the biogenet ic  pre-  
cursors  of  cholesterol .  The  presen t  s tudy indi- 
cates that, in vitro,  22 ,25-DAC can also in- 
hibit  the A~-reductase, another  enzyme system 
involved in the biosynthesis  of  cholesterol  (4) .  
20 ,25-DAC,  a close analog of  22 ,25-DAC,  has 
also been  found  to be a "mixed"  inhibi tor  ac- 
tive on  bo th  the A t- and A24-reductase systems 
(17) .  As repor ted  for  22 ,25-DAC in the pres- 
ent  study, 20 ,25-DAC was also a more  po ten t  
inhibi tor  of  the 24-reductase system. 

In spite of  the fact  that,  in vitro,  22 ,25-DAC 
has one- ten th  the activity of  AY-9944  as a &7_ 
reductase  inhibitor,  in vivo, in tissues of  rats 
t reated orally with 22 ,25-DAC,  we were  able to 
detect  only desmosterol  (3 ) .  N o  "fas t -act ing"  
sterols s which  would  result  f r o m  a~-reductase  
inhibit ion (15)  were detectable.  Hence ,  in vivo, 
22 ,25-DAC affected only the A24-reductase sys- 
tem. Since, in vitro, near ly a 100 t imes h igher  
concent ra t ion  of 22 ,25-DAC is requi red  to in- 
hibit  the AT-reductase to the same extent  as the 
a2~-reductase, it is unlikely that,  in vivo, 22,25- 
D A C  can reach  levels requi red  to main ta in  
effective AT-reductase inhibition. 

Recently,  Pot t ier  has r epor ted  on a series of  
22,25-diaza-19-nor-choles ta- l ,3 ,5- t r iene-3-ol  de- 
rivatives wi th  the capaci ty  to inhibit  bo th  the 
AT. and A2~-reductase systems of  the cholestero-  
genic pa thway  (24) .  The  effect on  the Ar- 
reductase  was apparent ly  variable and with 

ZThe rates of reaction and the intensities of colors 
developed by different sterols in the Schoenheimer-Sperry- 
Liebermarm-Burchard test (20) reflect the structure of the 
sterol. Thus, at room temperature, AS-sterols reach max- 
imal color intensity after 30-35 min. In contrast, .AT_, 
AS.7-sterols and their 5ct,8a-peroxides (15) or compounds 
readily convertible into the former, produce a maximum 
almost immediately and are therefore termed "fast-acting" 
sterols (21-23). 

s o m e  c o m p o u n d s  could be seen only on  pro-  
longed t r ea tmen t  wi th  high doses. 

In  our  hands ,  at the highest  concen t ra t ion  
tested (1.0 X 10 =4 M final) t r iparanol  had  no  
significant effect on the &7-reductase. Other  in- 
vest igators (17,25)  have  been  able to d emo n -  
strate a weak bu t  definite in vitro inhibi t ion of  
Ar-reductase at s o mew h a t  h igher  t r iparanol  con-  
centrat ions.  Thus,  20 ,25-DAC,  22 ,25-DAC,  
the c o m p o u n d s  descr ibed by  Pot t ie r  and tr ipar-  
anol, respectively,  f o r m  a class of  cholesterol  
biosynthesis  inhibitors which  are quite active on  
the 2x~4-reductase and considerably  less active 
on the A~-reductase system. AY-9944,  on the 
other  hand,  is a po ten t  inhibi tor  o f  the A 7- 
reductase  wi th  virtually no effect on the /xz4_ 
reductase  system. 
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Lysosomes and Essential Fatty Acid Deficiency 
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ABSTRACT 

The hydrolytic activity usually asso- 
ciated with lysosomes increased in the 
homogenates and subcellular fractions of 
rat liver as a result of essential fatty acid 
(EFA)  deficiency. The proportion of the 
total (tissue homogenate) activity found in 
each subcellular fraction, however, was un- 
changed by EFA deficiency. 

Lysosomes isolated from normal and 
EFA-deficient rat livers differed signifi- 
cantly in their stability to thermal and 
osmotic variations. This suggested that 
lysosomal membranes, like other mem- 
branes, were altered by EFA deficiency. 

In spite of increased tissue-bound hydro- 
lytic activity and altered lysosomal mem- 
branes, hydrolytic activity of the serum 
was not markedly changed in EFA defi- 
ciency. These minor changes in hydrolytic 
activity and in lysosomal membrane sta- 
bility seemed insufficient to explain the 
general lesions of EFA deficiency. 

INTRODUCTION 

D ESPITE MANY INVESTIGATIONS ( l ) ,  a uni- 
fied biochemical explanation for EFA 

deficiency symptoms has yet to appear. How- 
ever, evidence is accumulating that at least 
some symptoms of the deficiency result from 
altered structure and permeability of biological 
membranes. In EFA deficiency, the skin usu- 
ally undergoes extensive change (2-4) and be- 
comes extremely permeable to water (5). With 
some species, susceptibility to respiratory and 
epidermal infections increases (6-9). Pro- 
teinuria, hematuria and urogenital degenera- 
tion may be observed (10-11). Capillaries of 
EFA-deficient rats become much more fragile 
and permeable than controls, even before the 
onset of secondary symptoms (12). EFA- 
deficient erythrocytes are more labile to osmotic 
iysis (5). There is abundant evidence that sub- 
cellular membranes too are altered in deficiency. 
EFA-deficient mitochondria, for example, are 
much less stable to isolation procedures and 
other physical stresses ( 14-18 ). 

1Published with the approval of the Director of The Wis- 
consin Agricultural Experiment Station. 

These findings are not entirely surprising, of 
course. It is well established that phospholipids, 
which play an important role in membrane 
structure, have a high EFA content (13,19,20) 
and are significantly altered in fatty acid com- 
position by EFA deficiency (20-24). The gen- 
eral replacement of di- and tetraenoic acids 
with mono- and trienoic acids ( 16,21-23 ) c o u l d  

well be sufficient to affect the structural integ- 
rity of phospholipid-containing membranes. 

It was interesting to speculate, therefore, that 
lysosomal membranes, in light of their phospho- 
lipid content (25), might undergo alterations 
in EFA deficiency. If  so, the postulated diges- 
tive function of lysosomal particles (26) should 
also undergo alteration. The resulting digestion 
of functional cell components or lack of diges- 
tion of accumulating substances in the cell 
might then contribute to the secondary symp- 
toms of the deficiency. An analogous correla- 
tion between lysosomal membrane instability 
and vitamin E deficiency symptoms has already 
been suggested (27). 

The present experiments were designed to 
examine the possibility that lysosomal enzymes 
may play an important role in the symptom- 
ology of EFA deficiency. It will be shown that 
although the deficiency does alter some lyso- 
somal characteristics, the changes do not ap- 
pear sufficient to account for EFA deficiency 
symptoms. 

EXPERIMENTAL PROCEDURE 

Experimental Animals 

Weanling, male albino rats (Holtzman Com- 
pany, Madison, Wisconsin) were placed on 
casein-cerelose type diets, either fat-free or with 
corn oil replacing 5% (by weight) of the cere -  

l o se  (28). The animals, individually housed in 
hanging wire cages and given food and water 
ad libitum, were maintained at least 12 weeks 
before use. 

Methods 

Ten per cent homogenates of kidney or liver 
were prepared in cold 0.25 M sucrose (0.001 M 
EDTA, pH 7.0) by "light" Potter-Elvejhem 
homogenization, and the classical subcellular 
fractions prepared essentially according to 
Hogeboom (29). However, each debris pellet 
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was washed two times with 0.25 M sucrose, 
while mitochondrial  and microsomal pellets 
were not washed. The debris and mitochon- 
drial pellets were sedimented by 10-rain cen- 
trifugations at 600 X g and 8,000 )< g, respec- 
tively, while 1 hr at 105,000 X g (R~g) pro- 
duced the microsomal pellet. 

To effect complete release of enzymes from 
lysosomal particles, each subcellular fraction 
and an aliquot of unfractionated homogenate 
were diluted to known volumes with 0.1% 
Triton x-100, a nonionic detergent. After  
enzyme assays, dilution factors were used to 
calculate the total enzyme activity contained 
in 10 ml of homogenate and in each complete 
fraction obtained from that 10 ml of homo- 
genate. Subsequently, the nitrogen content of 
each homogenate was determined using the 
method of Johnson (30),  except that sample 
digestion was carried out in 30-ml micro-Kjel- 
dahl flasks. Then, the total enzyme activity 
of the tissue, as determined by assay of the 
homogenate, and the activity of each fraction 
were expressed as m/~moles p roduc t /mg tis- 
sue N/min .  The proport ion of activity in each 
fraction was calculated as percentage of the 
sum of the activities of the four fractions. The 
sum of the activities of the four fractions 
divided by the total activity of the unfraction- 
ated homogenate permitted calculation of "per 
cent yield." 

For  each membrane stability determination, 
mitochondrial  fractions from 40 ml of liver 
homogenate or 30 ml of kidney homogenate 
were made to 10 ml in 0.7 M sucrose, in 
which lysosomes were reportedly most stable 
(31).  As quickly as possible, equal aliquots 
of this suspension were diluted to 10 ml, yield- 
ing equal concentrations of lysosomes suspend- 
ed in 0.08% Triton x-100 or in varying 
concentrations of sucrose, 0.1 M to 0.7 M, 
buffered with 0.01 M, pH 7.4 tr is-(hydroxy- 
methyl)-aminomethane.  Incubation at 37C 
was initiated immediately after dilution, and 
at I, 30 and 60 min after dilution, 3-ml ali- 
quots were transferred to cold centrifuge tubes. 
Intact particles were rapidly sedimented at 
20,000 X g for 10 min, and the resulting su- 
crose supernatants and detergent suspensions 
were assayed for enzyme activity. The activ- 
ity of each sucrose supernatant, times 100, 
was divided then by the activity of the deter- 

- gent-treated suspension, which represented total 
enzyme release. This indicated what percent- 
age of the total activity of the suspended lyso- 
somes had been released by each osmotic and 
incubation treatment. 

Enzyme Assays 

All liver preparations were assayed for acid 
phosphatase activity w i t h  p-nitrophenyl phos- 
phate as substrate. Kidney preparations were 
assayed for cathepsin activity (hemoglobin sub- 
strate) and, like serum, assayed also for acid 
phosphatase (f i-  glycerophosphate substrate) 
and aryl sulfatase (p-nitrocatechol sulfate sub- 
strate).  For  all assays substrate and enzyme 
concentrations and incubation times were ad- 
justed to yield zero order kinetics with regard 
to substrate. Each sample involved duplicate 
determinations, as well as substrate and enzyme 
blanks. 

Acid phosphatase (p-nitrophenyl phosphate) ,  
according to Lowery et al. (32),  was measured 
in 1.0 ml t o t a l v o l u m e  which was 0.05 M in 
succinate, pH 5.3, 0.0025 M in MgCI, 18.8 
mM in p-nitrophenyl phosphate and 0.7 M in 
sucrose. Trichloroacetic acid (TCA) (8% 
w/v )  was used for enzyme inactivation fol- 
lowing i0  min incubation at 37C. The con- 
centration of p-nitrophenol was measured by 
absorption at 410 m/~. 

Acid phosphatase (fi-glycerophosphate) was 
measured according to Gianetto and De Duve 
(33),  with released phosphate measured ac- 
cording to Lowrey et al. (34).  The assay flasks 
contained 1.0 ml total volume which was 0.05 
M in acetate, pH 5.0 and 0.05 M in fi-gly- 
cerophosphate. After  15 rain incubation at 
37C, T C A  (0 .3  M) was added to inactivate 
the enzyme. Phosphate was determined by ab- 
sorption of the colored complex at 820 m/~. 

Aryl  sulfatase, measured according to Roy 
(35),  was assayed in 1.0 ml total volume 
which was 0.05 M in acetate, p H  5.5 and 
0.005 M in p-nitrocatechol sulfate. Phospho- 
tungstic acid was used for inactivation after 
an incubation of 1 hr at 37C. Absorption 
at 520 m/~ by the p-nitrocatechol-color reagent 
mixture indicated p-nitrocatechol concentration. 

RESULTS AND DISCUSSION 

As indicated in Table I, total acid phos- 
phatase activity of the liver was increased in 
E F A  deficiency. This increase of about 15% 
was highly s ignif icant--at  the 0.005 level ac- 
cording to the F test. The largest absolute 
increase occurred in the microsomal fraction, 
but  all fractions were proportionally increased. 

As shown in Table II, means of duplicate 
assays for 3 hydrolytic enzymes of kidney 
also indicated increased activity in E F A  de- 
ficiency, reflecting the same differences that  
exist between normal and EFA-deficient livers. 

LiPmS, VOL. 2, NO. i 
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TABLE I 

Subcellular Distribution of Acid Phosphatase Activity 
(p-nitrophenyl phosphate) in Normal  and Essential 

Fatty Acid (EFA)-Deficient Rat liver 

Enzyme activitya,b 

Fraction Control EFA-def ' t  

Level of 
signifi- 
cance 

- - ( m g m o l e s / m g  tissue N / r a i n ) - - - -  (p) 
Debris 142 (11) 182 ( 9 )  .05 
Mitochondrial 165 ( 6 )  175 (12) > .10 
Microsomal 345 (12) 409 (22) .05 
Supernatant 125 ( 7 )  134 ( 7 )  > .10 

~ e  . . . . .  

777 (32) 900 (45) .10 
Totala 792 (11) 904 (26) .005 

a Means of assays on 5 control and on 5 EFA- 
deficient liver preparations, 1 animal per preparation. 

b Standard error of the mean in parentheses. 

e Sum of the activities of the 4 fractions. 

d Measured by assay of unfractionated homogenate. 

These apparent differences in normal and EFA-  
deficient kidneys did not  assume statistical sig- 
nificance, however. 

As Table I I I  shows, the proportions of acid 
phosphatase activity in corresponding normal 
and EFA-deficient liver fractions were not 
significantly different, in spite of significant 
differences in absolute activity of the fractions 
(Table I ) .  In kidney fractions, likewise, the 
percentage distribution of acid phosphatase 
(Table l i d  and of aryl sulfatase and cathep- 
sin activities (Table IV) appeared to be un- 
changed by E F A  deficiency. 

Table  I I I  illustrates a pronounced difference 
in the response of liver and kidney to homo- 
genization and in the sedimenting character- 
istics of liver and kidney lysosomes. The con- 
trol kidney microsomal fraction contained a 
smaller proport ion of the acid phosphatase 

activity than did the control liver microsomal 
fraction (p----0.005). Control kidney debris 
and mitochondrial fractions, on the other hand, 
contained larger proportions of the total ac- 
tivity than corresponding fractions from nor- 
mal liver (p-----0.005 and 0.025, respectively).  
The proportions of activity in control liver 
and kidney supernatant fractions were not sig- 
nificantly different, however. 

I t  is conceivable that a general leucocyte 
invasion of tissues could occur in the diseased 
state produced by E F A  deficiency, and result 
in increased hydrolytic activity in the liver. 
But, the increased hydrolytic activity observed 
in EFA-deficient liver occurred without a 
change in percentage distribution of the ac- 
tivity in the subcellular fractions. Therefore, 
the increased hydrolytic activity could have 
resulted from leucocyte invasion only if leu- 
cocytes had sedimentation properties identical 
to those of liver lysosomes. 

Three different "tracer" enzymes failed to 
indicate a uniform subcellular distribution of 
kidney lysosomes (Table III  and IV) .  Never- 
theless, the subcellular distribution of each 
"tracer" enzyme assayed was the same for 
normal and EFA-deficient preparations of 
liver or of kidney. Therefore, it appeared 
that the sedimenting characteristics of lyso- 
somes from a given organ were essentially 
unchanged by E F A  deficiency. Consequently, 
the same subcellular fraction, i.e., mitochon- 
drial fraction, from control and EFA-defi- 
cient homogenates was used as a source of 
lysosomes for membrane stability studies. 

F rom Fig. 1 it is seen that EFA-deficient 
liver lysosomes released less acid phosphatase 
activity than control lysosomes when sus- 
pended in 0.15 M sucrose. The difference 

TABLE I I  
Subcellular Distribution of Aryl Salfatase, Acid Phosphatase (/3-glycerophosphate) and 
Cathepsin Activities in Normal and Essential Fatty Acid (EFA)-Deficient Rat Kidney 

Enzyme activity a, b 
Aryl sulfatase Acid phosphatase Cathepsin 

Fraction Control EFA-def ' t  Control EFA-def ' t  Control EFA-def ' t  

(m/~moles/mg tissue N / m i n )  
Debris 66 (4) 61 (11) 498 ( 2 1 )  601 (188) 17 (1) 24 ( 5 )  
Mitochondrial 35 (1) 43 (14) 375 ( 5 8 )  522 ( 1 4 )  16 (1) 27 ( 5 )  
Microsomal 11 (0) 13 ( 4 )  357 ( 4 4 )  420 ( 4 2 )  8 (1) 14 ( 4 )  
Supernatant 12 (1) 16 ( 8 )  239 ( 1 9 )  322 ( 9 6 )  6 (1) 11 ( 3 )  

124 (3) 133 (37) I469 (140) 1865 (339) 47 (4) 76 (18) 
Total a 105 (1) 129 (32) 1309 ( 1 1 )  1779 (216) 49 (2) 79 (21) 

a Means of assays on 2 control and on 2 EFA-deficient kidney preparations, 2 animals per preparation. 
b Standard error of the mean in parentheses. 

c Sum of the activities of the 4 fractions. 

a Measured by assay of unfractionated homogenate. 
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TABI.E HI  

Percentage Distribution of Acid Phosphatase Activity in 
Subcellular Fractions of Normal and Essential Fatty 

Acid (EFA)-Deficient Rat Liver (p-nitrophenyl 
phosphate) and Kidney (/3-glycerophosphate) 

Liver a, b Kid hey b , e 

TABLE IV 

Percentage Distribution of Aryl Sulfatase and Cathepsin 
Activities in  Subcellular Fractions of Normal and 

Essential Fatty Acid (EFA)-Deficient Rat 
Kidneya,b 

Fraction Control EFA-def ' t  Control EFA-def't  Fraction 

- - - - ( % )  
Debris 18.3 (0.9) 20.2 (0.5) 34.0 (1.8) 32.2 (4.4) 
Mitochondrial 21,2 (0.5) 19.5 (0.7) 25.5 (1.2) 28.0 (4.5) 
Microsomal 44,4 (0.6) 45.4 (1.1) 24.3 (0.8) 22.5 (1.8) 
Supernatant 16,1 (0.6) 14.9 (0.5) 16.2 (0.3) 17.3 (2.0) 

100.0 100.0 100.0 100.0 
~b yielda 98.1 (3.8) 99.6 (5.6) 112.2 (9.7)I04.8 (6.5) 

Aryl sulfatase Cathepsin 
Control EFA-def't  Control EFA-def't  

( % )  . . . .  
Debris 53.7 (1.8) 45.5 (4.8) 35.2 ( 0 . 9 )  31.5 (0.4) 
Mitochondrial 27.9 (1.5) 32.5 (1.8) 34.8 ( 0 . 4 )  35.7(1.4)  
Microsomal 9.0 (0.5) 10.1 (0.1) 16.4 ( 1 . 0 )  18.4 (0.6) 
Supernatant 9,4 (0.3) 11.9 (3.0) 13.6 ( 0 . 4 )  14.4 (1.1) 

100.0 100.0 100.0 100.0 
% yield~ t18.2 (1.3) 103.2 (3.4) 96.3 (12.6) 96.7 (3.2) 

a Means of assays on 5 control and on 5 EFA- 
deficient liver preparations, 1 animal per preparation. 

b Standard error of the mean in parentheses. 
e Means of assays on 2 control and on 2 EFA- 

deficient kidney preparations, 2 animals per preparation. 
a (W activity/homogenate activity) X 100%. 

became significant at the 0.025 level, how- 
ever, only after 60 min incubat ion at 37C. 
In  contrast,  the EFA-def ic ient  lysosomes in 
0.45 M and 0.70 M sucrose released m o r e  

activity and the differences d i m i n i s h e d  in sig- 
nificance with incubat ion time. T h e  observed 
differences were significant (0.01 to 0.005 
level)  after 1 min  in 0.45 M sucrose and 
after 1 and 30 min  in 0.7 ~ sucrose. Pos- 

a Means of assays on 2 control and on 2 EFA- 
deficient kidney preparations, 2 animals per preparation. 

b Standard error of the mean in parentheses. 
e (~,  activity/homogenate activity) X 100%. 

sibly, lysosomal membranes  become more  per-  
meable  in E F A  deficiency. Grea te r  permea-  
bility would  allow " leakage"  of  small endoge- 
nous molecules,  making the EFA-def ic ient  
lysosomes less labile to osmotic  lysis in a hy- 
potonic  medium.  The  exper imental  results, 
including the t ime-dependency of  the differ- 
ences, would  support  this hypothesis. On  the 
other  hand, the more  rapid rate of  release of  
enzymes f rom EFA-def ic ient  lysosomes in a 
hypertonic  med ium suggests that EFA-def i -  
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FIG. 1. Per cent acid phosphatase (p-nitrophenyl 
phosphate) activity released from normal and EFA- 
deficient liver lysosomes suspended in so]utions of 
various sucrose concentrations and incubated at 
37C. Data are averages from measurements on 6 
control and 9 EFA-deficient preparations, 1 animal 
per preparation. 

�9 p : 0.025; **p : 0.010; ***p = 0.005. 
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FIG. 2. Per cent of acid phosphatase (/3-glycero- 
phosphate) activity released from normal and EFA- 
deficient kidney lysosomes suspended in solutions 
of various sucrose concentrations and incubated at 
37C. Data are averages of measurements on 5 con- 
trol and 4 EFA-deficient preparations, 2 animals 
per preparation. 

**p = 0.010; ***p = 0.005. 
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TABLE V 

Effect of Sucrose Concentration and 37C Incubation Time 
on Release of Aryl Sulfatase and Cathepsin Activities 

from Kidney Lysosomes of Normal and EFA- 
Deficient Rats a,b 

Aryl sulfatase Cathepsin 
Incubation 

Sucrose time EFA- EFA- 
concentration (37C) Control def't Control def't 

0.10 re sucrose: 1 min 37 (5) 37 (5) 45 (4) 44 (5) 
30 rain 56 (8) 55 (3) 62 (4) 68 (5) 
60rain 54 (4) 56 (2) 71 (5) 77 (8) 

0.25 M sucrose: 1 rain 19 (2) 20 (1) 18 (4) 7 (4) 
30 rain 37 (2) 39 (3) *33 (3) "18 (2) 
60min 46 (1) 46 (3) 44 (3) 34 (7) 

0.45 re sucrose: 1 rain 12 (2) 11 (1) 9 (4) 3 (3) 
30 rain 21 (2) 24 (3) -~22 (4) ~8 (3) 
60 min 28 (2) 30 (3) 26 (4) 14 (5) 

0.70 ra sucrose: 1 rain 13 (2) 15 (1) 17 (5) 9 (5) 
30 rain 22 (3) 22 (3) *28 (4) "15 (3) 
60 mill 26 (2) 26 (1) 28 (3) 19 (6) 

a Averages of 5 control and 4 EFA-deficient prepara- 
tions, 2 animals per preparation. 

b Standard error  of the mean in parentheses. 
* Significance level, p = < 0.05. 

cient membranes are also more fragile than 
normal membranes. Obviously, thermal ef- 
fects of the incubation treatment, peroxida- 
tion, or other factors may have influenced 
the experimental results. Because of the 
complexity of the system, the only conclusion 
possible is that lysosomal membranes from 
EFA-deficient rat liver are significantly dif- 
ferent from those isolated from normal rat  
liver. 

As Fig. 2 shows, kidney lysosomes also 
tended to release less activity in a hypotonic 
system, and to release more in hypertonic 
suspension. These differences, obviously less 
marked than those from liver data, were 
significant in the 0.7 M sucrose suspensions. 
Table V indicates that the rates of aryl sul- 
fatase release from kidney lysosomes showed 
no significant differences between normal and 
EFA-deficient lysosomal membranes. Signifi- 
cantly less cathepsin activity was released from 
EFA-deficient lysosomes, however, after 30- 
min suspension in 0.25 M, 0.45 M and 0.70 
M sucrose. 

E F A  deficiency then seemed to result in: 
1) a rather small but highly significant in- 
crease in hydrolytic activity levels in liver, 
and 2) small but  ill-defined changes in sta- 
bility of liver lysosomal membranes. Similar, 
but smaller and statistically insignificant dif- 
ferences were noted in normal and EFA-de-  
ficient kidneys and kidney lysosornes. If  the 
small differences observed were to have phys- 
iological significance, one might expect a 
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change in the steady-state level of free hydro- 
lytic activity in the serum. 

Serum acid phosphatase activity of 9 con- 
trol and 7 EFA-deficient rats averaged 186(21 ) 
and 154(14) m/~moles/ml serum/min,  respec- 
tively. (Standard error of the mean appears 
in parentheses.) This difference was not sig- 
nificant. Serum aryl sulfatase activity of 9 
control and 8 EFA-deficient rats averaged 
91(8)  and 116(6) m~moles /ml  serum/min 
respectively. This difference was signifcant 
at the 0.05 level. Apparent ly  then, in vivo 
levels of free hydrolytic activity were neither 
uniformly nor markedly altered by E F A  defi- 
ciency, in spite of increased enzyme activity 
and altered lysosomal membrane stability in 
certain tissues. 

In  summary, it appears that lysosomal mem- 
branes, like other biological membranes, may 
be adversely affected by E F A  deficiency. The 
magnitude of these stability differences seems 
insufficient to contribute significantly to t he  
gross physiological symptoms of the deficiency, 
however. Further,  lysosomal enzyme activity 
increases significantly in the liver and appar- 
ently tends to increase in the kidneys of EFA-  
deficient rats. This increase could, of course, 
be another symptom of E F A  deficiency, rather 
than an initial, direct cause of secondary symp- 
toms. We have not eliminated the possibility 
that an even greater local build up of lyso- 
somes may be responsible for the tail necrosis 
or urogenital degeneration occasionally seen in 
EFA-deficient rats. Nonetheless, the data and 
the considerations discussed make it highly 
probable that lysosomes have no primary im- 
portance in producin~ the general physiolog- 
ical lesions of E F A  deficiency. 
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ABSTRACT 

Evidence is presented as to the nature 
and mechanism of the stimulatory effect 
of the supernatant fraction on the bio- 
synthesis of triglycerides via the ~-glycero- 
phosphate pathway in the intestinal mu- 
cosa. When microsomes are employed as 
the enzyme source, the major lipid formed 
from either labeled palmitic acid or L- 
~-glycerophosphate is phosphatidic acid 
and only a limited amount of triglyceride 
is synthesized. The addition of the super- 
natant fraction to microsomes results in 
a stimulation of triglyceride biosynthesis 
at the expense of phosphatidic acid. Em- 
ploying the same microsomal fraction, the 
reaction sequence was followed step by 
step and the intermediates were isolated. 
The results suggest that the stimulatory 
role of the supernatant fraction can be 
attributed to the presence of L-a-phospha- 
tidate phosphohydrolase (EC 3.1.3.4). The 
hydrolysis of the biosynthesized micro- 
somal phosphatidic acid by the superna- 
tant enzyme occurs at a faster rate than 
the hydrolysis of added phosphatidic acid 
prepared from egg lecithin. The initial 
acylation steps in the biosynthesis of tri- 
glycerides or phosphatidic acid via the 
glycerophosphate pathway occur only in 
the presence of fatty acid and the cofac- 
tors necessary for its activation. Under  
these conditions, fatty acy l -CoA will not 
substitute for the fatty acid activation 
system. 

INTRODUCTION 

T HE BIOSYNTHESIS OF TRIGLYCERmES via 
~-glycerophosphate pathway (1-3) by the 

intestinal mucosa was suggested several years 
ago (4).  Additional evidence for the occur- 
rence of this pathway in the intestine has 
been reported (5, 6). Clark and Hiibscher (5) 
first presented evidence for a second pathway 

aPresented in part at the AOCS Meeting, Los Angeles, 
April 1966. 

in the intestinal mucosa which utilizes mono- 
glycerides for triglyceride synthesis. These 
results have been confirmed and extended by 
several laboratories (7-10).  Both in vivo (11, 
12) and in vitro (13) studies suggest that the 
monoglyceride pathway is the major pathway 
in this tissue. The enzymes catalyzing this 
reaction sequence are present in the micro- 
somes (8, 14) and have been further puri- 
fied from this fraction (15).  The enzymes 
of the e-glycerophosphate pathway are also 
present in the microsomal fraction; however, 
in this case the presence of a 104,000 X g 
supernatant fraction markedly stimulates tri- 
glyceride synthesis (16, 17). Hiibscher and 
associates have reported that the supernatant 
factor is heat sensitive and precipitated by am- 
monium sulfate. 

In the reported investigation, several facets 
of this pathway are presented that suggest the 
nature of the stimulatory role of the super- 
natant fraction on triglyceride biosynthesis. 

MATERIALS AND METHODS 

14C-L-~-glycerophosphate was synthesized by 
the procedure of Tzur et al. (18) and ~4C- 
palmityl-CoA and palmityl-CoA by the proced- 
ures previously described (14).  L-~-glycero- 
phosphate was obtained from the California 
Corporation for Biochemical Research, Los An- 
geles. A sample of lysophosphatidic acid was 
kindly supplied by W. E. M. Lands. Phosphatidic 
acid sodium salt, which was prepared enzymat- 
ically from egg lecithin was obtained from the 
Pierce Chemical Co., Rockford, III. The purity 
of the I-~4C-palmitic acid was 99% as judged 
by thin-layer chromatography (TLC) .  The 
subcellular fractionation was carried out em- 
ploying a 20% homogenate of hamster intes- 
tinal mucosa via the procedure previously 
described (14).  The conditions for incuba- 
tion are given with the tables. The isolation 
of the lipids and their fractionation into clas- 
ses were performed by the methods previous- 
ly reported (14).  The separation of phos- 
pholipids was carried out by a modification 
of the procedure described by Kuhn and 
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Lynen (19). The Silica Gel G TLC plates 
were activated at 110C for 30 min. The 
aliquot of the lipid extract was then placed 
on the plate and developed in a solvent system 
consisting of diethyl ether; methanol; acetic 
acid (98:2:0.2,  v /v) .  In this developing sys- 
tem, the mono-, di- and triglycerides, fatty 
acid and cholesterol esters migrate with or 
close to the solvent front and the phospho- 
lipids remain at the origin. Following the 
development in this system the plates were 
immediately placed in a polyethylene bag 
which was flushed with dry high-purity nitro- 
gen until the odor of the solvents was not 
detectable. The plates were then developed 
in chloroform:methanol:30% m e t h y t a m i n e  
(65:25:8,  v /v)  in lined tanks. The phospho- 
lipids were visualized by spraying with 0.2% 
2', 7'-dichlorofluorescein in ethanol and the 
radioactivity determined as previously described 
(20). When labeled palmitic acid was em- 
p/oyed, the results were corrected for the 
trace amount of radioactivity present in the 
lipid fractions which was not L-~-glycerophos- 
phate dependent. Inorganic phosphate was 
determined as described by Penniall (21). 

RESULTS 

Incubations were conducted under the con- 
ditions described in Table I employing 1-14C- 
palmitic acid or 14C-L-~-glycerophosphate. A 
relatively high concentration of  L-~-glycero- 
phosphate was required for an appreciable 
synthesis of triglyceride which was ~-glycero- 
phosphate dependent. The labeled ~-glycero- 
phosphate which was not utilized in the bio- 
synthesis was recovered unchanged. In some 
preliminary studies, in which varying concen- 
trations of L-~-glycerophosphate were em- 
ployed to determine the optimum concentra- 
tion of this substrate, the Km value was ob- 
tained. The value determined was 4 .3•  -3 

which probably explains the rather high 
substrate requirements. In addition, the rather 
high Km value may have certain physiological 
impqcations. As has been previously reported 
by Hiibscher and co-workers (16, 17), it can 
be seen that the addition of the supernatant 
fraction markedly stimulated the synthesis of 
triglyceride from labeled palmitic acid (Flask 
3~ and the stimulatory factor was found to 
be heat-labile (Flask 4). The utilization of 
labeled L-~-glycerophosphate for triglyceride 
biosynthesis and the stimulatory effect of the 
supernatant fraction is also shown in this 
table (Flasks 5 and 6). It was observed that 
in addition to triglyceride synthesis, a con- 

TABLE I 
Lipid Synthes i sbythea-G~cerophospha te  P a t h w ~  

Coments 

m/*moles of 1-14C Palmitic acid or 14C- 
L-a-glycerophosphate incorporation 

Total lipid 
Triglyceride Polar lipid synthesized 

Experiment I 
1. M 252 1276 I528 
2. S 46 0 46 
3. M + S 1022 492 1514 
4. M + Boiled S 275 1104 1379 

Experiment I I  
5. M 105 792 897 
6. M + S 546 366 912 

Each flask conained KF (25 #moles), MgC12 (10 #moles), 
GSH (25 #moles), CoA (0.5 #moles), ATP (30 #moles), 
palmitic acid (2 #moles), L-a-glycerophosphate (20 #moles), 
0.5 ml of 0.5 M Tris Maleate buffer pH 7.0, microsome 
(M) and/or supernatant (S) corresponding to 1 ml of a 
20% homogenate in a final volume of 2.5 ml. The homog- 
enate was made using 0.01 M Tris Maleate buffer (pH 
7.0) containing 0.278 M mannitoL Incubation was carried 
out at 37 C in a Dubnoff shaker for 1 hour. Reaction was 
stopped by adding 5 ml of chloroform-methanol (2: i, v /v ) .  
Flasks 1-4 contained 1-14C-palmitic acid and Flasks 5 and 
6, a4C-L-a-Glycerophosphate. 

siderable amount of activity failed to migrate 
in the developing solvent system (n-hexane: 
diethyl ether: methanol: acetic acid, 90: 21 : 3 : 2, 
v /v)  and remained at the origin. This polar 
lipid was present when either labeled palmitic 
acid or labeled L-~-glycerophosphate was the 
substrate. When this lipid was further frac- 
tionated by the chromatographic procedure 
for phospholipids described in the methods 
section, 80 to 90% of its activity migrated 
with authentic phosphatidic acid and the re- 
maining with lysophosphatidic acid. Only trace 
amounts of radioactivity were found in sphin- 
gomyelin, phosphatidyl-choline and phospha- 
tidyl-ethanolamine. The polar lipid is there, 
for referred to throughout the text as phos- 
phatidic acid. As can be seen, when micro- 
somes were employed, the major lipid syn- 
thesized from labeled palmitic acid or L-S- 
glycerophosphate was phosphatidic acid. The 
addition of the supernatant fraction resulted 
in a decrease in the activity of this lipid frac- 
tion. Since, under the condition of these ex- 
periments, only trace amounts of lipids such 
as 1, 2-diglycerides were found, the total lipid 
synthesized from either labeled substrate was 
obtained by the addition of the m/~moles of 
the substrates present in phosphatidic acid and 
triglyceride (Column 3). With the exception 
of the supernatant fraction (Flask 2), it can 
be seen that the total lipid synthesis for each 
of the labeled substrates, with the varying 
cellular fractions, was approximately the same. 
Of more fundamental interest was the ob- 
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servation that the decrease in the phosphatidic 
acid concentration was paralleled by an in- 
crease in the triglyceride synthesis. For ex- 
ample, the addition of the supernatant frac- 
tion to the microsomes resulted in a decrease 
of 784 m/~moles of palmitate and 426 m/zmoles 
of L-e-glycerophosphate incorporation into 
phosphatidic acid, and an increase of 770 and 
441 mb~moles , respectively, of these substrates 
into triglycerides. These observations sug- 
gested that the stimulatory effect of the super- 
natant fraction on triglyceride biosynthesis is 
closely associated with the disappearance of 
phosphatidic acid. 

In an effort to substantiate this suggestion, 
a series of incubations were performed under 
the same conditions given in Table I in which 
microsomes were incubated in the presence of 
increasing concentrations of the supernatant 
fraction. The results of this experiment are 
given in Fig. 1. A direct relationship of the 
stimulatory effect on triglyceride biosynthesis 
and the disappearance of phosphatidic acid 
was observed in the presence of a range of 
concentrations of the supernatant fraction. 

In order to obtain further evidence for the 
reaction sequence as related to the microsomal 
and supernatant fractions, the following ex- 
periment was performed. The microsomal 
fraction was incubated for 30 rain with 1-14C - 
palmitic acid under similar conditions as de- 
scribed in Table I. Following the incubation, 
the microsomes were isolated by centrifuga- 
tion at 104,000 X g for 30 rain and suspended 
in 0.154 M KC1. An equivalent of the super- 
natant fraction vcas added to the reisolated 
microsomes and an aliquot was immediately 
removed ("0" time). The incubation was car- 
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Fro. 2. Effect of addition of the supernatant 
fraction on the biosynthesized microsomal phos- 
phatidic acid. For details see the text. 

ried out for 30 min and aliquots were removed 
for lipid analysis every 5 rain. The results of 
this study are given in Fig. 2. As can be 
seen, throughout the 30-rain period, a decrease 
in phosphatidic acid was observed which was 
paralleled by an increase in the formation 
of labeled 1, 2-diglyceride. In two control ves- 
sels in which the supernatant fraction was 
replaced by either Tris-Maleate buffer pH 7.0, 
or heat inactivated supernatant, only a trace 
amount of phosphatidic acid was converted 
into 1, 2-diglyceride. These results strongly 
suggest that at least one function of the super- 
natant fluid is the hydrolytic cleavage of the 
microsomal phosphatidic acid to form !, 2- 
diglyceride. 

The question as to whether the resulting 
diglycerides could serve as a precursor for 
triglyceride biosynthesis and whether the re- 
action sequence could be followed in a step- 
wise manner throughout the entire sequence 
was next investigated (Table II) .  The results 
are expressed in terms of similar aliquots. 
Incubation was carried out as described for 
Flask 1, Table I, except that twice the amount 
of microsomes was used and the time of in- 
cubation was 5 rain. The microsomal bound 
phosphatidic acid was isolated by centrifuga- 
tion and suspended in 0.154 M KCI. An 
aliquot was removed at this stage for lipid 
analysis (Flask 1). Three identical aliquots 
of preincubated microsomes were transferred 
into 3 flasks (Flasks 2, 3, and 4). To these 
flasks were added 0.5 M Tris-Maleate buffer 
pH 7.0, heat inactivated 104,000 X g super- 
natant fraction and 104,000 X g fresh super- 
natant fraction, respectively. The three flasks 
were then incubated at 37C for 10 rain and 
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the microsomes reisolated from each flask, 
suspended in 0.154 M KCI and aliquots re- 
moved for analysis. As was previously ob- 
served, no appreciable hydrolysis occurred 
under the incubation conditions of Flasks 2 
and 3. However, an appreciable hydrolysis 
occurred when the active supernatant fraction 
was present (Flask 4). Each of the remain- 
ing microsomal suspensions was divided into 
two equal portions and further incubated for 
30 min at 37C with MgC12 (10 /~moles), 
GSH (25 ~moles), KF  (25 ~moles) and 1 
ml of 0.5 M Tris-Maleate buffer pH 7.0, and 
either 500 iI~moles of palmityl-CoA (Flasks 
2a, 3a and 4a) or 500 m/~moles palmitic acid 
plus ATP (30 ~moles) and CoA (0.5 ~moles) 
in a final volume of 2.5 ml (Flasks 2b, 3b, 
and 4b).  As can be seen from Table II, a 
marked stimulation of triglyceride biosynthesis 
occurred only in Flasks 4a and 4b. The in- 
crease in the synthesis of triglyceride during 
this incubation was 168 and 200 m/~moles 
with palmityl-CoA and palmitic acid, respec- 
tively. The decrease in the diglyceride frac- 
tion in these flasks was 161 and 193 m~moles, 
respectively. Thus, an excellent agreement be- 
tween the synthesis of triglycerides from the 
corresponding 1, 2-diglycerides was observed. 
It should be noted that both palmitic acid 
plus the activating system and palmityl-CoA 
can serve as substrates for the acylation of 
1, 2-diglycerides to form triglycerides. The 
microsomal phosphatidic acid which had not 
been exposed to the active supernatant frac- 
tion and therefore not converted into 1, 2- 
diglycerides did not yield an appreciable syn- 
thesis of triglycerides. These results demon- 
strate that the synthesis of triglycerides oc- 
curs in the same microsomal fraction, pro- 
vided the synthesized phosphatidic acid can 
be enzymatically converted to 1, 2-diglyceride. 
The enzyme present in the supernatant frac- 
tion for this hydrolysis is presumed to be L- 
e-phosphatidate phosphohydrolase (EC 3.1.- 
3.4). 

Earlier studies of L-~-phospbatidate phos- 
phohydrolase revealed its predominant presence 
in the microsomal fraction (22, 23) and hence 
this microsomal enzyme might be expected to 
hydrolyze the biosynthesized phosphatidic acid 
also in this fraction. However, the reported 
observations suggesting the presence of this 
hydrolase in the supernatant fraction led us 
to reexamine this problem. The activity of 
phosphohydrolase in the supernatant and mi- 
crosomal fractions was determined by two 
procedures. In the first case, phosphatidic acid 
(prepared from egg lecithin) was added to 

TABLE II 
Intermediates of Triglyceride Biosynthesis by the 

a-Glycerophosphate Pa thway  

Flask contents 
m/zmoles of l-t~C Palmitate in 
Phosphatidic acid 1-2,DG TG 

1. Preincubated microsomes 300 5 45 
2. Preineubated microsomes+buffer 278 22 43 

(a) + palmityl-CoA 267 16 55 
(b) + palmitic acid + CoA + ATP 266 5 81 

3. Preincubated microsomes + heat 
inactivated supernate 271 18 45 
(a) + palmityl CoA -- 269 12 62 
(b) + patmiticacid+CoA+ATP 260 10 74 

4. PreincubatedmicrosomesWsupernate 74 223 38 
(a) + palmityl-CoA 74 62 206 
(b) + palmitic acid + CoA + ATP 69 29 238 

Conditions of incubation are described in text. 

the fractions and the released Pi determined. 
Since the presence of mannitol interfered ~vith 
the Pi determination, the subcellular fractiona- 
tion was carried out in 0.25 M sucrose con- 
taining 0.001 M EDTA. The supernatant frac- 
tion thus obtained was identical to the manni- 
tol system on the stimulatory effect of trigly- 
ceride synthesis. The substrate employed in 
the second assay procedure was bound bio- 
synthesized phosphatidic acid. This substrate 
was prepared by incubating microsomes with 
14C-palmitic acid and L-~-glycerophosphate 
for 30 rain. At the completion of the incuba- 
tion the proteins were heat inactivated by 
boiling for 10 min at 100C. An aliquot was 
removed and the distribution of radioactivity 
in the various compounds determined by the 
method previously described. Aliquots con- 
taining 500 m~tmoles of labeled phosphatidic 
acid were placed in each of several incuba-  
tion vessels. The supernatant or microsomal 
fraction corresponding to 0.5 ml of a 20% 
homogenate was added and the flasks incu- 
bated for 1 hr at 37C. At the completion of 
the second incubation, the lipids were extracted 
and fractionated as described. The activity of 
the L-e-phosphatidate phosphohydrolase was 
determined by 1, 2-diglyceride formation. This 
assay procedure was necessary when the bound 
substrate was employed since, high protein 
concentrations have been shown to interfere 
with the determination of Pi. Although heat- 
inactivated bound phosphatidic acid was em- 
ployed in the reported results, similar results 
were obtained when microsomal bound phos- 
phatidic acid was employed as the substrate 
without heat inactivation. No release of Pi 
or 1, 2-diglyceride formation was observed in 
the control vessels in which either heat de- 
natured microsomal or supernatant fractions 
was employed. When phosphatidic acid pre- 
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pared from egg lecithin was employed as the 
substrate, the hydrolysis was 42.4% for micro- 
somal fraction and 8.0% for the supernatant 
fraction, thus confirming the earlier observa- 
tions carried out under similar conditions that 
this enzyme was primarily associated with mi- 
crosomes (22, 23). However, when the bound 
microsomal phosphatidic acid was utilized as 
the substrate the opposite relationship was ob- 
served in that only a 3.9% hydrolysis was 
observed when microsomes were employed 
compared to a phosphorylytic cleavage of 
33.8% as catalyzed by the supernatant frac- 
tion. The explanation for the apparent dif- 
ference in the relative rates of hydrolysis of 
microsomal bound biosynthesized phosphatidic 
acid and phosphatidic acid produced from egg 
lecithin is not dear. Several possible explana- 
tions such as their difference in fatty acid 
composition, the change in substrate reactiv- 
ity by binding to a protein, and the effect 
on the activity of this enzyme by the forma- 
tion of phosphatidic acid might be offered as 
possible suggestions for the different reactivity 
toward these two substrates. Experiments are 
now in progress in an attempt to resolve this 
question. 

In addition to the properties of the super- 
natant factor already described, it was ob- 
served that this component is not retained by 
Sephadex G-100, suggesting a molecular weight 
in excess of 100,000. The factor is also -SH 
sensitive since exposure to N-Ethylmaleimide 
(0.4 • 10 -a M) followed by neutralization with 
an excess of 2-mercaptoethanol results in an 
80% loss in its stimulatory effect on trigly- 
ceride biosynthesis. The requirement for -SH  
groups for phosphohydrolase activity has been 
reported by Coleman and Hiibscher (23). 

It has been shown that incubation mixtures 
containing both the supernatant and micro- 
somal fractions are capable of synthesizing ap- 
preciable quantities of triglycerides from L-e- 
glycerophosphate and palmitic acid. Although 
it has been demonstrated that palmityl-CoA 
can substitute for the fatty acid activation 
system in the synthesis of triglycerides from 
1, 2-diglycerides (Table II) ,  early in the course 
of our studies, it was observed that palmityl- 
CoA cannot replace the fatty acid activation 
system in the acylation of L-~-glycerophos- 
phate. The results which led to such con- 
clusions are given in Table III. All the flasks 
contained microsomal and supernatant frac- 
tions corresponding to 1 ml of a 20% homo- 
genate. The complete system (Flask 1) con- 
tained labeled 1-14C-palmitic acid plus all the 
cofactors necessary for its activation and util- 

TABLE III 
Effect of Palmityl-CoA on the a-Glycerophosphate Pathway 

Flask contents 

m~moles of 
1-14C-palmitate 
incorporation 

into triglycerides 

1. aPalmitic acid (2 #m) + ATP + CoA 906 
2. aPalmityl-CoA (2 am) 0 
3. apalmitic acid + ATP + CoA + palmityl- 

CoA (2.0 t~m) 0 
4. aPalmitic acid + ATP + CoA + palmityl- 

CoA (0.5 ~tm) 196 
5. aPalmitic acid + ATP + CoA + palmityl- 

CoA (0.2 ~m) 685 

aDenotes tbe labeled substrate added. 
Condition for incubation same as is given in Table I. 

ization for glyceride biosynthesis via the c~-gly- 
cerophosphate pathway, as is described in 
Table I. As observed earlier, under these 
conditions, the incorporation of palmitate into 
triglycerides was considerable (906 m/zmoles). 
When a4C-palmityl-CoA was substituted for 
palmitic a c i d+ A TP + C oA ,  no synthesis of tri- 
glycerides occurred (Flask 2). Although in 
the reported results a similar amount of pal- 
mityl-CoA was substituted for the palmitic acid, 
when palmityl-CoA was employed over a range 
of 50 to 2000 m~moles no evidence was ob- 
tained for palmityl-CoA utilization. As pre- 
viously mentioned when 500 m~moles of pal- 
mityl-CoA was employed under conditions in 
which 1, 2-diglyceride was the acyl acceptor, 
triglyceride synthesis occurred (Table II) .  How- 
ever, when this same concentration of palmityl- 
CoA was present with ~z-glycerophosphate no 
synthesis was detected. In addition, it was 
observed that the presence of unlabeled pal- 
mityl-CoA in a 1:1 ratio with labeled palmitic 
acid completely inhibited the utilization of the 
latter (Flask 3). When the effect of varying 
amounts of palmityl-CoA on palmitic acid 
utilization was investigated, the per cent of 
inhibition on palmitic acid utilization was 100, 
78.4 and 24.7, respectively, when 2, 0.5 and 
0.2 /xmoles of palmityl-CoA were present with 
2 /~moles of 1-14C-palmitic acid (Flasks 3, 4 
and 5). Furthermore, the addition of crystal- 
line bovine serum albumin, heat-denatured mi- 
crosomal protein, or the prior binding of pal- 
mityl-CoA by these proteins over a range of 
concentrations resulted in a similar inhibition 
as that observed when palmityl-CoA was di- 
rectly added. No inhibitory effect was noted 
when acetyl-CoA or increasing concentrations 
of free CoA were present. 

The observation that palmityl-CoA is not 
utilized for glyceride biosynthesis led us to re- 
examine the question as to whether there was 
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an absolute CoA requirement. This is difficult 
to ascertain since the endogenous contribution 
of CoA may be adequate for its catalytic func- 
tion. In order to circumvent this problem, the 
supernatant fraction was passed through Sepha- 
dex G-50 to remove the endogenous free CoA 
(24) and employed along with microsomes to 
study glyceride synthesis in the presence and 
absence of CoA. In the presence of CoA, 
480 m/zmoles of palmitic acid were incorp- 
orated into triglycerides and when CoA was 
omitted, no synthesis of triglyceride occurred 
under these conditions. Similarly, when ATP 
was omitted no synthesis was observed. 

DISCUSSION 

The first indication that several subcellular 
fractions were required for maximal higher 
glyceride synthesis by the ~-glycerophosphate 
pathway was provided by Stein et al. (2) .  
More recently, Hiibscher and colleagues (16, 
17) have materially advanced our understand- 
ing of the factors involved in this stimulation 
by demonstrating that the addition of the super- 
natant fraction to microsomes resulted in a 
multifold increase in triglyceride biosynthesis 
and provided evidence for the protein nature 
of this factor by demonstrating its susceptibil- 
ity to heat inactivation and (NH4)~SO 4 pre- 
cipitation. In the reported investigation these 
observations have been further extended and 
an explanation for the observed stimulatory 
effect is presented. The primary synthesis of 
a polar lipid from either labeled L-g-glycero- 
phosphate or palmitic acid has been demon- 
strated when microsomes alone were employed 
as the enzyme source. The identity of this 
fraction as phosphatidic acid has been estab- 
lished by TLC, and by its conversion to 1, 2- 
diglyceride which in turn can serve as a pre- 
cursor of triglycerides. 

Therefore, the reported stimulatory effect of 
the supernatant fraction on triglyceride syn- 
thesis has been localized at the biosynthetic 
steps following phosphatidic acid formation 
since the incubation in the absence of the 
supernatant fraction results in the accumula- 
tion of phosphatidic acid. Furthermore,  the 
total incorporation of either substrate under 
the stimulated or unstimulated conditions is 
almost of an identical level and only varies 
in their relative distribution between phospha- 
tidic acid and triglycerides. Also, a direct re- 
lationship between these two compounds has 
been documented by the demonstration that 
the increase in triglycerides by the addition of  
the supernatant fraction to microsomes, is par-  

alleled by a decrease in phosphatidic acid. This 
conclusion is further supported by the isola- 
tion of the individual intermediates from the 
same microsomal fraction (Table I I ) .  F rom 
the presented evidence, it would appear that 
the intermediates are synthesized and utilized 
on the microsomes and the function of the 
supernatant fraction is to supply the enzyme 
L-~-phosphatidate phosphohydrolase (EC 3.1.- 
3.4) for the conversion of the microsomal 
phosphatidic acid to 1, 2-diglyceride. It has 
been reported (22, 23) that  microsomes con- 
tain a significant quantity of this enzyme by 
assaying i t  employing phosphatidic acid and 
measuring the release of inorganic phosphate. 
Similar results were obtained when phospha- 
tidic acid produced from egg lecithin was em- 
ployed. However, when the biosynthesized mi- 
crosomal bound phosphatidic acid was utilized 
as the substrate, the phosphohydrolase activity 
of the supernatant fraction was of a higher 
order of magnitude than that of t he  micro- 
somes. 

The presented kinetic data provide an ex- 
planation for the observed high substrate re- 
quirements for L<,-glycerophosphate and the 
reported preferential synthesis of triglycerides 
by the monoglyceride pathway. When the gly- 
ceride synthesis was studied under identical 
conditions, using either L-~-glycerophosphate 
or 2-monopalmitin, the Km values obtained 
were 4.3 • 10 -2 M and 6.8 • 10 -4 M respective- 
ly. Therefore, on the basis of these values 
one would predict that the monoglyceride path- 
way would be the preferred sequence of the 
biosynthesis of  triglycerides as observed in both 
in vivo and in vitro studies (11-13).  

The failure of palmityl-CoA to replace pal- 
mitic acid plus its activation system in the 
initial acylation step of L-~-glycerophosphate 
is perplexing. As can be seen from Table II, 
this derivative is a satisfactory substrate for 
the acylation of diglycerides. Several recent 
publications have reported that fatty acid-CoA 
derivatives are inhibitory to a number of en- 
zyme systems presumably due to their deter- 
gent properties (25, 26).  The susceptibility 
of the e-glycerophosphate pathway to deter- 
gents such as the "Tweens" has already been 
documented. This effect was thought to be 
localized at the step between phosphatidic acid 
and diglyceride formation (7, 27).  The re- 
ported results indicate that in addition, palmi- 
tyl-CoA is not utilized even for the acylation 
steps prior  to phosphatidic acid formation. 
Furthermore,  palmityl-CoA inhibits the utiliza- 
tion of free fatty acid. The attempts to reverse 
this inhibitory effect by the addition of inert 
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prote ins  and the  failure to dupl icate  the in- 
hibi t ion by  ace ty l -CoA m i g h t  suggest  tha t  the 
mode  of  act ion of  pa lmi ty l -CoA may  be some-  
wha t  specific. The  failure of  pa lmi ty l -CoA 
to serve as a substrate  canno t  be expla ined 
on the basis of  its hydrolysis  by  pa lmi ty l -CoA 
hydrolase  (EC 3.1.2.2) since the release of 
C o A  was de te rmined  by  the use of  EUman 's  
reagent  (28)  and the results suggest  that  sig- 
nificant amoun t  of  pa lmi ty l -CoA is available 
for  lipid synthesis dur ing the entire incuba-  
tion. Recently,  G01dfine has suggested the 
par t ic ipat ion of  acyl carr ier  pro te in  in the 
acylat ion of ~-g lycerophosphate  in the biosyn-  
thesis of  phosphol ip id  by enzymes  f r o m  Clos-  
t r i d i u m  b u t y r i c u m  (29) .  W h e t h e r  a similar 
in termedia te  is involved in the  repor ted  reac-  
tions awaits fur ther  investigations.  

ADDENDUM 

Fur the r  evidence to suppor t  the conclus ion  
that  the s t imulatory effect of  the superna tan t  
f rac t ion is due to the presence  of  L-~-phos- 
phat ida te  phosphohydro la se  was obta ined f r o m  
studies on the purif icat ion of  this factor.  The  
activities for  (a)  the increased fo rma t ion  of 
tr iglyceride f r o m  ~-glycerophosphate ,  (b)  the 
fo rma t ion  of  1-2, diglyceride f r o m  microsomal  
bound  phospha t id ic  acid, and (c)  the forma-  
t ion of t r iglyceride f r o m  mic rosomal  b o u n d  
phospha t id ic  acid in the presence  of  A T P ,  
C o A  and fat ty  acids were  all quant i ta t ively 
recovered  in the p H  5 f rac t ion  separa ted  f r o m  
the supernatant .  Fu r the rmore ,  the increase in 
the specific activity for  the  three  assay pro-  
cedures was 2.9, 2.7 and  3.1, respectively,  
suggesting tha t  these are int imately related. 
Several pro te in  f rac t ionat ion  procedures  were  
also p e r f o r m e d  in an a t t empt  to pur i fy  the 
superna tan t  fac tor  which  resul ted in a loss in 
these activities. In  this case the phosphohyd ro -  
lase and the tr iglyceride s t imulatory  activities 
were  s imul taneously  destroyed.  The  parallel  
increase in specific activity, as well as the 
s imul taneous loss of  these activities would  
fur ther  suppor t  the conclusions of  this paper  
that  the major  role of  superna tan t  f rac t ion  in 
the s t imulat ion of  t r iglyceride biosynthesis  is 
to provide  the enzyme L-~-phosphat idate  phos-  
phohydrolase .  
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Interaction of Calcium Ions with Lecithin 
and Sphingomyelin Monolayers 

DINESH O. SHAH and JACK H. SCHULMAN, Stanley-Thompson Laboratory, 
School of Engineering, Columbia University, New York 

ABSTRACT 

Dipalmitoyl lecithin and sphingomyelin 
monolayers have similar limiting areas, 
whereas their surface potentials are strik- 
ingly different. The double bond at the 
4-5 position in sphingomyelin acts as an 
induced dipole in relation to the surface 
potentials. This was confirmed by the 
surface potential of hydrogenated sphingo- 
myelin. The binding of calcium to lecithin 
and sphingomyelin monolayers resulted in 
an increase in surface potential. This in- 
crease was greater for the dipalmitoyl 
lecithin monolayer as compared to that 
for sphingomyelin. It is concluded that 
the binding of calcium ions to springo- 
myelin monolayers is significantly reduced 
by the presence of the hydroxyl group at 
the 3-carbon position of the molecule. 

INTRODUCTION 

L E C I T H I N  A N D  S P I - I I N G O M Y E L I N  are impor- 
tant components of biomembranes. It was 

shown by de Oier and Van Deenen ( l )  that 
for several animal species, the lecithin content 
of erythrocyte membrane decreases as the 
sphingomyelin content increases. This coun- 
terbalancing effect between lecithin and sphin- 
gomyelin which also influences the permeabil- 
ity of erythrocyte membrane (2,3), led us to 
investigate the surface properties of lecithin 
and sphingomyelin monolayers. This paper 
reports the interaction of calcium with the 
monolayers of dipalmitoyl lecithin, sphingo- 
myeIin and hydrogenated sphingomyelin. 

EXPERIMENTAL 

Materials 

L-~-dipalmitoyl lecithin was purchased from 
Mann Research Laboratories (N.Y.). Beef 
heart sphingomyelin was supplied by Sylvana 
Chemical Company (Millburn, N . J . ) .  Both 
samples showed single spots on the thin-layer 
chromatography (TLC) plate with the solvent 
system chloroform- methanol- water (80: 35: 5 
v /v /v ) .  Table I shows the fatty acid com- 
position of the sphingomyelin, analyzed by 
gas-liquid chromatography by courtesy of  the 

laboratory of E. H. Ahrens, Jr. (Rockefeller 
University, New York).  Lipid solutions were 
prepared in hexane-methanol-chloroform (3 :- 
1:1 v /v /v ) .  Hexane was found necessary for 
the proper spreading of monolayers. Inorganic 
chemicals of reagent grade and twice-distilled 
water were used in all experiments. 

Surface Pressure and Surface Potential 
Measurements 

The method of measuring surface pressures 
by a modified Wilhelmy plate, and surface 
potentials by a radioactive electrode has been 
described previously (4). The surface meas- 
urements were taken on subsolutions of 0.02 M 
NaC1 and 0.01 M CaC12 at pH 5.6, and 25C. 
The molecular weights of dipalmitoyl lecithin 
and sphingomyelin, calculated from the fatty 
acid composition, are 752 and 846, respec- 
tively. 

State of Monolayers 

The state of a monolayer is generally deter- 
mined by sprinkling a small amount of talc 
on the monolayer and then gently blowing air 
at the talc particles by means of a dropper. 
If the talc moves freely under air-stream, the 
monolayer is in the liquid state. If  the talc 
moves very little or not at all, the monolayer 
is in the gel or solid state, respectively. The 
principle underlying these observations is that 
molecules in solid monolayers do not move 
past one another, in the gel state they move 
very little, and in the liquid state they move 
freely. Although this method is less quantita- 
tive than surface viscosity measurements to 
determine the state of monolayers, it is re- 
producible within ~ 1 dynes/cm in deter- 
mining changes in the state of monolayers. 

RESULTS AND DISCUSSION 

Surface Pressure-Area Curves 

Figure 1 shows the surface pressure-area 
curves of dipalmitoyl lecithin, sphingomyelin 
and hydrogenated sphingomyelin on subsolu- 
tions of 0.02 M NaC1 or 0.01 M CaClz at pH 
5.6 and 25C. The limiting area of sphingo- 
myelin (42-43 A2/molecule) is the same as 
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Fro. 1. Surface pressure-area curves of dipaI- 
mitoyl lecithin, sphingomyelin, and hydrogenated 
sphingomyelin on 0.02 M NaC1 or 0.01 r~ CaCh 
subsolutions, pH 5.6 at 25C. 

that of dipalmitoyl lecithin, because sphingo- 
myelin predominantly consists of saturated 
hydrocarbon chains (except for the double 
bond in the 4-5 carbon position) (5 ,6) .  The 
presence of Cz2 , C23 and Cz4 alkyl chains in 
sphingomyelin (Table I) contributes to the 
formation of a condensed monolayer due to 
the high Van der Waal  interaction between 
hydrocarbon chains. The limiting area of 
sphingomyelin also agrees with that reported 
by Turner and Watson (7):  It is interesting 
to note that the hydroxyl group in the polar 

TABLE I 

Fatty Acid Composi t ionofSphingomyel in  

Fatty acid a Mole % 

16:0 13.3 
18:0 25.4 
18:1 2.1 
20:0 tr. 
22:0 8.7 
23:0 I0.1 
24:0 19.0 
24:1 21.3 

a Number o f  carbon atoms: number of double bonds. 

LIPIDS, VOL. 2, No. 1 

part  of sphingomyelin does not increase the 
limiting area. 

Upon hydrogenation, the sphingomyelin 
monolayer shows a limiting area of 38 A 2 /  
molecule. This reduction in limiting area is 
caused by the hydrogenation of the double 
bonds in hydrocarbon chains of the molecule, 
including the double bond in 4-5  position of 
sphingomyelin. 

In contrast to soap monolayers (8 -10) ,  the 
surface pressure-area curves of lecithin and 
sphingomyelin are not influenced by the pres- 
ence of calcium in the subsolution. It is em- 
phasized here that the surface p ressu re -a rea  
curves do not indicate surface theology, which 
was studied by the mobility of sprinkled talc 
particles. The dipalmitoyl lecithin monolayers 
on subsolutions of 0.02 M NaC1 are in the 
liquid state up to a surface pressure of 35 
dynes/cm, in the gel state from 35 to 40 
dynes/cm, and in the solid state above 40 
dynes/cm. These surface pressure values are 
reproducible within • 1 dynes/cm. The pres- 
ence of calcium (0.01 M) in the subsolution 
causes solidification of the lecithin monolayers 
at a lower surface pressure (30-33)  dynes/  
cm).  Sphingomyelin monolayers are in the 
liquid state up to the surface pressure of 40 
dynes /cm on subsolutions of 0.02 M NaC1 
or 0.01 M CaC12. This difference in the state 
of lecithin and sphingomyelin monolayers is 
presumably due to the presence of a hydroxyl 
group on the 3-carbon position of sphingo- 
myelin, which would increase the polar char- 
acter of the sphingomyelin molecule, and in- 
fluence the surface rheology of the monolayer. 
Hydrogenation of sphingomyelin did not sig- 
nificantly influence the state of sphingomyelin 
monolayers. 

It is desirable to explain the significance 0f 
three parameters used in this paper,  namely 
surface pressure, surface potential and surface 
theology in relation to surface properties of 
the molecules in the film. The surface pres- 
sure-area curve indicates the compressibility 
of the material in the monolayer and does not 
provide any information regarding surface the- 
ology of the compound, e.g., cholesterol (11) 
and dicetyl phosphate (4) both have similar 
surface pressure-area curves, although their 
surface theology is strikingly different. Cho- 
lesterol forms liquid whereas dicetyl phosphate 
forms solid monolayers. In turn, the compres- 
sibility of a monolayer depends upon the ionic 
nature of the polar group, chain length, un- 
saturation and other steric factors of the mole- 
cules in the film. Surface rheology, which is 
a measure of the ability of molecules to move 
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past one another, is determined by three fac- 
tors: firstly, the cohesive force between hydro- 
carbon chains of the molecules; secondly, the 
interaction between polar groups of the mole- 
cules; thirdly, the interaction of the molecules 
with the sub-solution ( and /o r  with the sub- 
stances present in the subsolution, e.g., metal 
ions, proteins, soluble surfactants, etc.). Changes 
in any of these factors would influence the 
rheology of monolayers (12,13).  

In order to form a monolayer, it is abso- 
lutely essential that the molecules possess a 
nonpolar  hydrocarbon chain as well as a polar  
(ionic or nonionic) group. The polar group 
of the molecule has a resultant dipole either 
due to partial ionic charges on atoms (e.g., 
- 0 ( ~ - ) - H ( ] + )  in alkyl alcohols) or due to 
a full ionic charge (e.g., ~ O O - N a  § in soap 
monolayers) .  Thus, the lattice composed of 
these dipoles can be mathematically treated as 
a parallel plate condenser. The potential across 
this condenser is related to surface charge and 
in turn to the individual dipole in the lattice 
(14).  It should be emphasized that the rela- 
tionship between surface potential and result- 
ant dipole of the individual molecule is de- 
rived by using the parallel plate condenser 
model as a close approximation and this should 
not be thought of as an exact description of 
the electrical structure of the monolayer. Thus 
in general, surface potential is an indication of 
the electrical (or dipole) properties of the 
molecules in the monolayer. 

Surface Potential-Area Curves 

Figure 2 shows the surface potential-area 
curves of dipalmitoyl lecithin, sphingomyelin, 
and hydrogenated sphingomyelin on subsolu- 
tions of 0.02 M NaC1 and 0.01 i CaC12. The 
surface potential, A V ,  is related to the verti- 
cal component (/z) of the total dipole mo- 
ment of the molecule and to the number of 
molecules per square centimeter in the film 
(15).  The component dipoles of lecithin and 
plasmalogen in relation to their surface po- 
tentials have been reported previously (4).  As 
in the case of plasmalogen, the presence of 
a double bond in sphingomyelin also acts as 
an induced dipole which significantly influences 
the total surface dipole and consequently the 
surface potent ia l . - I t  was shown by Hughes and 
Rideal (16) that in A2-octadecenoic acid, in 
which a double bond is vicinal to the carboxyl 
group, the surface dipole /x is twice that of 
its isomer oleic acid. Here the double bond 
situated immediately above the polar group 
possesses an induced dipole of the strength 
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FIG. 2. Surface potential-area curves of dipal- 
mitoyl lecithin, sphingomyelin, and hydrogenated 
sphingomyelin on 0.02 M NaC1 (O)  and 0.01 
CaC12 (A)  subsolutions, pH 5.6 and 25C. 

equal to that of the polar group; but if sit- 
uated farther away, the double bond is not 
influenced by the polar group (e.g., A6-octa - 
decenoic acid) (16).  

In general, lipid monolayers show higher 
surface potentials upon hydrogenation due to 
an increase in the number of molecules per 
square centimeter of film, since a saturated 
hydrocarbon chain has a smaller cross sec- 
tional area compared to an unsaturated one 
(17),  e.g., surface potentials of stearic acid 
vs. oleic acid (18,9) saturated vs. unsaturated 
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lecithin (4) ,  and tripalmitin vs. triolein (19).  
On the other hand, hydrogenated sphingomye- 
lin shows a lower surface potential as com- 
pared to natural sphingomyelin (Fig. 2). This 
can be explained by a consideration of com- 
ponent dipoles of sphingomyelin as follows. 

Nonpolar  hydrocarbon chains are repelled 
by water and tend to be oriented approximate- 
ly vertically at moderate surface pressures. 1 
The polar group tends to dissolve in the sub- 

1 The incl inat ion of the hydrocarbon chains f rom the 
vert ical  can be est imated as follows. Consider the hydro- 
carbon chains of the molecule oscil lat ing in a cone with 
apex at the interface and base at the terminal  of the chain. 
By taking the area per molecule, A, at a moderate  surface 
pressure as the area of the base, calculate the radius  r of 
the base. The max imum angle of inclination,  O, of the 
hydrocarbon chain f rom vert ical  can be expressed by the 
relat ion sin O ~ r /L ,  where L is the length of the hydro- 
carbon chain. At  a surface pressure of 20 dynes/cm, 
A = 5 5  A2/molecule;  f rom this r is calculated to be 4.2 A. 
Assuming an average chainlength of 20 carbon, L = 26 A 
and sin ,0 = 0.16, which gives the angle of incl inat ion to 
vert ical  0 = 9 ~ This  simplified calculat ion indicates tha t  
the hydrocarbon chains are almost  vert ical  at moderate  sur- 
face pressures. 
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solution and to orient itself perpendicular to 
the surface. On the basis of this vertical orien- 
tation of sphingomyelin molecules at the inter- 
face, the vertical components of the individual 
dipoles are shown in Figure 3 (a,b).  It should 
be emphasized that Figure 3 is a simplified 
representation of the vertical component of 
individual dipoles, and not a scaled diagram 
of the molecule. However, the polar i ty  of 
each component dipole is the same as that 
observed in the scaled three-dimensional model 
of sphingomyelin. 

The total surface dipole of sphingomyelin 
can be considered as the resultant of four 
component dipoles as shown in Figure 3 (a,b).  
Consider the dipole of the phosphoryl choline 
group around C - I  position. Since the phos- 
phate group and the tr imethylammonium group 
are separated by two methylene groups, and 
the phosphate group is linked to the C-1 posi- 
tion, their dipoles can be considered individ- 
ually. These dipoles are taken to be the same 
as those found for alkyl phosphate and alkyl 
t r imethylammonium monolayers respectively. 
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Surface potential measurements of ionized or 
non-ionized monolayers of long chain phos- 
phate esters (20) indicate that the phosphate 
group is equivalent to a resultant dipole with the 
upper pole positive and the lower pole nega- 
tive.'-' It has been shown (21-23)  that charged 
or uncharged alkyl amines as well as substi- 
tuted amines, similarly give rise to a resultant 
dipole with the upper pole positive, and the 
lower pole negative. Since they have the same 
polarity, the net magnitude of this dipole is 
the sum of the phosphate and the trimethyl- 
ammonium dipoles. 

The dipole around the carbon-2 position can 
be estimated as follows. Since the hydrocarbon 
chain is approximately perpendicular to the 
surface, the ketonic group C ( ~ + ) = O ( ~ - )  of 
the amide linkage is approximately horizontal 
(24,4) and therefore has a negligible vertical 
component. The linkage C ( ~ + ) - N ( ~ - )  is a 
strong dipole with the lower pole positive; this 
is indicated by the C-N dipole of monolayers 
of alkyl amines (21-23) .  

The third dipole, formed by carbon-3 and 
oxygen of the hydroxyl group, has an upper 
positive pole and a lower negative pole. The 
double bond adjacent to this dipole acts as an 
induced dipole with a negative lower pole due 
to the induction by the third dipole. 

The total dipole of the sphingomyelin mole- 
cule is the vectorial sum of these four com- 
ponent dipoles. Since the polarity of the sec- 
ond dipole C ( ~ + ) - N ( ~ - )  is opposite to the 
rest of the dipoles, a subtraction of the second 
from the other three will give the total dipole 
of a sphingomyelin molecule. This is illus- 
trated in Figure 3(b) .  

As shown in Figure 3 (c ,d) ,  hydrogenated 
sphingomyelin does not have an induced dipole 
due to the absence of the double bond. The 
subtraction of the second dipole from the other 
two dipoles will give the total dipole of the 
molecule. Since sphingomyelin (Figure 3 a,b) 
has three component dipoles with the same 
polarity, whereas the hydrogenated sphingo- 
myelin has only two dipoles, the total dipole 
of hydrogenated sphingomyelin is smaller than 
that of the natural sphingomyelin. Because 
surface potential is directly related to the di- 
pole of the molecule, the hydrogenated sphin- 
gomyelin should have a smaller surface poten- 

2The  surface potential ,  AV, is expressed as AV = Vr  
minus  Vo, where V t  is the interfacial  potential  in the  pres- 
ence of  film and Vo is that  wi thout  the film. I f  AV is 
posit ive,  then the  mono laye r  is equivalent  to a lat t ice of  
dipoles with the upper  pole posi t ive and the lower pole 
negat ive;  i f  AV is negative,  then the dipole has  the upper  
pole negat ive  and the lower pole posit ive.  

tial than natural sphingomyelin. This was 
shown by the surface potential of hydrogen- 
ated sphingomyelin (Fig. 2).  

I t  is to be stressed that the difference be- 
tween the surface potentials of natural and 
hydrogenated sphingomyelin (about 90 mv at 
42 A S per molecule on subsolutions of NaCI) 
cannot be due to changes in orientation of the 
polar group, since the molecules are closely 
packed and almost vertically oriented at this 
surface pressure. Moreover this decrease in 
surface potential upon hydrogenation cannot 
be explained on the basis of unsaturation of 
hydrocarbon chains, because hydrogenation 
would increase the surface potential by reduc- 
ing the area of the molecules (and thereby 
increasing the surface concentration of mole- 
cules);  in contrast, hydrogenation results in a 
decrease of surface potential of sphingomyelin 
(Fig. 2).  Thus, the consideration on the basis 
of an induced dipole in 4-5 position of sphin- 
gomyelin is the only satisfactory explanation 
of the results presented here. 

Interaction of Calcium 

The in teract ion (or binding) of metal ions 
with negatively charged groups in the mono- 
layer changes the electrical charge at the inter- 
face, resulting in a change of surface potential 
(4).  For  example, the presence of Ca *+ in the 
subsolution does not cause a change in the 
surface potential of cholesterol monolayers 
(11) since Ca ++ does not interact with hy- 
droxyl groups of the monolayers. In contrast, 
the interaction of Ca ~+ with monolayers of 
alkyl phosphate (4) or fatty acids ( p H i 7 )  
(9,10) results in a change of surface poten- 
tial of as much as 100 my. Direct evidence 
showing that metal ions do bind to fatty acid 
monolayers has been given by Langmuir and 
Schaefer (25) as well as by Schulman and 
Dogan (26),  who removed the monolayers 
from the interface and subjected them to 
chemical analysis. In the case of phospho- 
lipids the interaction of Ca ~+ can be indicated 
as 2PO-~ + Ca ++ ~ PO-4 -- Ca ++ - P O -  4. At 
high salt concentration the amount of bound 
Ca ++ would presumably approach a stoichio- 
metric ratio (namely one Ca ++ for two leci- 
thin).  As such, the change in surface poten- 
tial does not indicate a stoichiometric ratio 
but only indicates an interaction between metal 
ions and the monolayer. The extent of this 
interaction is shown by the magnitude of the 
change in the surface potential. 

We reported previously (4) that the binding 
of Ca ++ to monolayers of dicetyl phosphate and 
lecithins results in an increase in the surface 
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FIG. 4. Schematic representation of the interaction of calcium ion with dipalmitoyl lecithin and 
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interaction. 

potential of the monolayers; and that the inter- 
action with Ca ++ is significantly influenced by 
a change in the intermolecular distance in the 
monolayers. The increase in surface potential 
due to the presence of Ca ++ in the subsolutiort 
is greatest for dipalmitoyl lecithin and smallest 
for unhydrogenated sphingomyelin (Fig. 2). 
Since the limiting areas of sphingomyelin and 
dipalmitoyl lecithin are the same the intermo- 
lecular spacing between the phosphate groups 
is also the same. Figure 4 schematically shows 
the interaction of Ca ++ with lecithin and sphin- 
gomyelin monolayers. The binding of Ca ++ is 
less for sphingomyelin monolayers, as shown 
by the increase in surface potentials (Fig. 2),  
due to the presence of a hydroxyl group in the 
3-carbon position which first, causes a steric 
hindrance for the two phosphate groups to 
share a calcium ion and second, reduces the 
interaction with Ca ++ by ion-dipole association 
between hydroxyl and ionic phosphate groups, a 
Upon hydrogenation, sphingomyelin shows a 
smaller limiting area which corresponds to a 

a Recent work (unpublished) done in this laboratory by 
Bhupendra Shah on the microelectrophoresis of aqueous 
dispersion of sphingomyelin showed that the particle surface 
possesses a net positive charge, whereas lecithin particles 
are known to show a zero net charge. In lecithin, the 
phosphate and trimethylammonium groups act as counter- 
ions for each other which results in a zero net charge. On 
the other hand, in sphingomyelin, the ion-dipole association 
between the hydroxyl and ionic phosphate groups prevents 
the counterbalancing effect of the phosphate on the tri- 
methylammoninm group. This results in a net positive 
charge on the surface of sphingomyelin particles. This posi- 
tive surface charge of sphingornyelin is also supported by 
additional evidence from surface potentials of sphingo- 
myelin monolayers on subsolutions of different electrolyte 
concentrations. 

smaller intermolecular spacing in the mono- 
layer. Since the interaction between Ca ++ and 
the phosphate groups of sphingomyelin is cou- 
lombic, it varies directly with the product of 
charges and inversely with the square of the 
distance between them. The smaller intermo- 
lecular spacing (due to smaller  limiting area) 
in hydrogenated sphingomyelin monolayers in- 
creases the interaction of Ca ++ with the phos- 
phate groups and results in an additional in- 
crease of surface potential on subsolutions of 
CaC1 z as compared to that of unhydrogenated 
sphingomyelin monolayers (Fig. 2). We have 
previously shown (4) that the binding of cal- 
cium to phosphate groups of lecithin is strik- 
ingly reduced by the unsaturation of fatty acyl 
chains. This paper reports that the presence 
of a hydroxyl group vicinal to the phosphate 
group also reduces the binding of calcium to 
sphingomyelin monolayers. 
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Mechanism of Lipoxidase Reaction. I. Specificity of 
Hydroperoxidation of Linoleic Acid 1 

AMI DOLEV, 2 W. K. ROHWEDDER and H. J. DUTTON, Northern Regional 
Research LaboratoryJ Peoria, Illinois 

ABSTRACT 

Linoleate hydroperoxides from autoxida- 
tion of methyl linoleate and from lipox- 
idase oxidation of linoleic acid are com- 
pared. Data indicate an equal amount of 
methyl 9- and 13-hydroperoxyoctadecadi- 
enoate produced by autoxidation of methyl 
linoleate, and the exclusive formation of 
13 - hydropcroxyoctadeca-9,11-dienoic acid 
from the incubation of lipoxidase with 
linoleic acid. As a result of these findings, 
a specific mechanism for the reaction of 
]ipoxidase with linoleic acid is postulated. 

INTRODUCTION 

I N 1945-46 PRODUCTS from the autoxidation 
of linoleic acid were reported to be the same 

as those from the oxidation of linoleic acid by 
lipoxidase ( I - 3 ) .  Enzymatic oxidation of lino- 
leic acid was thought to follow the same gen- 
eral course as ordinary metal-catalyzed autox- 
idation. The quantitative determination and 
identification of the 9- and 3-hydroperoxides 
were based on comparison of melting points 
(mp) .  Since it was subsequently shown (4) 
that different isomers of hydroxystearates can 
form eutectic systems, this identification based 
on mixed melting points was questionable. 

In the latest review on lipoxidase (5) ,  the 
mechanism of reaction is thought to involve 
the formation of a free radical on C-11, which 
explains the possibility for random formation 
of the 9- and 13-hydroperoxide isomers. This 
mechanism is strongly supported by other evi- 
dence like the presence of free radical inter- 
mediates during lipoxidase-catalyzed oxidation 
of linoleic acid (6 -8 ) .  Lipoxidase is highly 
specific for oxidation of cis, cis-l,4-pentadiene- 
containing fatty acids (9) and formation of 
optically active conjugated cis, trans diene hy- 
droperoxides. Presumably the isomerized double 

bond is the one converted to the trans configur- 
ation. 

During the preparation of this manuscript, 
other workers pointed out (10) that lipoxidase- 
catalyzed hydroperoxidation of unsaturated fatty 
acids is relatively specific with regard to carbon 
atom attacked. They demonstrated that during 
lipoxidase-catalyzed oxidation of linoleic acid, 
70% of the products formed is 13-hydroper- 
oxyoctadecadienoic acid and only 30%, 9- 
hydroperoxyoctadecadienoic acid. Our work 
shows an even higher specificity of lipoxidase; 
i.e., the exclusive formation of 13-conjugated 
hydroperoxide by lipoxidase. Consequently, a 
specific mechanism for the reaction of lipox- 
idase with linoleic acid is justifiable and is pos- 
tulated. 

EXPERIMENTAL 

Preparation of Hydroxystearates 

From Incubation Product o.f Lipoxidase. The 
incubation of lipoxidase with linoleic acid was 
done in a Parr 3910 hydrogenation apparatus 
connected to an oxygen tank. Linoleic acid 
(180 mg, The Hormel Institute, 99.8% pure) 
was dissolved in I0.0 ml 95% ethanol and 
added to 80.0 ml 0.05 M borate buffer, pH 9.0. 
Two drops of Antifoam B (Dow Corning Cor- 
poration) was added and eliminated foaming 
completely. The enzyme (10.0 rag, crystalline 
lipoxidase ~ Nutritional Biochemical Corpora- 
tion) was supended over the reaction mixture 
in a small glass basket while the flask was 
evacuated and flushed several times with oxy- 
gen, Pressure was then adjusted to 1 atmos- 
phere of 100% oxygen at 24C. Starting the 
shaker released the enzyme basket which 
dropped into the solution. After 60 rain of 
incubation with continuous shaking, the reac- 
tion vessel was removed from the apparatus. 
A more complete description and analysis of 

1Presented at the AOCS Meeting, Philadelphia,  October 
1966. 

-~ This work was conducted under a Postdoctoral  Resident  
Research Associateship established at the Northern Labora-  
tory by ARS, USDA.  in association with the Nat ional  
Academy of Sciences-National Research Council.  

a No. Utiliz.  Res. Dev. Div., ARS, USDA.  

4 The crystalline lipoxida-~ preparat ion employed in this 
study was completely specific [or the 13 posit ion of lino- 
leic acid. However, other crystalline enzyme preparat ions 
f rom the same supplier showed no apparent specificity 
oxidizing both the 9 and 13 carbons. These observations 
suggest that  even crystalline lipoxidase may be a mixture 
of two or more enzymes. 
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this incubating procedure will be included in 
a future publication. 

Hydroperoxide was reduced to alcohol by i., 
the addition of 100 mg NaBH 4 to the reaction 
mixture at room temperature with magnetic = 
stirring (11).  After  60 min, excess NaBH~ ~11 
was decomposed by acidifying the reaction 
mixture to p H  3.0 with concentrated HC1. 
During the reduction a flow of N 2' was  main- 
tained over the reaction mixture. 

The product  was extracted three times with 
50 .ml  diethyl ether, residual water in extract 
was removed with Na2SO ~ and extract evap- 
orated to about 25 ml under reduced pressure 
in a rotatory evaporatory at room temperature. 
After  methylation in diethyl ether with diazo- 
methane, the solvent was evaporated under 
a stream of N 2 and the residue removed under 
reduced pressure. Hydrogenation of the prod- 
ucts took place in a microbydrogenator  with 
absolute ethanol as solvent and 5% palladium 
on carbon as catalyst. 

From A utoxidized Methyl Linoieate. Methyl 
linoleate (4.3 g and 99.6% pure) prepared by 
counter double current distribution (12) was 
placed in a 20-cm long 0.5 cm inside diameter 
test tube kept at 40C with oxygen bubbling 
through at a low rate. After  the peroxide value 
(PV)  reached a level of  2400, 300 mg of  the 
autoxidized methyl linoleate was dissolved in 
10 ml 95% ethanol, 80 ml 0.05 M borate buf- 
fer, pH 9.0, was added and the hydroperoxide 
was converted to an alcohol by reducing it with 
NaBH,.  The mixture was acidified, extracted 
with diethyl ether and hydrogenated catalytical- 
ly. 

Separation of Products 

Column chromatography on high-grade silica 
gel (Adsorbosil,  Applied Science Laboratories) = 
was used. The quantitative separation between 
methylstearate, methyl keto stearates, methyl 
9-hydroxystearate and methyl 13-hydroxystear- 
ate has been described previously (13).  The 
identity and purity of the last two compounds 
were verified by comparing the analysis with 
that of  known pure isomers by gas-liquid chro- 
matography (GLC), thin-layer chromatography 
(TLC) ,  infrared ( IR) ,  mass spectroscopy and 
melting points. GLC was performed on a Pye 
argon gas chromatograph equipped with a 4 
ft • �88 in. glass column packed with 14% 
EGSS-X on Gas-Chrom P, 100/200 mesh (Ap- 
plied Science Laboratories) and with a radium 
D ionization detector. Column temperature was 
170C and the argon gas flow 100 m//min.  The 
area under each curve was determined from 

2%r162 lo% r 15% ~ 20% l, loo~ 
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Fie. I. Separation of lipoxidase hydroperoxida- 
tion products of linoleic acid. Methyl stearate 
(I),  methyl keto stearate (II) and methyl 13- 
hydroxystearate (III) on Adsorbosil, 202 mg 
applied and collected in 70 fractions of 2 ml 
eluate each (98.2% recovery). Percentage in- 
dicated refers to concentration of diethyl ether 
in n-hexane. 

an electronically integrated curve. Glass plates 
(20 • 20 cm) spread with a 0.2-mm layer of 
Silica Gel G (Brinkmann Instruments, Inc.) 
and activated for 30 min at 110C were used for 
TLC analysis. Hexane: diethyl ether (7 :3)  
was the developing solvent, Infrared analysis 
was performed in a Model 621 Perkin-Elmer 
spectrophotometer. The mass spectra were 
measured on a Nuclide 12-90 G mass spec- 
trometer equipped with an all-glass inlet; inlet 

10 20 30 40 50 60 70 
Fraction number 

FIG. 2. Separation of autoxidation products 
of methyl tinoleate. Methyl stearate (I) ,  methyl 
keto stearate (II),  methyl 13-hydroxystearate 
(III) and methyl 9-hydroxystearate (IV) on 
Adsorbosil, 155 mg applied and collected in 80 
fractions of 2 ml eluate each (98.7% recovery). 
Percentage indicated refers to concentration of 
diethyl ether in n-hexane. 
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FI6. 3. Mass spectra fragmentation patterns. 
A is the constituent of peak III, methyl 13- 
hydroxystearate; B is the constituent of peak IV, 
methyl 9-hydroxystearate; and C is a mixture of 
both. 

temperature, 170C; source temperature, 225C; 
and 70 v electron energy. 

RESULTS AND DISCUSSION 

Figures 1 and 2 show the separation of 
the different reduced products of lipoxidase 
oxidation and autoxidation of linoleic acid on 
the silica gel 6olumn. Only peaks I I I  and IV 
had a characteristic hydroxy band at 3646 cm -1 
as determined by IR. Both had the same re- 
tention time on GLC and it corresponded to 
the retention time of methyl 9-hydroxystearate 
(13).  The respective mp's of products cor- 
responding to peaks I I I  and IV were 50.0-  
50.5C and 47.5-48.0C. 

The mass spectra of the isomeric methyl 
hydroxystearates show characteristic fragmen- 
tation patterns that result from cleavage of the 
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carbon-carbon bonds on each side of the car- 
bon atom to which the hydroxy group is at- 
tached. This fragmentation pattern for known 
pure methyl 8-, 9-, 10, 12, and 13-monohy- 
droxystearates is consistent with the interpre- 
tation of the methyl 8- and 10-monohydroxy- 
stearates given by Ryhage and Stenhagen (14).  
The various mass peaks are interpreted in Fig- 
ure 3. The fragmentation pattern of the con- 
stituent of peak II I  (Fig. 3A) has a mass base 
peak 211, whereas the constituent of peak IV 
(Fig. 3B) gives a mass base peak 155. The 
mass spectrum of methyl 9-hydroxystearate 
from the hydrogenation of methyl dimorphe- 
colate was identical with that of peak IV. 
Therefore, the constituents of peaks I I I  and 
IV are the 13- and 9-hydroxystearates, respec- 
tively. The mass spectra of the methyl hydroxy- 
stearates from the reduction of the product of 
autoxidation of methyl linoleate are identical 
with the mass spectra of the mixture of both 
isomers. The fragmentation patterns of the 
isomers are quite different, but each is con- 
sistent and can be easily distinguished. Con- 
tamination of one of the isomers with the 
other can be clearly detected from the mass 
spectra of the mixture. 

The quantitative analysis of the autoxidation 
products of methyl linoleate and lipoxidation 
products  of linoleic acid is presented in Table I. 
As previously shown (15),  hydroperoxides pro- 
duced by the autoxidation of methyl linoleate 
form about equal amounts of the 9- and 13- 
isomers. Co]npletely unexpected were the find- 
ings from the analysis of the lipoxidase oxida- 
tion products of linoleic acid. In several dif- 
ferent incubations of lipoxidase with linoleic 
acid only the methyl 13-hydroxystearate was 
isolated, and there was no evidence of methyl 
9-hydroxystearate. Possibly the 9-isomer might 
have been lost during the separation procedure, 
but autoxidafion products of methyl linoleate 
carried through the same procedure yielded the 
expected 9- and 13-hydroxystearates. 

Unless two different specific oxidative en- 
zymes are present in soybean lipoxidase (8,16),  
one specific f o r  the formation of the 9-hydro- 
peroxide isomer and the other specific for the 
13-isomer, the formation of both isomers in 
unequal amounts is difficult to explain (10).  
Explanations for the differences between our 
study and Hamberg  and Samuelsson's might 
cite various factors, such as the differences in 
the enzymes used, different incubation and an- 
alytical procedures, and the possibility of inter- 
ference by autoxidation that would produce a 
significant amount of the 9-isomer and obscure 
specificity. 



M E C H A N I S M  OF LIPOXIDASE REACTION, I 

T A B L E  I 
Quant i ta t ive  Analys is  of  Autoxida t ion  Produc t s  of  Methyl  

Linolea te  and Lipoxidation of  Linoleic Acid  
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C o m p o u n d  

Lipoxidase  oxida t ion  of  
l inoleic acid 

Autoxida t ion  of  
methyl  l inoleate 

Separa t ion  G L C  ' Separa t ion  G L C  
on co lumn a determingt i0nb on co lumn a determinat ionb 

Methyl  s teara te  26,7 24. i  i3.4 11,8 
Methyl  ke to  s teara te  16.3 19.1 4.8 5.6 
Methyl  9-hydroxysteara te  39.5 
Methyl  13-hydroxystearate 57.0 56.8 e 42.2 82.4e 

100.0 100.0 99,9 99.8 

a Percent  weight  of  recovered  product .  
b Rela t ive  percent  area. 

r The 9- and  13-hydroxystearate i somers  gave  one c o m m o n  peak  on G L C ,  

Lipoxidase was previously demonstrated to 
be specific for the substrate, i.e., it attacks only 
a cis, cis-l ,4-pentadiene system (9). The forma- 
tion of an optically active isomer from lipox- 
idase hydroperoxidation (17) versus the lack 
of any optical activity in autoxidation products, 
also points out the high specificity of the 
enzymatic reaction. 

Based on these new findings it might be well 
to reconsider the sequence of the reactions in- 
volved, as given in Scheme 1. From a purely 
mechanistic point of v iew one has two alterna- 
tives in explaining the synthesis of only one 
isomer. If one accepts the conventional mech- 
anism proposed for the reaction of lipoxidase 
(5), it is difficult to account for the blocking 
of the C-9 position following the abstraction of 
the methylenic hydrogen and formation of a 
free radical on C-11. 

Although a free radical intermediate was 
shown to be present in the overall reaction, it 
was not established to be present only in a 
specific step in the sequence of reactions in- 
volved nor was it assigned to a specific carbon 
atom. Since several oxidative enzymes, includ- 
ing Iipoxidase, were shown to initiate free radi- 
cal intermediates (8) we feel that a new mech- 
anism is worth consideration. As shown in 
the scheme, we propose that a free radical 
adds to the substrate rather than abstracts hy- 
drogen from itl Activation of the enzyme by 
oxygen forms a free radical (I) which reacts 
with linoleic acid (II) by addition at C-13; i.e., 
the unsalurated carbon atom farthest from the 
carboxyl group. It appears probable that I 
is held in the proper position to facilitate this 
reaction by attachment to the substrate via the 
double bond at C-9 and/or  the earboxyl group. 
A series of one-electron shifts, indicated by 
arrows, then takes place in intermediate III. 

These shifts result in establishment of a new 
trans double bond at Clo, transfer of a hydro- 
gen atom to oxygen to form the hydroperoxide 
group, and liberation of the enzyme, perhaps 
as the free radical E ~ which could react with 
O~ to regenerate I. The product is, therefore, 
exclusively a 13-hydroperoxy-9,11-octadecadie- 
noic acid (IV). 

Investigation into the origin of the oxygen 
molecule incorporated into the hydroperoxide 

EOO. + R'CH = CHCH2CH = CH (CH:) ~COOH 
C C 

I I I  

t I  
H C I[ 

/ 
c f c - c~cH(c~I , )~cgo~  

/ \  >I i , . - "  

o i- 
I I I  

E" + R ' C H - C I I = C I I - C I t = C I I ( C H ~ ) ; C O O H  
J t c 
OOH 

IV 

SCaEM~ 1. Postulated reaction sequence of 
lipoxidase, oxygen and linoleic acid. 

LIPIDS, VoL. 2, No. 1 



32 A M I  DOLEV, W.  K .  ROHWEDDER AND H.  J. DUTTON 

by the use of 1~O, is completed and will be 2 
reported shortly. 
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Mechanism of Lipoxidase Reaction. II. Origin of the Oxygen 
Incorporated into Linoleate Hydroperoxide 1 

AMI DOLEV, ~ W. K. ROHWEDDER, T. L. MOUNTS and H. J. DUTTON, Northern Regional 
Research Laboratory,a Peoria, Illinois 

ABSTRACT 

Two different series of experiments were 
performed to establish the origin of the 
oxygen molecule incorporated into hydro- 
peroxide during the incubation of lipox- 
idase with linoleic acid. These showed, 
as previously assumed but never demon- 
strated, that the oxygen introduced into 
the hydroperoxide molecules comes from 
the gaseous phase and not from the aque- 
ous phase. Furthermore, soybean lipox- 
idase does not catalyze the exchange be- 
tween gaseous oxygen and water oxygen. 
Possibly, lipoxidase may be involved in 
the biosynthesis of hydroxy trans, cis con- 
jugated octadecadienoates present in vari- 
ous seeds. 

INTRODUCTION 

A S S T A T E D  I N  A P R E L I M I N A R Y  c o m m u n i c a -  

t i o n  (1), it has always been assumed, but 
never demonstrated, that the oxygen molecule, 
incorporated into the hydroperoxide as a result 
of  lipoxidase-catalyzed oxidation of  linoleic 
acid, comes from the gas phase. 

Publications before 1963 on the nature, 
mechanism of reaction and specificity of soy- 
bean lipoxidase reactions have been summa- 
rized by Tappel (2). In 1965, Hamberg and 
Samuelsson (3) suggested that lipoxidase at- 
tacks the o-6 carbon atom specifically. They 
showed that lipoxidase-catalyzed oxidation of 
tinoleic acid produced 13-hydroperoxyoctadeca- 
9,11-dienoic acid and 9-hydroperoxyoctadeca- 
10,12-dienoic acid in a ratio of 7:3. Following 
our development of an analytical procedure 
that permits the quantitative separation of 
methyl 13-hydroxystearate from methyl 9- 
hydroxystearate (4), an even higher specificity 
for soybean lipoxidase was discovered; i.e., the 
exclusive formation of 13-hydroperoxyoctadeca- 
9,11-dienoic acid (5). 

x Presented  at the  A O C S  Meeting,  Phi ladelphia ,  Octo-  
ber  1966. 

2 This  work  was  conducted  under  a Pos tdoc tora l  Resi-  
dent  Research  Associa teship  es tabl ished at the  Nor the rn  
Labora to ry  by  A R S ,  U S D A ,  in associat ion wi th  the  N a -  
t ional  A c a d e m y  of  Sciences-Nat ional  Research  Council .  

3 No.  Uti l iz.  Res.  Dev .  Div. ,  ARS,  U S D A .  

The assumed source of the oxygen molecule 
in lipoxidase oxidation became suspect because 
of observations on hydrogenation of sorbic acid 
(6). During the homogeneous catalytic hydro- 
genation of this acid with pentacyanocobaltate, 
the hydrogen incorporated into the hydrogen- 
ated molecule originated in the H~O molecule 
and not in the H 2 gas phase as predicted. 

Two kinds of experiments were performed 
which demonstrated that lipoxidase does not 
catalyze oxygen exchange between the water 
and gas and that the oxygen incorporated into 
the hydroperoxide molecule by lipoxidase does 
indeed come from the gas phase. 

Based on the data available from this series 
of investigations on the mechanism of reaction 
of lipoxidase, which correlate with recent ad- 
vances in seed lipids chemistry, a biosynthetic 
role for lipoxidase is quite possible and is pos- 
tulated. 

EXPERIMENTAL 

Two types of experiments were designed to 
determine where the oxygen incorporated into 
hydroperoxide originates: the first, incubation 
of lipoxidase with linoleic acid in a H21sO buf- 
fer with 1602 in the gas phase; and the second, 
the same incubation but in normal H2160 buffer 
with isotopic 1sO 2 in the gas phase. 

Incubation of kipoxidase with Linoleic Acid 

In H21sO Buffer. Incubation was essentially 
as described previously (5), including treat- 
ment of the incubated products, reduction of  
the hydroperoxide with NaBH~, methylation 
with diazomethane, reduction of the double 
bonds with 5% Pd on C, fractionation by 
column chromatography and analysis by mass 
spectrometry of the methyl hydroxystearate. 
The borate buffer was prepared from water 
enriched with 5.41 atom percent ~sO (Yeda 
Research and Development Co., Rehovoth, 
Israel). 

In 1sO 2 Gas Phase. A special flask (125 ml, 
round bottom) was designed (Fig. 1) that per- 
mitted us to introduce, through neck A, 80.0 
ml of 0.05 M, borate buffer (pH 9), 180 mg 
linoleic acid (99.8% pure,  Hormel Institute) 
dissolved in 10.0 ml 95% ethanol, 15 mg 
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FIG. 1. Flask designed for incubation of lipoxi- 
dase with linoleic acid under ~O~ gas: A, neck, 
20 mm diameter; B, capillary tubing with joint 
leading to a Toepler pump; C, arm equipped with 
break seal for recovery of gas; D, a "cold finger" 
for O2 condensation; E, glass hook from which 
to suspend glass basket with enzyme; F, round 
bottom flask, 125 ml. 

crystalline lipoxidase (Nutritional Biochemical 
Corporation) suspended in a glass basket on 
glass hook E inside the flask and a small Teflon- 
coated magnet. The flask was then immersed in 
a - 8 0 C  mixture of dry ice-methyl Cellosolve. 
After the contents of the flask were frozen, 
neck A was sealed. Neck B was then connected 
to a Toepler pump, which, in turn, was con- 
nected to a high-vacuum mercury-diffusion 
pump manifold. The whole system was then 
evacuated to 10 -~ mm Hg. A Dewar flask filled 
with liquid N 2 was then raised around "cold 
finger" D to condense oxygen as it was intro- 
duced by the Toepler pump and to permit 
transfer of 100 ml oxygen into about a 45 ml 
headspace. The break seal on the 1802 reser- 
voir (100 ml, 91.6 atom percent 180, Yeda, 
Rehovoth, Israel) was then broken with a mag- 
net and the gas transferred into the reaction 
flask by 11 strokes of the Toepier pump. On 
the final cycle of the Toepler pump, the mer- 

cury was allowed to rise into the capillary joint 
and the tubing (neck B) was sealed off at 1 cm 
above the mercury. 

Contents of the flask were thawed and 
brought up to room temperature by swirling 
carefully in a 25C water bath. After the basket 
of enzyme was released into the substrate, the 
mixture was stirred with a magnetic stirrer for 
60 min. The sealed flask was again placed in 
the - 8 0 C  mixture, frozen and connected 
through arm C to the high-vacuum manifold. 
After a 10 .3 mm Hg pressure was reached, the 
seal on arm C was broken with a magnet and 
the gas phase over the reaction mixture was 
pumped through the Toepler pump and col- 
lected in another flask, also immersed in liquid 
N v This recovered gas was later analyzed by 
mass spectrometry. The reaction mixture was 
treated and carried through the same sequence 
of reactions as the products of the incubation 
of lipoxidase with linoleic acid in H2180 buffer. 

Analytical Procedures 

Gas-liquid (GLC),  thin-layer (TLC),  and 
column chromatography, infrared (IR) and 
mass spectrometry were performed as described 
earlier (5). Ultraviolet (UV) spectra were 
taken on a Cory 14 recording spectrophotom- 
eter. The following analyses were performed 
before and after hydrogenation: GLC, TLC, 
IR and UV. 

RESULTS AND DISCUSSION 

The results of Experiment 1, in which lipox- 
idase was incubated with linoleic acid in  a 
buffer with either enriched H2rsO or H2160 
under 1 atmosphere of 1602 gas, are presented 
in Table I. About  70-75% of the substrate in 
both incubations was recovered as 13-hydro- 
peroxy-9,ll-octadecadienoic acid and the rest 
as the original linoleic acid. No 180 was de- 

T A B L E  I 
Analysis  of  Products  f r o m  Incuba t ion  of  Linole ic  Ac id  

in H21sO and H21eO with  Lipoxidase  and '602 Gas  

Produc t  

IR  
Separa t ion  G L C  a~40 
on  co lumn a determinat ionb cm -1 

M a s s  
spec t romet ry  

analysis 
160e 180C 

In  H,_,xsO buffer  
Methyl  s teara te  26.6 24.1 . . . .  100 
Methyl  13-ket0stearate 19.8 19.1 100 
Methyl  13-hydroxystearate  53.6 56.8 0 . i65 i  100 

In  H2100 buffer  
Me thy l  s teara te  25.1 25.7 . . . .  100 
Methyl  13-ketostearate 18.2 15.6 100 
Methyl  13-hydroxystearate 56.7 58.7 0. i665 100 

a W e i g h t  %.  
b A r e a  %.  

e A t o m  % .  
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tected in the final reduced product; i.e., methyl 
13-hydroxystearate. Hence, lipoxidase cannot 
utilize oxygen atoms from water in forming 
hydroperoxide. 

The analytical results of Experiment 2, in 
which lipoxidase was incubated with linoleic 
acid in H2160 buffer and under 180 2 gas, are 
given in Table II and Figure 2. 

Oxygen pressures varied during these reac- 
tions because 100 ml oxygen (at STP) was 
introduced into a 45 ml headspace. Since about 
15 ml oxygen was incorporated into the hydro- 
peroxide molecules, there was a pressure drop 
from 2.2 atmospheres to 1.9 atmospheres dur- 
ing the reactions. In spite of this pressure 
change, there was no significant difference be- 
tween the products produced in Experiments 1 
and 2. Also, the control run with a602 gas 
yielded the same product composition as the 
run with lsO~. Analysis of the products showed 
that no 180 was present in the methyl stearate 
fraction. Both methyl 13-hydroxystearate and 
methyl 13-ketostearate (hydrogenation byprod- 
uct, see below) contained more than 80 atom 
percent 180 (84.0 and 81 .8%,  respectively). 
The difference between the 1sO enrichment in 
the final products and the level of 180 in the 
gas used can be attributed mainly to the ~602, 
which remained dissolved in the buffer. In the 
mass spectrum (Fig. 2), all fragments con-, 
taining hydroxyl oxygen (5) are seen to haw. 
shifted two mass numbers higher than the cot-. 
responding 160 fragments. 

As suspected, the methyl 13-ketostearate is 
a byproduct of the hydrogenation of methyl 
13 - hydroxy- 9,11 - octadecadienate. The follow- 
ing observations support this statement: No 
ketone fraction is present in the methylated 
incubation product of lipoxidase with linoleic 
acid; yet after catalytic hydr'ogenation of the 
incubation products, about 18 % of the original 
linoleic acid is converted to methyl 13-keto- 
stearate. In addition, the keto group has the 
same level of 180 enrichment as the alcohol 
group in the methyl 13-hydroxystearate frac- 
tion. 

Experiment 2 establishes that the oxygen 
molecule incorporated into the hydroperoxide 
comes from the gas phase. 

IR spectrum of the methyl 13-hydroxy- 
stearates indicated a strong, sharp hydroxy 
peak at 3640 cm -1. Introducing 180 instead of 
160 into the molecule did not cause any change 
in wavelength of the hydroxy peak (Table I) .  
The hydroxystearate from reduction of the hy- 
droperoxide produced by lipoxidase oxidation 
of linoleic acid exhibited optical activity in 
contrast to the hydroxystearate from autoxida- 

TABLE II 
Analysis of Products from Incubation of Linoleic Acid 

with Lipoxidase with ~O2 or ~O2 in H2~60 Buffer 

Product 

Total 
incubation 

product 
leOa lsOa Compositionb 

With x~ gas 
Methyl stearate 100 . . . .  24.7 
Methyl 13-ketostearate 100 . . . .  18.9 
Methyl 13-hydroxystearate 100 . . . .  56.4 

With lsO2 gas 
Methyl stearate 100 24.1 
Methyl 13,ketostearate 14.2 "71".8 18.2 
Methyl 13-hydroxystearate 14.1 84.0 57.7 

a Atom %. 
b Weight %. 

tion of methyl linoleate. 
Mass spectrometry analysis of the recovered 

gas after the lsO2 incubation, indicated essen- 
tially the same composition of the original gas; 
i.e., 90.7 atom percent 1sO and 9,3 atom per- 
cent 160. 

If lipoxidase had catalyzed the exchange of 
oxygen between the aqueous and the gaseous 
phases, some of the aqueous heavy oxygen 
would have been present in the gaseous oxygen 
and incorporated by the enzyme into the hydro- 
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FIG. 2. Mass spectrometry fractionation pattern 
of methyl 13-hydroxystearate recovered from the 
reduced incubation products of lipoxidase with 
linoleic acid under ~60~ gas (A) and under aao2 
gas (B). The hydroxyl group containing frag- 
ments are two mass units higher in B than in A, 
owing to the 180 incorporation. 
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peroxide.  Since no  isotopic 1sO was f o u n d  in 
the methyl  13-hydroxysteara te  p roduced  by Ex- 
pe r imen t  1, l ipoxidase does no t  catalyze this 
exchange.  

In  recent  publ icat ions by Ryhage,  Samuels-  
son and H a m b e r g  ( 7 - 9 ) ,  essentially the same 
p rocedure  was used to s t u d y  the incorpora t ion  
of  oxygen in the convers ion  of  8,1 1,14-eicosa- 
t r ienoic acid to pros taglandin  E r T h e y  suggest  
that  the in t roduct ion  of  a hydroxy  group to 
C-15 o~ pros taglandin  El ,  which  involves 
also the isomerizat ion of  a double  bond,  is 
analogous to l ipoxidase oxidation.  In a review 
on seed lipids, Wolff  (10)  names  the different  
hydroxy  fat ty acids in seeds conta ining ex- 
clusively 13 - hydroxy -c i s -9  , trans- l l -oc tadecad i -  
enoic  acid, 9-hydroxy - t rans - lO ,c i s -12-oc tadeca-  
dienoic acid, or a mixture  of  both.  The  posi- 
t ions of  the hydroxyl  group (2 ,5 ,10) ,  the op- 
tical activity of  those compounds ,  the conju- 
gated diene system, and the trans configurat ion 
of  the unsa tura ted  bond  neares t  the hydroxyl  
group,  all po in t  to the possibili ty that  l ipoxidase 
m a y  be involved in the biosynthesis  of  these 
hydroxy  trans, cis conjugated  octadecadienoates .  
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Quantitative Analysis of Brain and Spinach Leaf 
Lipids Employing Silicic Acid Column 
Chromatography and Acetone for Elution of Glycolipids 

GEORGE ROUSER, GENE KRITCHEVSKY and GERALD SIMON, 1 Department of Biochemistry, 
City of Hope Medical Center, Duarte, California, and GARY J. NELSON, Bio-Medical Research 
Division, Lawrence Radiation Laboratory, University of California, Livermore, California 

ABSTRACTS 

Quantitative elution of acidic and neutral 
glycolipids of brain and spinach leaves 
from silicic acid columns with acetone was 
demonstrated. Cerebrosides and sulfatides 
of  brain and sulfolipid and glycosyl digly- 
cerides of spinach leaves were eluted quan- 
titatively with acetone while prospholipids 
remained on the column. The observations 
provide the basis for an analytical proce- 
dure employing column and quantitative 
thin-layer chromatography (TLC) .  Sepha- 
dex column chromatography is utilized for 
separation of lipids from nonlipids; silicic 
acid column chromatography for separa- 
tion into neutral lipid, glycolipid and phos- 
pholipid fractions; and quantitative TLC 
for analysis of lipid classes of each column 
fraction. 

INTRODUCTION 

W HILE ACETONE has been associated with 
the purification of lipid classes since the 

late nineteenth century, it has been used infre- 
quently as an elution solvent in chromatographic 
separations. Previously, Smith and Freeman (1) 
used elution with acetone for the separation of 
cerebrosides from milk, and Nelson and Free- 
man (2) used acetone for elution of oxidation 
products of less polar lipids prior to elution of 
polar lipids with chloroform/methanol  mix- 
tures. Recently Vorbeck and Marinetti  (3) re- 
ported separation of glycosyl diglycerides of 
bacterial lipids by elution of silicic acid columns 
with chloroform/acetone and acetone. In  the 
present studies the elution characteristics of 
acetone for brain and spinach lipids were deter- 
mined. The results of the studies are presented 
in this report  and an analytical procedure em- 
ploying Sephadex column chromatography, 
silicic acid column chromatography with elution 
of glycolipids with chloroform/acetone and /o r  

1Permanent address: Department of Biochemistry, Pres- 
byterian-St. Luke's Hospital, Chicago, Illinois. 
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acetone, and quantitative thin-layer chromatog- 
raphy (TLC) is described. 

MATERIALS AND METHODS 

Solvents 

Reagent grade chloroform, acetone, and 
methanol were redistilled from glass. 

Extraction and Removal of Nonlipid Contaminants 

Lipids were extracted with chloroform/meth-  
anol 2/1 from human brain and fresh spinach 
leaves (4) and the extracts freed of nonlipid 
contaminants by column chromatography on 
Sephadex (5) .  The lipid eluted from Sephadex 
with chloroform/methanol  19/1 saturated with 
water was used for silicic acid column chroma- 
tography. 

Silicic Acid Column Chromatography 

Unisil (100-200 mesh, Clarkson Chemical 
Co., Inc., Williamsport,  Penna.) without addi- 
tional treatment was transferred in chloroform 
to chromatography tubes of different sizes 
equipped with Teflon stopcocks,  solvent reser- 
voirs, and glass wool plugs for retention of  ad- 
sorbent. All  samples were applied in  chloro- 
form. Columns 2.5 cm in diameter were eluted 
at a flow rate of 3 ml/min,  larger or smaller 
columns being eluted at equivalent rates based 
upon ratios of surface areas. Fractions equival- 
ent to one column volume were collected and 
solvent was removed by evaporation at low 
temperature. Solids were dissolved in 1-3 ml 
of chloroform/methanol  2/1 and examined by 
one- or two- dimensional TLC (6,7) for iden- 
tification of components. 

The less polar (neutral) lipids were first 
eluted with 8 column volumes of chloroform. 
Chloroform/acetone 1/1, acetone, and acetone/ 
water mixtures (containing 0.5, 1.0, 5.0 and 
10.0% water) were used for elution of glyco- 
lipids and then methanol was used to clear 
columns of phospholipid. 

Quantitative TLC 

One-dimensional TLC with the charring- 
transmission densitometry procedure (7,8) w as  
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Fro. 1. Two-dimensional TLC of the mixture of glycolipids eluted with acetone ( IA)  and 
phospholipids eluted with methanol (1B) from a silicic acid column with brain lipid as sample. 
200/zg of glycolipid and 400 /~g of phospholipid was applied to the lower right corner of the 
plate and the chromatograms were developed first (vertical direction) with chloroform 
methanol/water 65/25/4, dried for 10 rain, and developed (horizontal direction) with 1-butanol 
/glacial acetic acid/water 60/20/20. Spots were visualized with the sulfuric acid-potassium 
dichromate char spray and heat (6). At the high sample load used for 1A cerebroside (Cer) 
streaks in the second solvent system. 

Abbreviations: Cer, cerebroside; S, sulfatide; TCG, trace glycolipid components (probably 
ceramide dihexoside and diglycosyldiglyceride); TDP, trace decomposition products from 
phospholipids; PE, phosphatidyl ethanolamine; PS + PI, phosphatidyl serine plus phosphatidyl 
inositol; PC, phosphatidyl choline; Sph, sphingomyelin. 

used for neutral and glycolipids. Two-dimen- 
sional TLC followed by aspiration of spots and 
phosphorus analysis was used for phospho- 
lipids (10).  

RESULTS AND DISCUSSION 

General Glycolipid Elution Characteristics 

Acetone eluted both cerebrosides and sul- 
fatides of brain and glycosyl diglycerides and 
sulfolipid of spinach leaves. Chloroform/ace-  
tone 1 / 1 completely separated spinach leaf 
monoglycosyl diglyceride from diglycosyl digly- 
ceride and the latter was elutable with acetone 
in keeping with the findings of Vorbeck and 
Marinetti  (3) for bacterial glycosyl diglycerides. 
Chloroform/acetone 1 / I eluted cerebrosides, 
but sulfatides began to appear in the effluent 
before the last trace of cerebroside was eluted. 
Elution with chloroform/acetone 1 / 1 is thus 
advantageous with spinach lipids, but is not a s  
useful for quantitatitive analysis of brain lipids. 
Since cerebroside is almost completely eluted 
with chloroform/acetone before sulfatide ap- 
pears in the effluent, elution of cerebrosides 
with chloroform/acetone 1/1 is useful as a 
preparative procedure. Small amounts of water 
(0 .5 :1 .0%) in acetone did not appreciably in- 
crease the elution rate of glycolipids, while 
water at 2-10% levels decreased the elution 
volume for glycolipids but brought about elu- 
tion of phospholipids. Acetone/water  mixtures 
thus do not possess advantages over acetone 
alone for glycolipid elution. 

LIPIDS, VOL. 2, NO. 1 

Methanol eluted phospholipids and any mate- 
rial on the column not removed with either 
chloroform or acetone. In all chromatographic 
runs recoveries were 100 __+ 1% of the sample 
applied to the column. 

Columns 5, 10, and 20 cm in height  were 
compared. Columns 5 cm in height were satis- 
factory for both brain and spinach lipids. Usu- 
ally 100 mg of lipid was applied to columns 
2.5 cm in diameter, although smaller loads were 
equally satisfactory. 

Final Silicic Acid Column Procedure and 
Results with Brain Lipids 

Columns 2.5 (I .D.)  by  5 cm were used. The 
sample (100 mg) was applied in chloroform 
(5-10 ml) .  Such columns were found to have 
a column volume of about 17.5 ml. Cholesterol 
and free fatty acids were eluted with 8 column 
volumes of chloroform. Acetone (40 column 
volumes)  was then used for elution of cere- 
brosides, sulfatides, and a trace component, 
also apparently glycolipid. Phospholipids were 
then eluted with 10 column volumes of meth- 
anol. 

The three glycolipid components of the ace- 
tone fraction of brain observed by TLC are 
shown in Fig. 1A. The acetone fraction was 
devoid of phosphorus. The methanol eluate 
from brain lipid contained only minute traces 
of cerebroside and sulfatide as judged by visual 
examination after TLC, as shown in Fig. 1B. 

The amounts of cholesterol and glycolipid 
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eluted with chloroform and acetone, respec- 
tively, using human brain samples, were in good 
agreement with values obtained previously for 
normal adult human brain (9). With two dif- 
ferent specimens of adult male brain the values 
as weight percentages of the crude chloroform/ 
methanol extract prior to removal of ganglio- 
sides and nonlipid contaminants were: choles- 
terol 22.3 and 22.1 and cerebrosides plus 
sulfatide 21.7 and 22.0 by silicic acid column 
chromatography and the DEAE-TLC proce- 
dures, respectively. The ratio of cerebroside to 
sulfatide was determined by the charring-trans- 
mission densitometry procedure (6) and found 
to be 2.60 for glycolipid eluted from silicic acid 
with acetone, in good agreement with the ratio 
2.56 (from values of 15.8 and 6.2% for cere- 
broside and sulfatide, respectively) previously 
reported for whole brain of a normal adult (9). 

Trace Components of Brain Eluted with Acetone 

The nature of the trace component(s) of 
brain eluted with acetone (Fig. 1A) was inves- 
tigated in a preliminary manner. A small 
amount of the trace component(s) was iso- 
lated from TLC plates. Two spots migrating 
very close together were obtained by TLC in 
several solvents. Both spots were positive to 
the e-naphthol spray for glycolipids (5) and 
their migration in several solvents corresponded 
to digalactosyl diglyceride and a synthetic sam- 
ple of ceramide lactoside. When chromato- 
graphed with chloroform/methanol/28 % aque- 
ous ammonia 65/35/5 on plates spread with 
0.025 M sodium borate instead of water, the 
migration of both spots was greatly reduced as 
observed for glycolipids. The infrared spectrum 
showed both ester and amide bands suggesting 
the presence of a mixture of diglycosyl digly- 
ceride and ceramide dihexoside. This possi- 
bility was further strengthened by the observa- 
tion that part of the mixture was labile to mild 
alkaline hydrolysis, and sphingosine and fatty 
acid (identified by TLC) were released by 
acid hydrolysis. 

Final Silicic Acid Column Procedure and Results 
for Spinach Leaf Lipids 

Lipid (100 rag) was applied in Chloroform 
(5-10 ml) to a 2.5 (I.D.) by 5 cm column. 
Eluting solvents were: 1) chloroform (8 column 
volumes) for neutral lipids; 2) chloroform/ 
acetone 1/1 (6 column volumes) for mono- 
glycosyl diglycerides along with small amounts 
of somewhat less polar lipids; 3) acetone (35 
column volumes) for diglycosyl diglyceride, 
sulfolipid and small amounts of uncharacterized 
lipids; and 4) methanol (I0 column volumes) 

for remaining lipid. No attempt was made to 
determine the precise amounts of the several 
components in each fraction, although the bulk 
fraction weights were reproducible to within 

2% on different runs. The methanol eluate 
was entirely devoid of glycosyl diglycerides. 

Combined Column--TLC Procedure far Analysis 
of Lipid Classes 

The analytical procedure based upon the 
above observations employs three chromato- 
graphic techniques: Sephadex column chroma- 
tography (5) for separation of lipids from non- 
lipids and gangliosides; silicic acid column 
chromatography for separation of the lipid 
fraction into neutral, glycolipid, and phospho- 
lipid fractions; and TLC for separation and 
determination of the individual lipid classes in 
the fractions obtained from silicic acid columns. 

The Sephadex column procedure has been 
modified for routine use. The washing proce- 
dure used earlier (5) has been omitted and 
instead each newly packed column is washed 
with each of the four different eluting solvents 
before application of the sample. Columns 2.5 
(I.D.) by 10 cm requiring only one-third as 
much solvent for elution of fractions give essen- 
tially the same performance as the 30 cm high 
columns used previously. 

Quantitative one-dimensional TLC by the 
charring transmission densitometry procedure 
(8,9) is used for analysis of the individual 
lipid classes eluted with chloroform and acetone 
(cerebroside plus sulfatide or glycosyl digly- 
cerides plus sulfolipid fraction). Components 
of the methanol eluate (phospholipids) are 
determined by two-dimensional TLC and phos- 
phorus analysis of spots (10). 

Other Components of Saphadex Column 
Fractions of Brain and Spinach 

The separation of gangliosides from other 
brain lipids by Sephadex column chromatog- 
raphy was established previously, but data on 
plant lipids have not been reported. With 
spinach leaf lipids as sample, components 
migrating by TLC and charring like lipids were 
detected in Sephadex column fractions 2 and 3. 
The nature of these minor components of 
spinach leaf extracts is not known and was not 
investigated. 
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Chemical Composition of Subcellular Particles from 
Cultured Cells of Human Tissue 1 

SHUANG-SHtNE TSAO and W. E. CORNATZER, Guy and Bertha ireland Research 
Laboratory, Department of Biochemistry, University of North Dakota, School 
of Medicine, Grand Forks, North Dakota 

ABSTRACT 

Chemical composition of subcellular 
components of HeLa, KB, human heart  
and liver tissue-culture cell lines have 
been studied. 

The concentration of RNA, protein 
and phospholipid (/zg//Lg of D N A ) o f  
total subceltular particles was similar for 
all four cell lines studied. The greatest 
R N A  concentration and lowest protein 
concentration is found in the rnicrosomes 
as compared to the other subcellular frac- 
tions of HeLa and KB cells. 

The lipid P /Pro te in  N ratio of mito- 
chondria was greater than the other sub- 
cellular fractions from tissue-culture cell 
lines studied. Phosphatidyl choline and 
phosphafidyl ethanolamine are the major 
phospholipids with the former more pre- 
dominant in all of the subcellular frac- 
tions of  tissue-culture cells studied. Phos- 
phatidyl inositol, p h o s p h a t i d y l  serine, 
sphingomyelin and polyglycerol phospha- 
tide were shown to be present. Phospha- 
tidyl choline composition (per cent of 
total l ipid-P) is greatest in the micro- 
somes when compared with the other 
subcellular fractions obtained from all 
of the cell lines studied except the nuclear 
fraction of human liver cells. Corre- 
spondingly, the mitochondrial  fraction for 
all of the tissue culture cell lines contains 
the greatest composition of phosphatidyl 
ethanolamine except for the human liver 
and heart  cells. The rnitochondrial frac- 
tion contains the lowest amount of phos- 
phatidyl inositol. Polyglycerol phospha- 
tide is mainly present in the mitochon- 
drial fraction of the tissue-culture cells. 

T 
INTRODUCTION 

ISSUE-CULTURE CELLS have been used for 
many purposes such as virus research, 

1 Part  of a thesis submitted to the Graduate School of 
the University of North Dakota  in partial fulfillment for 
the degree of Doctor of Philosophy. 

screening potential chemotherapeutic drugs, 
and morphological and nutritional studies. 
However, few experiments have been reported 
on chemical analyses of the subcellular frac- 
tions of  tissue-culture cells. The use of chrom- 
atography, differential centrifugati0n and mi- 
crochemical methods enables one to investi- 
gate the chemical composition of subcellular 
fractions of the cell. This report  presents the 
results of experiments concerning the chemi- 
cal composition of subcellular components, nu- 
clei, mitochondria and microsomes of various 
tissue-culture cells. 

MATERIALS AND METHODS 

Celt Growth 

Four  kinds of heteroploid serial cultures 
were originally obtained from Microbiological 
Associates, Inc., Bethesda, Md., HeLa (hu- 
man carcinoma of cervix) and KB (human 
carcinoma of nasopharynx) are derived from 
malignant tissues; human adult  heart  and hu- 
man adult liver are derived from normal tis- 
sues. 

The condition of cultivation was similar to 
previous reports (22).  The cells were grown 
as monolayers in 1000-ml culture bottles and 
were overlaid with 50 ml of growth medium 
which was made up of Hank's  balanced salt 
solution containing 10% human serum, 10% 
glucose, 2% yeast extract, 1:4% NaHCO v 
To the solution was added an amount  of 
penicillin and streptomycin to yield a final 
concentration of 100 units and 100 Fg/ml,  
respectively. An  antifungal agent (mycosta- 
tin 50 /zg/ml, or fungizone 2 ~g/ml)  was 
added routinely once a month but  was ab- 
sent when the cells were planted for experi- 
mental study. 

The cells were grown in a stationary state 
at 37C, and the growth medium was changed 
every other day. The inoculum of cells per  
each bottle was from 0.5 to 1 .0Xl06,  and 
by the time of harvesting, approximately 5 
to 10X106 cells were in each bottle. After  
7 days of growth, two to four bottles of cells 
were pooled in order to obtain a sufficient 
amount of material for analysis. 

41 
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TABLE I 
Biochemical Composition of HeLa and Human Heart  Whole Cells in Culture 

Cell No. Phospho- 
line exps. Unit DNA RNA Protein a lipids b 

HeLa 12 #g/cell 23.8 53.0 310.2 96.7 
x I0 ~ ( 1.0)c ( 2.7 ) ( 23.0 ) ( 4.2 ) 

12 pg/pg DNA 2.22 13.22 3.07 
(0 .14)  ( 1 . 1 5 )  (0 .19 )  

Human 6 #g//zg DNA 2.08 15.99 2.88 
heart (0 .07)  ( 0 . 5 7 )  (0 .30)  

a/zg Proteiia-N x 6.25 
b #g Lipid-P x 25 
e The figures in parentheses indicate the standard deviation. 

Cell Harvesting 

After the growth medium was removed, the 
bottle was scraped with a rubber policeman, 
and the ceils were washed off the bottle with 
ice-cold Hank's  solution containing 11% glu- 
cose, 0.8% NaC1, and 0.04% KC1. The cell 
suspensions were pooled in a Potter-Elvehjem 
tissue grinder. An  aliquot was removed for 
cell counting with a haemocytometer and the 
remainder was centrifuged in the cold at 700 
X g for 5 min. 

Cell Fractionation 

The cells were taken up with 10 volumes 
(2 to 3 ml)  of ice-cold 0.25 M sucrose solu- 
tion containing 0.00018 M CaC12 and were 
homogenized with a Teflon pestle. In order 
to lower the concentration of suspension to 
minimize entrapment of particulates, the ho- 
mogenate was brought to 9 ml with the 
sucrose-CaCl 2 solution. The suspension was 
centrifuged at 450 X g for 10 min. The pre- 
cipitate was resuspended in sucrose-CaC12 so- 
lution and homogenization and centrifugation 
were repeated twice for the preparat ion of 
nuclear fraction. The pooled supernatant frac- 
tions were centrifuged at 10,000 X g for 15 
rain in a Servall Automatic Superspeed Re- 

frigerated Centrifuge, type RC-2 to precipi- 
tate the mitochondria. The remaining super- 
natant was, in turn, centrifuged at 80,000 X g 
for 90 min in a Spinco (Beckman) Model L, 
Preparative Ultracentrifuge to precipitate the 
microsomes. 

Biochemical and electron-microscopic exam- 
inations were carried out during the process 
of cell fractionation. The mitochondrial  frac- 
tion did not have microsomal contamination 
as shown by the absence of glucose-6-phos- 
phatase activity (21) and ribosome-like gran- 
ules (free or membranes-at tached).  Micro- 
scopically the microsomal fraction contained 
solely smooth and rough surfaced endoplastic 
reticulum and free ribosomal particles. Micro- 
scopic and D N A  analyses indicated the absence 
of nuclear contamination in both mitochon- 
drial and microsomal fractions. 

Extraction and Chromatographic 
Separation of Phospholipids 

The lipids of the separated nuclear, mito- 
chondria, and microsomal fractions were ex- 
tracted once with 4 ml of 95% ethyl alcohol 
at 65C for 3 min and twice with boiling eth- 
anol-ethyl ether, 2:1 (v /v)  (21).  The sol- 
vents were quickly removed in a rotary evap- 

TABLE II  
Biochemical Composition of Total Particulate Fractions from Various Mammalian Ceils in Culture 

Cell No. RNA /zg Protein /~g Phospholipid pg 

line exps. DNA #g DNA/~g D N A / z g  

HeLa 12 1.79 8.36 2.38 
(0.05) a (0 .66 )  (0.20) 

KB 14 2.11 11.02 2.95 
(0.09) (0.61) (0.25) 

Human 3 2.02 13.99 2.10 
heart (0.06) (0.51) (0.18) 

Human 4 1.95 t 1.57 2.t 8 
liver (0.05) ( 0 . 3 4 )  (0.13) 

a The figures in parentheses indicate the standard deviation. 
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orator (Evapo-Mix, Rinco Instrument Co.) at 
50C and 50 mm Hg in vacuum and the resi- 
due was lyophilized in a Freeze Dryer (VirTis 
Co., Inc.) overnight. The extract was further 
purified by  dissolving in chloroform-methanol 
1:1 (v /v ) .  All  lipid extracts were stored in 
a ni t rogen atmosphere. The individual phos- 
pholipids were separated by chromatography 
on silicic acid-impregnated glass filter paper 
(3) .  The solvent system was diisobutyl ke- 
tone" acetic acid: water: benzene ( 160: 50: 8: 7).  
The chromatograms were dried, stained with 
rhodamine 66 and the phospholipids were 
identified under ultraviolet light with synthetic 
standards and purified lipids as references (3).  
Recovery values of the individual phospho- 
lipids were similar to that reported by Cornat- 
zer et al. (3).  

A mixture of purified lipids containing as 
phosphorus, 2.93 /zg of phosphatidyl inositol 
(Pierce Chemical Co.) ;  9.46 /zg of sphingo- 
myelin (Nutrit ional Biochemical Corp.) ; 6.82 
/zg of fl,~'-dipalmitoyl-L-~-lecithin (Calbio- 
chem),  0.53 /zg of phosphatidyl serine (Pierce 
Chemical Co.) ,  7.70 /~g of fl,-~-dipalmitoyl-L- 
~-cephalin (Calbiochem) and 4.02 /~g of poly- 
glycerol phosphatide (Pierce Chemical Co.) 
was chromatogramed five different times on 
glass paper impregnated with silicic acid (3) 
with average recovery of the individual phos- 
pholipids of 97%,  107%, 110%, 92%, 88%, 
and 100% respectively. 

Phosphalipid Determination 

The encircled spots on the dried, stained 
chromatograms were cut out and placed into 
15 X 125 mm Pyrex test tubes, and were eluted 
with 5 mI of 3 N methanolic HCI for 50 rain 
in a water bath at 63C. Marbles were placed 
over the mouths of the test tubes so as to 
prevent evaporation of the solvent. The elu- 
tion of the phospholipids from the chromato- 
grams was repeated with 5 ml of 2 N meth- 
anolic HCI. Three to four chromatogram 

spots of the same phospholipid were com- 
bined in order to obtain sufficient quantity of 
phosphorus for accurate measurement. 

The quantitative determination of lipid phos- 
phorus was performed by a modified colori- 
metric method of Shin (18) and Bartlett (2).  
After  the pooled hydrolysate was evaporated 
to dryness, t .0 ml of  18 N sulfuric acid was 
added. Digestion was carried out for 30 min 
on a medium gas flame. After  the tube was 
cooled, 2 drops of  H202 ( 3 0 % )  were added 
and the tube was heated for 30 min. Excess 
peroxide was removed by adding 2 drops of 
5% urea solution and reheated for 15 rain. 
The tube was cooled and 2.0 ml of distilled 
deionized water and 1 ml of 5% ammonium 
molybdate were added. After  mixing, 0.25 
ml of Fiske-SubbaRow reagent (18) was 
added and the solution was thoroughly mixed. 
The tube was placed in a water bath and was 
heated at 100C for 10 rain. The tube was 
cooled and the optical density was determined 
at 800 m/, in a Cary Model 15 Recording 
Spectrophotometer (Applied Physics Corp.) .  
A linear curve for lipid phosphorus (0.2-16.0 
/~g) was observed. 

Nucleic Acids and Protein Determination 

The dried residue after lipid extraction was 
treated with 5 ml of cold trichloroacetic acid 
(TCA) to extract the acid-soluble phosphorus 
fractions (17).  Total  nucleic acids were then 
extracted from the remaining residue with 3 
ml of 5% TCA for 30 rnin at 90C according 
to the procedure of Logan et al. (10).  The 
concentration of total nucleic acid was deter- 
mined in a Beckman Model D U  spectrophoto- 
meter at 268.5 m/~ (10).  D N A  was deter- 
mined by the use of the p-nitrophenylhydra- 
zinc method of Webb and Levy (24).  R N A  
was obtained from the difference between 
total nucleic acid and DNA.  

Protein-Nitrogen of the residue after lipid 
and nucleic acids extraction, was determined 

TABLE I I I  
Lipid-P/Protein-N (/Lg/mg) of the Subcellular Fractions from Various Mammalian Cells in Culture 

Cell No. 
line exps. Nuclei Mitochondria Microsomes 

HeLa 12 26.67 107.78 59,19 
( 2.99)a ( 4 . 4 0 )  (5 .22 )  

KB 9 33.27 107.11 54.01 
(3 .84 )  ( 5 . 8 5 )  (2 .89 )  

Human 5 45.70 74.70 39.45 
heart (2 .94 )  ( 2.56) ( 7 . 1 5 )  

Human 4 42.61 56.00 51.01 
liver (1 .78 )  ( 3.80) (1 .01 )  

a The figures in parentheses indicate the standard deviation. 
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TABLE IV 
The Chemical Composition of the Subcellular Fract ions of HeLa and KB Cells in Culture 

Cell 
line 

No. Subcellular D N A  t~g R N A  #g Protein /zg Phospholipid #g 
exps. fraction Cell D N A  #g D N A  #g D N A  /zg 

HeLa 7 Nuclei 24.0 0.29 3.54 0.38 
( 2 . 5 )  a (0.06) (0.25) (0.03) 

7 Mitochondria  . .  0.38 3.11 1.33 
(0.04) (0.40) (0.08) 

5 Microsomes . .  1.11 2.22 0.59 
(o.11) (O.lO) (0.05) 

KB 10 Nuclei 24.7 0.59 4.60 0.64 
( 0 . 6 )  (0.09) (0.05) (0,02) 

10 Mitochondria  . .  0.47 4.52 1.95 
(0.03) (0,44) (0.03) 

10 Microsomes . .  1.30 2.68 0.58 . 
(0.12) (0.14) (0.04) 

a The figures in parentheses indicate the s tandard deviation. 

by means of the ultramicro-Kjeldahl method 
(16). 

RESULTS 

The chemical composition of whole cellular 
DNA, RNA, protein and phospholipid con- 
centrations has been determined in HeLa and 
human heart cells (Table I) .  For comparison 
between the various cell lines, the concentra- 
tions of RNA,  protein and phospholipids are 
related to the DNA.  The concentration of 

c e l l u l a r  D N A  is  s o  c o n s t a n t  ( 1 )  t h a t  i t  s e r v e s  

a s  a m o r e  a c c u r a t e  m e a s u r i n g  p a r a m e t e r  t o  

w h i c h  t o  r e l a t e  t h e  c o n c e n t r a t i o n s  o f  o t h e r  

c o n s t i t u e n t s .  T h e  c o n c e n t r a t i o n s  o f  R N A ,  p r o -  

t e i n ,  a n d  p h o s p h o l i p i d s  ( / z g / / ~ g  o f  D N A )  o f  

t h e  c o m b i n e d  p a r t i c u l a t e  f r a c t i o n s  w h i c h  i n -  

c l u d e  n u c l e i ,  m i t o c h o n d r i a  a n d  m i c r o s o m e s ,  

o f  H e L a ,  K B ,  h u m a n  h e a r t  a n d  h u m a n  l i v e r  

c e l l s  a r e  p r e s e n t e d  i n  T a b l e  I I .  T h e  c o n c e n -  

t r a t i o n  o f  v a r i o u s  c h e m i c a l  c o m p o n e n t s  f r o m  

v a r i o u s  h u m a n  t i s s u e - c u l t u r e  c e l l  l i n e s  a r e  n o w  

TABLE V 
Phospholipid Composition of Subcellular Fractions of Various Human  Tissue Culture Cell Lines 

(Per Cent of Total L ip id-P)  

Cell 
line 

No, Subcellular Phosphatidyl  Sphingo- Phosphatidyl Unknown Phosphat idylPhosphat idyl  Polyglycerol 
exps. fraction inositol myelin choline serine ethanolamine Phosphatide 

HeLa 13 Nuclei 7.1 3.8 60.5 2.3 6.1 19.1 1.3 
(5.8-9.3) (2.7-5.4) (59.8--62.2) (2.1-2.8) (5.7-6.4) (16.8-21.8) (0.6-2.5) 

13 Mitochondria 4.8 3.0 53.7 ,2.6 5.9 25.6 4.5 
(4.1-6.0) (2.7-4.4) (50.9-55.4) (2.3-3.3) (5.4-6.3) (23.2-30.5) (3.2-6,0) 

13 Microsomes 6.7 3.2 65.1 1.9 6.7 16.3 0.4 
(3.4-8.5) (2.2-7.4) (64.6-66.0) (1.6--2.5) (6.5--7.0) (13.3-I8.6) (0.0-1.0) 

KB 9 Nuclei 8.2 4.0 59.3 1.7 7.1 18.9 1,5 
(8.0-10.3) (2.2-4.8) (57.1-60.0) (1.1-2.2) (5.4-7.3) (17.3-20.0) (1.0-1.9) 

9 Mitochondria 6.5 3.9 51.7 2.4 6.9 24.0 4.7 
(5.4-7.7) (3.1-5.9) (51.0-52.4) (2.0-2.9) (6.2-7.6) (21.4-25.0) (4.2-5.3) 

9 Microsomes 8.3 4.1 62.0 2,2 7.8 15.1 0.5 
(7.9-9.4) (3.5-7.9) (59.0-63.7) (2.0-2.3) (6.2-8.3) (13.9-16.7) (0.0--0.9) 

Human  
heart  

6 Nuclei 3.9 4.7 70.2 . . . .  a . . . .  a 17.9 3.4 
(3.4-4.5) (4.2-5.3) (66.6-74.0) (15.3-19.0) (1.7-4.6) 

6 Mitochondria  2.8 10.4 62.3 . . . . . . . .  16.4 8.1 
(1.7-3.4) (8.6-12.4) (59.4--63.6) (15.5-18.2) (7.3-10.9) 

6 Microsomes 2.7 11.4 71.3 . . . . . . . .  14.6 . � 9  
(2.2-3.1) (9.0-12.8) (66.8-73.1) (12.8-15.0) (0.0-0.0) 

H~man 
liver 

4 Nuclei 2.I 5.4 67.9 . . . . . . . .  19.2 5.3 
(1.3-2.6) (4,8-6.6) (65.3-69.4) (17.4--21.2) (4.3-6.5) 

4 Mitochondria 1.3 17.1 56.5 . . . . . . . .  14.5 10,6 
(0.6-1.6) (16.4--18.2) (54.5-58.5) (13.2-16.4) (9.2-11.6) 

4 Microsomes 1.4 16.0 63.5 . . . . . . . .  19.1 . . . .  
(1.1-1.7) (15.6-17.4) (62.0-65.4) (17.0-20.7) 

The figures in parentheses indicate the range. 
The spots were not separated f rom ph0sphatidyl  choline. 
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FIG. 1. Tracing of ascending chromatograms of 
the phospholipids of subcellular fractions of HeLa 
cell (10 to 20 ~+g per each spot). Chromatog- 
raphy was carried out at 20C for 6 hr on silicic 
acid-impregnated glass paper. The solvent system 
was diisobutyl ketone-acetic acid-water-benzene 
(160:50:7.5:7, v/v). The lipid spots were de- 
tected by staining with rhodamine 66 and ob- 
served while wet under ultraviolet light (366 mg). 
The following colors were observed: spots 1, 4, 
5, and 7 blue, and others yellow. Spot 1 cor- 
responds to phosphatidyl inositol, 2 to sphingo- 
myelin, 3 to phosphatidyl choline, 4 to unknown, 
5 to phosphatidyl serine, 6 to phosphatidyl ethan- 
olamine, 7 to polyglyceroi phosphate (or cardio- 
lipin) and 8 to neutral lipid. 

comparable. The lipid P/Protein N ratio of 
the subcellular fractions prepared from HeLa, 
KB, human heart, and human liver cells are 
presented in Table III. The concentrations 
of DNA, RNA, proteins and phospholipids of 
nuclei, mitochondria, and microsomes of HeLa 

and KB cells are presented in Table IV. Over 
50% of the cellular RNA is present in micro- 
somal fractions whereas less than 20% of 
RNA is found in the nuclear or mitochondrial 
fraction of HeLa and KB cells. The cellular 
protein is approximately the same for nuclei 
and microsomal fractions. Mitochondrial frac- 
tion contains the highest phospholipid concen- 
tration as shown in Table IV. In order to 
determine whether the phospholipids were 
equally distributed in the subcellular fractions 
the i n d i v i d u a l  phospholipids, phosphatidyl 
inositol, sphingomyelin, phosphatidyl choline, 
phosphatidyl serine, phosphatidyl ethanol- 
amine, and polyglycerol phosphatide (cardio- 
lipin) were separated by chromatography o n  
siticic acid impregnated glass filter paper. Fig. 
1 shows the tracing of chromatograms of 
individual phospholipids of nuclei, mitochon- 
dria, and nuclei of HeLa cells (10 to 20 /~g 
of phospholipid phosphorus). The individual 
phospholipids were identified with rhodamine 
6G and an unknown fraction demonstrated a 
blue color with ultraviolet light. However, 
this  fraction represented a small quantity of 
lipid phosphorus and could not be identified. 
The per cent composition of individual phos- 
pholipids of nuclei, mitochondria, and micro- 
somes of HeLa, KB, human heart and liver 
cells are reported in Table V. 

DISCUSSION 

The RNA and protein content of HeLa 
cells is in agreement to that reported by Gif- 
ford (6). The DNA concentration of HeLa 
cells is similar to that reported by Massaab 
et al. (11 ). The DNA content of HeLa and 
KB cells is greater (14) than that of mam- 
malian tissues (23) and is similar to Ehrlich 
ascite cells (8). The RNA, protein and phos- 
pholipid concentrations (expressed as ptg//xg 
DNA) are similar for the four cell lines stud- 
ied. The greatest RNA concentration and 
lowest protein concentration is found in the 
microsomes as compared to the other sub- 
cellular fractions. 

Phospholipids are found in the membranes 
(7), mitochondria, nuclei, and microsomes 
(9,19,20) of mammalian tissues. Liver mito- 
chondria of rats are composed of about 21-  
28 % phospholipid on a dry weight basis, with 
the phospholipids accounting for about 90% 
of the total lipids present (19,21). Lipid P/  
Protein N of nuclei, mitochondria, and micro- 
somes of HeLa, KB, human heart and liver 
cells were calculated since these subceUular 
structures are chiefly composed of protein and 
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phospholipids. The lipid P/Prote in  N content 
of mitochondria was greater than other sub- 
cellular fractions in all the tissue-culture cell 
lines studied. Human heart  and liver cells of 
mitochondria contain a smaller lipid P /P ro -  
tein N ratio than HeLa and KB cell lines. 
This observation is in agreement with that 
described by McCarl  and Triebold (13) ,  who 
have shown that phospholipids in HeLa,  mon- 
key heart, and chick embryo endothelium 
cells have a different rate of synthesis. 

The per cent of total lipid phosphorus of  
the individual phospholipids of subcellular frac- 
tions of HeLa, KB, human heart, and liver 
cell lines have been determined. Phosphatidyl 
choline and phosphatidyl ethanolamine are 
the major phospholipids in the subcellular 
fractions of the tissue-culture cell lines stud- 
ied. This observation is similar to concentra- 
tions observed for the subcellular fraction of 
liver, kidney and heart  of the rat  (15).  The 
per cent of total lipid-P composition of phos- 
phatidyl choline is greater in microsomes than 
in other subcellular fractions of all cell lines 
except the nuclear fraction of human liver 
cell. Correspondingly, the mitochondrial  frac- 
tion from all the tissue-culture cell lines con- 
tains the greatest amount of phosphatidyl etha- 
nolamine except in the human liver and heart  
cells and contains the lowest concentration of 
phosphatidyl inositol. This observation is in 
accordance with the finding in normal mam- 
malian tissues (4,12,20). Strickland and Ben- 
son (20) observed 30% of the total lipid 
phosphorus was phosphatidyl ethanolamine in 
mitochondria of rat  liver compared to 18% 
in microsomes; Getz et al. (4) found 42% 
in mitochondria and 27% in microsomes of 
rat  liver, and Marinetti  et al. (12) observed 
in pig heart  that the mitochondria contain 
25.3% and 21.2% in microsomes. It is ap- 
parent from the data of Table V that the 
mitochondrial  fraction from all the cell lines 
studied contains less phosphatidyl choline and 
phosphatidyl inositol in relation to phospha- 
t idyl  ethanolamine than do microsomes or nu- 
clear fractions. Strickland and Benson (20) 
observed 68% of total lipid phosphorus was 
phosphatidyl choline in microsomes of rat  
liver compared to 49% in mitochondria;  Getz 
et al. (4) found 62.6% in microsomes and 
38.6% in mitochondria of rat  liver, and Mari- 
netti et al, (12) observed in pig heart  41.8% 
in microsomes and 36.2% in mitochondria. 
The ratio of phosphatidyl choline/phosphatidyl  
ethanolamine is 4.0 in microsomes and only 
2.1 in mitochondria of HeLa cells. The values 
are 4.1 and 2.15 respectively for KB cells. 

LiPms, VOL. 2, No. 1 

Similar values have been reported in subcell- 
ular fractions of rat  liver (5).  Polyglycerol 
phosphatide occurs chiefly in the mitochon- 
dria of tissue-culture cells as in mammalian 
tissues (12).  The per cent composition of 
polyglycerol phosphatide appears to be higher 
in human heart  and liver than in HeLa  and 
KB cells. 

Thus, the four different lines of cultured 
cells of human tissue contain the major phos- 
pholipids which are found in normal mam- 
malian tissues. I t  is apparent from the data 
tha t  there is no substantial difference in the 
per cent of total lipid phosphorus of human 
tissue-culture cells when compared to mam- 
malian tissues (4,12,20). 
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Isolation of a Trimer of a-Tocopherol from Mammalian Liver 

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

ABSTRACT 

Evidence is presented for the formation 
in mammalian l iver  of a trimeric metab- 
olite of ~-tocopherol. This compound 
has been shown to be identical to a trimer 
produced by oxidation of ~-tocopherol 
with alkaline KaFe(CN)6.  In addition, 
confirmation was obtained for the oc- 
currence in vivo of a dimeric metabolite 
reported previously. These compounds, 
together with tocopheryl-p-quinone, are 
postulated to arise from reactions with 
lipid-free radicals or peroxides in the 
course of the antioxidant action of vita- 
min E. 

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

I N EARLIER INVESTIGATIONS o f  the metabo- 
lism of d-a-tocopherol-5-methyl-C 14 carried 

out in this laboratory, it was observed that this 
vitamin undergoes partial conversion in rat  
tissues to e-tocopheryl-p-quinone and a dimer 
(1,2).  The dimer was shown to be identical 
to a compound obtained by oxidation of e- 
tocopherol with alkaline K a F e ( C N ) ,  (3).  In  
the experiments described here, evidence has 
been obtained for the formation in vivo of 
a trimer of e-tocopherol and confirmation 
was obtained for the natural occurrence of 
the dimer. T h e  trimer is the unidentified 
metabolite reported in a preliminary abstract 
(4) and cannot be differentiated from the syn- 
thetic oxidation product  of a-tocopherol pre- 
viously designated Compound I1 (2) .  

EXPERIMENTAL 

The relative susceptibility of  ~-tocopherol 
to oxidation under conditions commonly used 
for the isolation of unsaponifiable lipids m a k e s  
it mandatory that particular precautions be 
taken against the occurrence of isolation arti- 
facts. This problem is emphasized by the 
finding that there is an analogy between the 
products of a-tocopherol oxidation formed in 
vivo, those obtained by chemical oxidation with 
certain inorganic ions and those generated in 
a milieu of peroxidizing unsaturated lipids (un- 
published results). Consequently, in the pres- 
ent study the natural occurrence of the metab- 
olites in question was investigated by several 

different isolation procedures and in conjunc- 
tion with recovery studies on d-~-tocopherol- 
C 14 internal standards. 

Rats were injected intraperitoneally with 1 
mg of d-~-tocopherol-5-methyl-C 14 (specific ac= 
tivity 1.5 fzc/mg) which was prepared from 
the succinate ester (obtained from Distillation 
Products Industries, Rochester, N . Y . )  by re- 
ductive cleavage with LiA1H 4. The reduction 
product was checked for purity and prepared 
for administration as described previously (3).  
Rabbits were injected intravenously by ear 
vein with 2 mg of the same material. Rats 
were killed 48 hr after injection, rabbits after 
24 hr; the livers were processed by one of 
the procedures outlined below. 

Procedure  I 

Livers taken from 4 injected rats deprived 
of vitamin E for 4 weeks were minced on 
a chilled watch glass, quick-frozen over dry 
ice and lyophilized overnight. Three livers 
from comparable uninjected animals were 
treated similarly,, except that pure d-a-toco- 
pherol-C 14 (183)<103 dpm in 50 /xl of emul- 
sion used for injection) was mixed thoroughly 
with the minced tissue before freezing. This 
amount of tocopherol-C 14 was based on the 
general observation that after 48 hr about 
5% of the dose was ordinarily recovered in 
the liver; the actual recovery for the 4 in- 
jected animals averaged 4.8%. 

The dry residue was extracted twice by 
shaking for 15 min with 50 ml of double- 
distilled petroleum ether (Skellysolve F, bp 
30C--60C),  then was transferred to a filter 
paper and washed with an additional 150 ml 
of  the same solvent. After  evaporation of 
the solvent under Nz on a water bath the 
residue was dissolved in 15 ml of acetone 
and the bulk of the lipids was removed by 
crystallization at - 7 0 C  as described previous- 
ly (1) .  The material remaining after filtering 
off the lipids and evaporating the solvent from 
the filtrate ( 18 -20  mg) was chromatographed 
On 8•  in. sheets of glass paper  (2 sheets 
per  sample) with 90% acetonitrile in H20 as 
developing solvent. In this system pure a-toco- 
pherol and a-tocopheryl quinone move to the 
solvent front whereas the tocopherol dimer 
and trimer (2) remain at the origin. In the 
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presence of liver lipids, however, some toco- 
pherol and quinone are also retained at the 
origin. A band 4 cm wide was taken from 
the origin, cut into small pieces and shaken 
for 10 min with 50 ml of petroleum ether. 
The paper then was washed 5 more times 
with 25 ml of solvent and the combined fil- 
trates were evaporated under N2 to 5 ml. 

This solution was mixed with 3-4 mg each 
of carrier e-tocopherol, dimer and trimer (2). 
This mixture was applied to a 1 )4 16 cm col- 
umn of petroleum ether-washed Bio-rad neutral 
alumina (6% water added) which was de- 
veloped with increasing proportions of perox- 
ide-free diethyl ether in petroleum ether. Fifty- 
one to sixty 5-ml fractions were collected, of 
which 1 ml was used for the determination 
of radioactivity by liquid scintillation spectrom- 
etry and 4 ml were used to determine the opti- 
cal density in isooctane at the appropriate ab- 
sorption maximum for each carrier. 

Procedure I I  

An attempt was made to confirm the evi- 
dence obtained by Procedure I for the natural 
occurrence of the tocopherol trimer with an- 
other species and an isolation method based 
on paper and thin-layer chromatography. Three 
normal growing rabbits were injected with 
labeled tocopherol and the livers from two 
others were used as controls. The procedures 
for lyophilization, crystallization of lipids 
(twice) and chromatography on glass paper 
(3 sheets per sample) were the same as those 
outlined for Procedure I. The band at the 
origin of the glass paper chromatograms was 
etuted with 100 ml of petroleum ether and 
purified on thin layers of Silica Gel G with 
90% acetonitrile in H20 as the mobile phase. 
The material at the origin was eluted with 
ether, and again purified on glass paper; an 
aliquot was then chromatographed on paraffin- 
coated paper (3) with 75% ethanol. A scan- 
ogram revealed the presence of a single peak 
at the origin, consistent with the presence of 
dimer and trimer, and showed no peaks for 
tocopherol or tocopheryl quinone. To sepa- 
rate the dimer and trimer the samples were 
chromatographed on thin layers of silica gel 
with benzene-hexane (45: 55). Four-centi- 
meter bands opposite the standard dimer (Rt 
0.25) and trimer (Rf 0.80) were eluted with 
ether and purified once more on silica gel using 
a system (2.5% methanol in benzene) in which 
the dimer moves farther from the origin (Rf 
0.80). 

As a further check on the purity of the 
labeled compounds isolated by Procedure II, 

they were pooled into two samples represent- 
ing the final dimer and trimer fractions, ap- 
propriate carrier compounds were added and 
the mixtures were rechromatographed on alum- 
ina columns as described for Procedure I. The 
dimer bands from the two control samples 
were chromatographed individually; the trimer 
bands contained too few counts for further 
purification. 

Carrier crystallization was used to confirm 
the evidence obtained by cochromatography 
(Fig. 1 and 4) that one of the labeled iso- 
lates was a trimer of ~-tocopherol. Molecular 
weight estimations made on the synthetic car- 
rier with a Mechrolab vapor pressure osmom- 
eter yielded values of 1294 (in benzene) and 
1211 (in CHCI 3) (theoretical molecular weight 
for a trimer of ~-tocopherol, approximately 
1292). To 102 mg of this trimer was added 
2.1 X 10 ~ dpm of labeled material obtained by 
pooling the 2% ether fractions from the in- 
jected rats (Fig. 1 ) and the counts recovered 
in the analogous fractions from C14-tocopherol - 
injected rabbits (Fig. 4). The mixture was 
reduced with LiA1H~ (3) and esterified with 
p-nitrobenzoyt chloride in the presence of bu- 
tytlithium as described by Brown et al. (6). 
After dissolving the combined sample in 2 ml 
of petroleum ether, 1 ml of 15% n-butyllith- 
ium in hexane was added and the mixture was 
refluxed for 30 rain. Then 65 mg of p-nitro- 
benzoyl chloride in 1 ml ether were added 
carefully with stirring, and refluxing was con- 
tinued for an additional 2 hr. The mixture 
was cooled, diluted with HzO and extracted 
3 times with ether. After purification on a 
Bio-rad alumina column (6% H20 added), 
the product (52 mg) was shown to be fully 
esterified by infrared analysis, and was crys- 
tallized from petroleum ether at -15C.  

Procedure II I  

The fact that it was found necessary to use 
column chromatography in Procedure II for 
the final isolation of radiochemically pure me- 
tabolites suggested that they could be obtained 
without preliminary purification by direct alum- 
ina chromatography of the liver extracts. The 
livers from 6 normal 300-g rats were dried 
with Na2SO 4 and extracted individually over- 
night by shaking with acetone (3). After 
crystallizing and filtering off most of the lipids 
at -70C,  the filtrate residues were combined, 
applied to a 2 cm X40 cm column of neutral 
alumina (6% water added), and developed 
with ether-petroleum ether mixtures. The 
starting material contained 3.76 X 106 dpm 
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Fza. 1. Elution of labeled rat liver compounds from neutral alumina columns after preliminary 
purification by glass paper chromatography (Procedure I) .  % C ~' activity ( . . . . . .  ) = (dpm in fraction 
/dpm in liver extract) 100. O.D. for carrier compounds ( .) was recorded at their respective 
absorption maxima: 298 m~ for a-tocopherol, 300 rn~ for dimer and 295 rn~ for trimer. Nonspecific 
absorption between carrier peaks was recorded at 295 m/~. 

(7.0% of the dose) .  Pure ~-tocopherol-C 14 
equivalent to 5.0% of the dose was added to 
2 control liver homogenates which were then 
carried through the isolation procedure simul- 
taneously. 

Procedure IV 

T h e  livers f rom 3 v i tamin  E-def ic ient  rats 
which had been injected with ~-tocopherol-C 14 
were saponified with ethanolic KOH in the 
presence  o f  pyrogal lo l  as descr ibed e l sewhere  
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(5). The unsaponifiable fraction was applied 
in a minimum volume of petroleum ether to 
the top of a 1.75 cm)< 20 column of glass 
paper which had been shredded with a Waring 
biendor in 65% aqueous ethanol. Starting 
with this solvent, the sample was washed with 
increasing percentages of ethanol in water. 
The main C 14 band (3.1)< 105 dpm) was eluted 
with 80% alcohol. The residue from this frac- 
tion was chromatographed on sheets of paraf- 
fin-coated paper with 75% ethanol as mobile 
phase, in which system the dimer and trimer 
remain at the origin and ~-tocopherol migrates 
to an Rf of 0.25. Extraction of the origin 
with absolute ethanol yielded material con- 
taining 26.5 X 102 dpm which was further puri- 
fied by chromatography on a neutral alumina 
column as described above. 

RESULTS 

Procedure I 

The C 14 elution profiles for the 4 injected 
and 3 control animals are illustrated individ- 
ually in Fig. 1, together with that for a con- 
trol in which a pure sample of ~-tocopherol- 
C 14 was chromatographed on a column of 
alumina by the same procedure. Peaks of 
radioactivity coinciding with those for each 
of the three carriers are in evidence, plus an 
additional peak in the 50% ether fraction. 
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Fit. 2. Cochromatography on a neutral alumina 
column of the p-nitrobenzoic acid esters of a C 14- 
labeled metabolite of vitamin E isolated from 
rat and rabbit liver ( ...... ) and of a trimer syn- 
thesized by K~Fe(CN)~ oxidation of ct-tocopherol. 
The O.D. ( ) was recorded at the absorp- 
tion maximum of the ester (254 m~). 

The C 14 peaks for the control livers corres- 
ponding to the carrier trimer and dimer are 
much smaller than are those for the injected 
animals, and in two controls (Fig. 1E and 1G) 

the  counts in the dimer fractions were negligi- 
ble. The data indicate that although small 
amounts of dimer and trimer probably were 
formed as artifacts in the course of this pro- 
cedure, the labeled compounds derived from 
the livers of the injected rats were primarily 
of in vivo origin. Expressed as percentages 
of the total counts extracted from the livers 
of the injected animals, the counts eluted in 
the dimer and trimer fractions averaged 2.1% 
and 3.0%, respectively. 

~-Tocopherol Fractions. The identification 
of the labeled compound eluted with 10% 
ether (Fig. 1) as ~-tocopherol was confirmed 
by thin-layer chromatography and by cochrom- 
atography on paraffin-coated, silicone-coated 
and ZnCO~-impregnated paper as described 
elsewhere (3). The variability in the amount 
of ~-tocopherol-C 14 eluted from the column 
undoubtedly is due mainly to differences in 
the amounts of this compound retained by the 
lipid at the origin of the glass paper sheets. 

Dimer Fractions. The counts in the 4% 
ether fractions have been indentified previous- 
ly with a tocopherol dimer by cochromatog- 
raphy and by carrier crystallization (2,3). 

Tocopheryl p-Quinone Fractions. The counts 
in the 50% ether fractions (Fig. 1) evidently 
reflected mainly or entirely artifacts, since a 
similar proportion of the total counts extracted 
from the control livers also was recovered in 
this eluate. Column chromatography per se 
was not an important course of artifact forma- 
tion, as pure ~-tocopherol-C 14 yielded negligi- 
ble amounts of the p-quinone when chroma- 
tographed on alumina (Fig. 1H); however, a 
small peak indicative of quinone formation 
from the tocopherol carrier is discernible in 
most of the elution profiles. Since it has been 
shown repeatedly that ~-tocopherol-C 14 is the 
predominant labeled compound present in the 
liver extracts, the presence of relatively large 
numbers of counts in the 50% ether frac- 
tions can best be explained by assuming that 
they represent compounds formed by oxida- 
tion of lipid-bound tocopherol at the origin 
of the glass paper. 

The residue from the pooled 50% ether 
fractions from the injected rats was rechrom- 
atographed on alumina with ~-tocopherol and 
tocopheryl p-quinone carriers. Development 
of the column with ether-petroleum ether mix- 
tures yielded two peaks of radioactivity, one 
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in the 30% ether fractions which coincided 
with the quinone carrier and the other in the 
40% ether fractions. The identification of the 
first compound as the p-quinone was con- 
firmed by reducing it to CX4-~-tocopherol with 
SnCle in dioxane-HC1 (1).  The substance 
eluted with 40% ether remains unidentified, 
but since it was obtained in comparable 
amounts when the above procedure was ap- 
plied to the corresponding 50% ether frac- 
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tions from the control columns (Fig. 1), it 
apparently was present as an artifact. 

Trimer Fractions. The common identity of 
the labeled compound eluted with 2% ether 
and the trimer carrier, which is indicated by 
their behavior on alumina (Figr 1 and 4) ,  
was confirmed by the results of carrier crys- 
tallization. Recrystallization yielded products 
which exhibited the following specific activi- 
ties ( d p m / m g ) :  57, 31, 20, 18, 17. The final '  
crystals, which were liquid at room tempera- 
ture, were rechromatographed on alumina (6% 
H20 added).  The main peak of radioactivity 

e5 coincided with that of the carrier ester (Fig. 
2) which was estimated by the extinction at 
its absorption maximum (254 m~) .  The small 
coinciding peaks in the 10% ether fractions 

'-i~ probably represent partially hydrolyzed pro- 
ducts, the formation of which provided addi- 
tional confirmation of the common identity 
of the radioactive and carrier compounds. 

P r o c e d u r e  I I  

The results of this experiment, depicted in 
Fig. 3 and 4, demonstrate that despite exten- 
sive purification by paper and thin-layer chro- 

t~ matography, the "dimer fraction" was still heav- 
3 ily contaminated with ~-tocopherol, tocopheryl 

quinone and a compound which was eluted 
with 20% ether (Fig. 3A).  The identities of 
the first two compounds were confirmed by 92 

~ paper chromatography by reduction of the 
7~ quinone to ~- tocophero l -C a4 with SnC12. 

Whereas a distinct dimer-C ~4 p e a k  is evident 
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FIG. 3. Chromatography of the "dimer frac- 
tions" from rabbit liver on neutral alumina col- 
umns after preliminary purification by glass paper 
and thin-layer chromatography (Procedure ]I).  
The lines represent C ~4 activity ( ...... ) and O.D. 
of the carrier compounds ( - - ) .  

TRIMER 

i 

3 0 ~  

20 

0 5 10 15 20 25 30 55 40 
FRACTION NUMBER 

FIG. 4. Cochromatography on a neutral alumina 
column of the C 1' counts ( ...... ) in the "trimer 
fractions" isolated from rat liver (Procedure II) 
and of a trimer synthesized by K3Fe (CN)6 oxi- 
dation of u-tocopherol. The O.D. ( ) was 
recorded at the absorption maximum of the trimer 
(295 m~). 
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FIG. 5. Elution of labeled rat liver compounds 
from neutral alumina columns (Procedure III). 
% C 14 activity ( ...... ) and the O.D. of the car- 
tier compounds ( ) were calculated as for 
Fig. 1. Eluate volume used for A (100 ml) was 
twice that used for B and C. 
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in the case of the extracts derived from the 
injected rabbits, the elution profiles for the 
control livers (Fig. 3B and 3C) show negligi- 
ble activity in the dimer region and a prepon- 
derance of counts in other fractions. After 
collecting the dimer fractions from the first 
control sample the counts remaining on the 
column were eluted with 100% ether (Fig. 
3B); more detailed chromatography of the 
counts from the second control showed that 
these remaining counts were eluted mainly i n  
the ~-tocopherol and quinone fractions (Fig. 
3C). 

In contrast to the dimer, the trimer-C 14 
isolated by paper and thin-layer chromatogra- 
phy was found to be radiochemically pure 
(Fig. 4). This is explainable by the fact that 
the trinaer moved farther from the origin on 
the thin-layer chromatograms, whereas the 
dimer was incompletely separated from traces 
of lipid which evidently bound small amounts 
of labeled tocopherol and its p-quinone at the 
origin. 

Procedure I I I  

The results of direct column chromatogra- 
phy of the liver extracts from the C14-toco - 
pherol-injected rats are illustrated in Fig. 5. 
Four C E4 peaks are apparent, representing the 
trimer, dimer, a-tocopherol and the p-quinone, 
respectively. As no preliminary step for the 
removal of ~-tocopherol-C a4 was used in this 
procedure~ the extracts contained a predom- 
inance of this compound. The elution pro- 
files for the controls show a distinct peak for 
the quinone (50% ether fractions) in each 
case, but negligible counts in the dimer frac- 
tions and only questionable activity attribut- 
able to the trimer. Of the total counts pre- 
sent in the acetone extracts 2.0% and 1.2%, 
respectively, were recovered in the dimer and 
trimer peaks from the injected animals and 
an average of 0.1 and 0.2%, respectively, from 
the control livers. 

Fig. 5 also indicates that significant amounts 
of tocopheryl quinone were formed during the 
procedure. Of the total counts in the liver 
extracts, 8.5% were eluted in the quinone 
fractions from the injected animals compared 
to 4.2% and 4.7% from the two controls. 

Procedure IV 

Chromatography of the unsaponifiable liver 
fractions on alumina yielded a C 14 peak in the 
4% ether fractions which contained 16.3• 102 
dpm or 5.3% of the total counts. The residue 
from these fractions was combined with 300 
mg of synthetic dimer, dissolved in 5 ml of 
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FIG. 6. Comparison of the relative proportions of counts associable with C"-labeled dimer 
and trimer isolated from the livers of the injected animals and from the controls. % C 1. 
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acetone and cooled to -70C.  Six crops of 
fine precipitate were collected by reprecipita- 
tion, 3 mg of each being taken for dry com- 
bustion. The C1402 produced was collected 
on a high vacuum line (1). The specific 
activity values for the last 5 precipitates (dpm/ 
mg) were as follows: 66.4. 43.0, 19.5, 18.0, 
18.0. This experiment served to confirm the 
presence of the dimer by an extraction pro- 
cedure greatly different from that employed 
previously (3). 

DISCUSSION 

The foregoing experiments provided con- 
sistent evidence for the formation in vivo of 
a trimer, as well as of a dimer, of ~.toco- 
pherol. In some cases the controls indicated 
that small amounts of these compounds also 
were formed as artifacts of the procedure; in 
others the amounts, if any, were not distin- 
guishable from background counts. The counts 
recovered in the dimer and trimer fractions 
from the controls by the procedures described 
represented 5.6--8.0% and 14.0--19.3%, re- 
spectively, of those recovered in the corre- 
sponding fractions from the injected animals. 
As background radioactivity represented a sig- 
nificant portion of the total counts present in 
the fractions derived from the control samples, 
the above values consequently overestimate the 
actual extent of artifact formation. A sum- 
mary of the relative yields of counts associ- 
able with the dimer and trimer is presented 
graphically in Fig. 6. Quantitatively, the p- 

quinone is a much more significant product 
of artifact formation during chromatography 
than is either of the other compounds. 

The recovery of relatively uniform yields of 
labeled dimer and trimer by the different pro- 
cedures employed also militates against the 
possibility that these compounds arose exclu- 
sively as isolation artifacts. Saponification of 
rat liver tissue in the presence of pure C14-~ - 
tocopherol according to Procedure IV failed 
to generate detectable amounts of C14-dimer 
or trimer. The mincing operation used in Pro- 
cedures I and II was carried out in about 30 
sec over ice and therefore is an unlikely cause 
of artifact formation. Thin-layer chromatog- 
raphy of vitamin E in the presence of unsat- 
urated lipid was the most likely source of 
spurious oxidation products. 

The present findings support those reported 
previously relative to the occurrence in vivo 
of a tocopherol dimer (2,3), with the excep- 
tion that in this study considerably smaller 
proportions of the metabolite were found in 
the liver extracts. The earlier estimates may 
have been the result of prolonged depletion 
of the animals on a vitamin E-deficient diet 
(1 year),  or to incomplete separation of lipid- 
bound ~-tocopherol-C 14 remaining at the origin 
on silica gel, as suggested by Plack and Bieri 
(7). The present results favor the latter ex- 
planation. Confirmation of the presence in 
rat liver of a vitamin E metabolite, appar- 
ently either the dimer or trimer, has been 
reported recently by Mellors and Barnes (8). 
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The results of  these and previous experi-  
ments  (2,3)  indicate that  the vi tamin E me- 
tabolite detected  by Alaupovic  and co-workers  
(9,10) and designated " C o m p o u n d  O" was a 
mixture  of  d imer  and trimer. Apa r t  f rom the 
possible occur rence  of  a minor  metabol i te  in 
the 20% ether  fract ions f r o m  alumina (Fig.  
3) which may  be at tr ibutable to the presence  
of  reduced  d imer  (unpubl i shed  results)  the 
dinaer, t r imer  and p-qu inone  were  the only 
metabol i tes  detected  in this study. N o  evi- 
dence  was obta ined for  the presence  of vita- 
min  E2(~ol, a p roposed  active fo rm o f  toco- 
pherol  in the body  (11) ,  or for  the ur inary  
metabol i te  o f  Simon and co-workers  (12) .  

The  d imer  (13) ,  trinaer (unpubl ished re- 
suits) and p-qu inone  of  z - tocophero l  have no 
significant biological activity with respect  to 
the prevent ion  or cure of  vi tamin E deficiency 
in animals. They  appear  to represent  end  pro-  
ducts of  ant ioxidant  react ions in vivo be tween  
tocopherol  and lipid-free radicals or peroxides.  
In suppor t  of  this conclusion the air oxida- 
t ion of  l inoleate in the presence  of  vi tamin E 
has been observed to result  in the format ion  
of similar tocophero l  oxidat ion products  (un-  
publ ished resul ts) .  This observat ion,  together  
with the demons t ra t ion  that  certain synthet ic  

�9 ant ioxidants  can substitute for  vi tamin E in 
respect  to the t rea tment  of  tocopherol  defi- 
ciency diseases, is consis tent  with the view 
that  the funct ion of  this vi tamin in m a m m a l -  
ian systems is associated with its ant ioxidant  
propert ies.  The  evidence in suppor t  of  this 
conclusion has been reviewed elsewhere (14, 
15). Al though the d imer  and tr imer appar-  

ently arise f rom react ions with peroxidized 
lipids, their p resence  in the tissues of unde-  
pleted animals indicates that  they are never- 
theless normal  metabol i tes  of  vi tamin E. 
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Phospholipids of the Sea Anemone: Quantitative Distribution; 
Absence of Carbon-Phosphorus Linkages in Glycerol Phospholipids; 
Structural Elucidation of Ceramide Aminoethylphosphonate 

GERALD SIMON ] and GEORGE ROUSER, Department of Biochemistry, 
City of Hope Medical Center, Duarte, California 

ABSTRACT 

The phospholipid composition of the 
sea anemone (.4nthopleura elegantissima) 
was determined by quantitative thin-layer 
chromatography (TLC).  Phosphonic acids 
were not detected in phosphatidyl choline, 
phosphatidyl ethanolamine, or phospha- 
tidyl serine following isolation and hy- 
drolysis. The structure of ceramide amino- 
ethylphosphonate, a phosphonolipid, was 
elucidated by hydrolysis and oxidative 
degradation followed by characterization 
of the products by TLC and gas-liquid 
chromatography. The long-chain base was 
shown to be sphingosine with the 2-amino- 
e t h y l p h o s p h o n i c  acid group attached 
through the primary hydroxyl group at 
carbon one. Ceramide aminoethylphos- 
phonate is therefore 1-(O-phosphonoethyl- 
amine)-N-acyl sphingosine. 

INTRODUCTION 

T H E  RE, S U L T S  OF EARLY investigations o f  

lipids of the sea anemone were somewhat 
conflicting (1,2) and later qualitative studies by 
paper and thin-layer chromatography indicated 
a different lipid composition (3-5) ,  although 
no unique lipid classes were detected. Following 
demonstration of 2-aminoethylphosphonic acid 
as an hydrolysis product of a proteolipid prep- 
aration (7) and a crude lipid extract of the 
sea anemone (8), Rouser et al. (6), using 
column and paper chromatography, reported 
some quantitative values and isolated and par- 
tially characterized a new lipid, ceramide 
aminoethylphosphonate (CAEP).  2 

In this report we present: 1) the distribution 
of phospholipids of the sea anemone deter- 
mined by quantitative TLC; 2) evidence for 

I Permanent address: Departments of Neurology and Bio- 
chemistry, University of Illinois College of Medicine, Pres- 
byterian-St. Luke's  Hospital,  Chicago, Illinois. 

Abbreviations: NL, neutral lipid; PE, phosphatidyl 
ethanolamine; PC, phosphatidyl choline; PS, phosphatidyl 
serine; PI, phospha~idyl inositol; DPG,  diphosphatidyl 
glycerol (cardiolipin);  PA, phosphatidic acid; CAEP,  cera- 
mide aminoethylphosphonate. 

the absence of the carbon-phosphorus linkage 
in phosphatidyl choline, phosphatidyl ethanol- 
amine and phosphatidyl serine; 3) data eluci- 
dating the structure of CAEP. 

MATERIALS AND METHODS 

Quantitative TLC 

The procedure of Rouser et al. (9) was used 
with chloroform/methanol/28% aqueous am- 
monia 65 /35 /5  followed by chloroform/ace- 
tone/methanol/acetic acid/water 5 /2 /1 /1 /0 .5  
for two-dimensional TLC. The phosphorus con- 
tent of spots was determined after aspiration. 

Isolation and Identification of 
CAEP, PC, PE, and PS 

Part of the original CAEP preparation iso- 
lated by Rouser et al. (6) was used for hydroly- 
sis and demonstration of sphingosine by gas 
chromatography of its trimethylsilyl ether. A 
larger amount, used for oxidative degradation, 
was isolated essentially as previously described 
(6) following extraction with chloroform/ 
methanol 2/1. The crude chloroform/methanol 
extract was freed of water-soluble nonlipid con- 
taminants by Sephadex column chromatog- 
raphy (10). A mixture of CAEP and phospha- 
tidyl ethanolamine was recovered by diethyl- 
aminoethyl (DEAE) cellulose column chroma- 
tography and CAEP and phosphatidyl ethanol- 
amine were separated by silicic acid column 
chromatography. Phosphatidyl choline was ob- 
tained by DEAE column chromatography by 
elution with chloroform/methanol 9/1 follow- 
ing elution of less polar lipids with chloroform. 
Pure phosphatidyl serine (11 ) was eluted from 
a DEAE column with glacial acetic acid (6). 

The pure lipids were identified by column 
chromatographic properties on DEAE cellulose 
and silicic acid, by two-dimensional TLC (12) 
and infrared spectroscopy (6) of the intact 
lipids, and acid hydrolysis followed by identi- 
fication of products by paper and TLC and in- 
frared spectroscopy (6). 

Hydrolysis and Chromatography for 
Demonstration of Phosphonic Acids 

Hydrolysis was performed under conditions 
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that cleave phosphate esters and leave phos- 
phonic acids intact. Phospholipid (5 mg) was 
suspended in 2 ml of 2.5 N hydrochloric acid 
in a sealed tube and heated at 125C for 100 
hr. The hydrolysate was evaporated to dryness, 
the residue suspended in 3 ml of water, filtered 
and concentrated to 0.1 ml. Part of the solu- 
tion was used for paper chromatographic sep- 
aration on Whatman 3MM paper with the 
upper phase obtained from the mixture of 1- 
butanol/acetic acid/water 4/1/5.  Ninhydrin 
(6) and phosphate reagents (20) were used to 
detect spots. Ethanolamine, 2-aminoethylphos- 
phonic acid, ethanolamine-O-phosphate, choline, 
phosphoryl choline, serine and alanylphosphon- 
ate were applied as standards. Paper electro- 
phoresis in 1 N formic acid for separation of 
serine and alanylphosphonate was kindly per- 
formed by James Kittredge. 

Determination of CAEP Fatty Acid and 
Long Chain Base Composition 

Five milligrams of the CAEP preparation 
isolated in 1961 and stored in chloroform/ 
methanol 2/1 at - - 2 0 C  was suspended in 
2.5 ml of aqueous methanolic hydrochloric 
acid (8.9 ml 12 N acid, 9.4 ml water diluted to 
100 ml with redistilled methanol) in a test 
tube. The solution was flushed with nitrogen 
and the tube sealed and heated at 70C for 18 
hr (14). The tube was cooled, opened and 
solvent removed by evaporation under a stream 
of nitrogen. T h e  residue was dissolved in a 
small volume of methanol and an aliquot used 
for TLC examination with chloroform/methan- 
ol/water 65 /25 /4  as solvent. A synthetic 
sample of sphingosine (Yeda Research and 
Development Company, Ltd., P.O. Box 26, 
Rehovoth, Israel) was used as a standard. The 
remainder of the methanolic solution was sep- 
arated into fatty acid methyl ester and sphing- 
osine fractions by the silicic acid column chro- 
matographic method of Gaver and Sweeley 
(14). The methyl ester fraction was dissolved 
in hexane and fatty acid s separated by GLC on 
ECNSS-S and SE-30 columns (15). Fatty acids 
were identified by comparison with pure stand- 
ards and from a plot of log retention time 
versus carbon number. The relative amounts 
of fatty acids were estimated by determining the 
area percentage for each peak. The trimethyl- 
silyl ether of sphingosine was prepared and its 
retention time relative to methyl stearate de- 
termined as described by Gaver and Sweeley 
(14). 

A second 5-mg aliquot of CAEP was hy- 
drolyzed by suspension in 2 ml of 2 N hydro- 
ehloric acid in a sealed tube and heating at 
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100C for 12 hr. The free fatty acids were ex- 
tracted into diethyl ether and the solution 
washed with 0.1 N hydrochloric acid and dried 
over anhydrous sodium sulfate. After evapora- 
tion of the ether under a stream of nitrogen, the 
acids were suspended in 1 N methanolic sul- 
furic acid and heated in a sealed tube at 100C 
for 2 hr. The methyl esters were extracted into 
hexane and separated by GLC as described 
above. 

OxidatiVe Degradation of CAEP and Identification 
of Myristic Acid and Serine as Final Products 

The procedure previously described (16) was 
used with minor modification. With this pro- 
cedure myristic acid and serine are obtained if 
the long chain base is sphingosine and the polar 
group is attached to carbon one, the hydroxyl 
group at carbon three being free (see Diagram 
1). The reaction sequence is the same as for 
sphingomyelin (16). 

A 20-mg sample of CAEP was used. Modi- 
fications of the original procedure were as fol- 
lows. The aldehyde obtained from periodate 
oxidation was extracted with ether. The solvent 
was removed under a stream of nitrogen and 
the residue dissolved in 3 ml of glacial acetic 
acid containing 0.3 ml of a saturated aqueous 
solution of chromium trioxide. Oxidation was 
carried out in a glass-stoppered tube at 50C 
for 3 hr, 3 ml of water added and the solution 
extracted with 2 ml of n-hexane three times. 
The combined extracts were evaporated to dry- 
ness, the fatty acids methylated with 1 N 
methanolic sulfuric acid, the methyl esters ex- 
tracted into hexane and identified by GLC as 
described above. 

The ethanolic hydrochloric acid solution ob- 
tained after periodate oxidation contained the 
nitrogenous portion of the original CAEP mole- 
cule. Solvent was removed under a stream of 
nitrogen, the residue dissolved in 4 ml of 1 N 
hydrochloric acid and applied to a 2 (I.D.) • 
20 cm Dowex 50 column in the hydrogen form. 
Salts were eluted with 3 column volumes of 
water and amino acid eluted with 5 column 
volumes of 1.5 N ammonium hydroxide. The 
ammonium hydroxide solution was evaporated 
to dryness, dissolved in 0.2 ml of water and 
serine identified using unactivated silica gel- 
magnesium silicate (9/1, w/w)  as adsorbent 
and 1-butanol/formic acid/water 70/15/15,  
acetone/water 40/60 and phenol/water/meth- 
anol 70 /20/10  as solvents. The oxidation 
product was compared with an authentic sample 
of serine. Spots were visualized after spraying 
with a solution of ninhydrin (1 mg/ml)  in 1- 
butanol. 
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TABLE I 
Phospholipid Composition of the Sea Anemone a 

Percent of the total 
Lipid class phospholipid 

Phosphatidyl choline 22.0 
Phosphatidyl ethanolamine 20.0 
Phosphatidyl serine 13.6 
Phosphatidyl inositol 2.5 
Diphosphatidyl glycerol 1.0 
Phosphatidic acid 0.3 
Ceramide aminoethylphosphonate 19.9 
X5 1.o 
X6 0.5 
X7 2.9 
X8 2.7 
X9 5.2 
X10 3.1 
X11 4.8 

a The uncharacterized substances were designated X with 
numbers referring to spots marked in Fig. 1. The lipids 
Xa, X2, Xz, and X, of Fig. 1 did not contain phosphorus. 

Fie. 1. Two-dimensional TLC of lipids of the 
sea anemone. Chloroform/methanol/28% aque- 
ous ammonia 65/35/5 was used for development 
in the vertical direction followed by air-drying 
for 10 min and development in the horizontal 
direction with chloroform/acetone/methanol/ace- 
tic acid/water 5/2/1/1/0.5.  Spots were localized 
by spraying with 55% by weight sulfuric acid 
containing 0.6% potassium dichromate and heat- 
ing at 180C for 30 min. The sample (600 ~g) 
was applied as a row of small spots over an 
area about 1 cm long in the lower right corner 
(placed 2.5 cm from each edge of the plate). 
Circled areas mark spots visible on the original 
chromatogram but not seen on the photograph. 

RESULTS 

Total Lipid and Phospholipid Distribution 

The original lipid extract used in previous 
studies (6) and stored at - 2 0 C  in chloroform/ 
methanol 9/1 (50 mg/ml )  was passed through 
a Sephadex column (10) to free it of nonlipid. 
A small amount (2 .9%) of nonlipid was re- 
moved thus giving the value of 1.5I% for the 
total lipid of the anemone rather than 1.56% 
previously reported (6). 

The separation of lipid classes obtained by 
TLC is shown in Fig. 1 and the quantitative 
phospholipid distribution obtained by phos- 
phorus analysis of the spots shown in Fig. 1 
is presented in Table I. 

Results of Prolonged Acid Hydrolysis 

After acid hydrolysis under conditions for 
cleavage of phosphate esters leaving phosphonic 
acids intact, only CAEP was found to release 

a phosphonic acid. Phosphatidyl choline, phos- 
phatidyl ethanolamine, and phosphatidyl serine 
gave only choline, ethanolamine, and serine un- 
der these conditions thus demonstrating that 
these lipids are not phosphonolipids. 

Demonstration of the Presence 
of Sphingosine in CAEP 

After acid hydrolysis of CAEP by the 
method of Gaver and Sweeley (14), TLC 
showed the presence of fatty acid methyl esters, 
unhydrolyzed CAEP, and a long chain base 
with the same migration as the authentic sample 
of sphingosine spotted on the same plate. No 
dihydrosphingosine was detected. U p o n  gas 
chromatography of the trimethylsilyl ether of 
the long chain base a retention time of 3.61 
relative to methyl stearate was obtained. This 
is in good agreement with the retention time of 
3.68 reported by Gaver and Sweeley (14) and 
confirmed by Feldman et al. (17).  

Demonstration of Myristic Acid 
and Serine after Degradation of CAEP 

The oxidative degradation procedure outlined 
in Diagram 1 yields myristic acid from Cs-Cls 
and serine from C1-C~ if the base is sphing- 
osine and the aminoethylphosphonate moiety 
is linked to C1 of sphingosine. Myristic acid was 
detected and identified as its methyl ester by gas 
chromatography on both polar and nonpolar 
columns. No other fatty acid was detected. 

Serine was identified by its behavior on a 
Dowex 50 column and by TLC with three dif- 
ferent solvents. The nitrogenous fraction be- 
fore ion exchange resin column chromatog- 
raphy contained serine and four minor ninhy- 
drin positive products. These minor compon- 
ents were readily separated from serine by ion 
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exchange column chromatography. They were 
positive to the 55% sulfuric acid-0.6% potas- 
sium dichromate char spray (12) after TLC 
and thus presumably were unhydrolyzed lipid 
oxidation products. Evidence for the produc- 
tion of formic acid from C 4 was obtained by 
distillation after periodate oxidation when a 
positive Tollens test was obtained. Had the 
aminoethylphosphonate moiety been attached 
at Ca, f l-aminodihydroxy butyric acid and /o r  
fl-hydroxy aspartic acid, both of which are 
easily distinguished from serine by column 
chromatography and TLC, would have been 
produced.  

Fatty Acids of CAEP 

Hydrolysis of CAEP with the methanol /  
water /hydrochloric  acid mixture of Gaver  and 
Sweeley (14) and with aqueous 2 N hydro- 

T A B L E  I I  

F a t t y  A c i d  C o m p o s i t i o n  o f  C A E P  a 

F a t t y  a c i d  P e r c e n t  o f  t o t a l  

1 4 : 0  0 . 5  
1 5 : b r  1 .3  
1 5 : 0  0 . 4  
1 6 : 0  8 2 . 4  
1 6 : 1  2 . 3  
1 7 : b r  7 . 3  
1 8 : 0  0 . 6  
1 8 : 2  3 . 8  
1 8 : 3  0 . 5  

? 0 . 9  

a C a r b o n  c h a i n  l e n g t h s  a r e  s p e c i f i e d  f i r s t  a n d  f o l l o w e d  b y  
d o u b l e  b o n d  d e s i g n a t i o n s .  B r  i n d i c a t e s  b r a n c h e d  c h a i n  
( t e n t a t i v e  i d e n t i f i c a t i o n ) .  
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chloric acid yielded the same fatty acids. The 
tentative identifications and amounts of t h e  
methyl esters are shown in Table II. Most 
fatty acids were saturated since the pattern was 
almost the same after hydrogenation over a 
palladium catalyst. The longer chain acids, 
particularly C24, found in most animal sphingo- 
lipids appear to be absent. The small amount 
of unsaturated fatty acid is in keeping with the 
great stability observed for a preparation of 
CAEP that remained free of oxidation prod- 
ucts for several years when stored in chloro- 
form/methanol  solution at - 2 0 C  in a glass 
stoppered centrifuge tube. 

DISCUSSION 

It  is of interest that the sea anemone con- 
tains for the most part  lipids typical of higher 
animals. CAEP is exceptional and may per- 
haps be viewed as a substitute for sphingo- 
myelin present in most animal cells. Sphingo- 
myelin is entirely absent f rom the anemone. I t  
is also of interest that the molar ratio phos- 
phatidyl choline/phosphatidyl  ethanolamine/ 
CAEP is very nearly 1 / 1/1. This rat io  was 
observed to undergo marked alteration as a 
result of autolytic change. In our studies a 
frozen cake of sea anemone after storing at 
+ 4 C  for several days was found to contain 
about 20% free fatty acid with hydrolysis of 
most of the glycerolphospholipid. Only CAEP 
remained largely intact. 

The absence of the C-P bond from the gly- 
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cerolphospholipids suggests that the  biosyn- 
thetic routes for phosphatidyl ethanolamine 
and CAEP are different. It is possible that 
phosphatidyl ethanolamine arises solely by de- 
carboxylation of phosphatidyl serine while 
CAEP is formed through the cytidine diphos- 
phate pathway. 

Establishment of the point of at tachment of 
the polar group on CAEP as carbon one is of 
some importance with regard to cell mem- 
brane structure since the usual model formu- 
lations of membranes (18) assume attach- 
ment at carbon one. It is to be noted that 
polar groups on all sphingolipids are usually 
assumed to be linked through the primary 
hydroxyl group of carbon one of sphingosine 
and that the actual point of attachment appears 
only to have been demonstrated previously for 
brain sphingomyelin (16,22) and cerebroside 
(19,21).  
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Role of ATP in the Inhibition of Lipogenesis 
in Fasted Animals 

$. ROUS, L. LUTHI and P. FAVARGER, Institute of Medical Biochemistry, 
University of Geneva, Geneva, Switzerland 

ABSTRACT 

This study was undertaken to obtain 
information both in vivo and in vitro on 
the role of adenosine triphosphate (ATP)  
in the inhibition of fatty acid synthesis 
in fasted mice. 

Fasted mice were injected intravenous- 
ly with glucose or fructose or intraperi- 
toneally with insulin to increase the sup- 
ply of endogenous ATP. They then re- 
ceived acetate 1-~4C, glucose 6-ZH or 
fructose U-~4C intravenously and were 
killed at various intervals. The controls 
received the labeled tracers only. The 
radioactivities of liver and carcass fatty 
acids were determined. 

The action of ATP  on homogenized 
livers from fasted mice was also deter- 
mined. 

The stimulation of lipogenesis was ob- 
tained under all these conditions, but only 
in animals fasted for 4 hr. Insulin was 
active only on the extrahepatic tissues. 
Fructose, as well as glucose, restored 
hepatic lipogenesis. In vitro, ATP re- 
stored lipogenesis by homogenized livers 
of mice fasted for 4 hr, but it inhibited 
the fatty acid synthesis by homogenized 
livers from unfasted mice. 

The significance of the results is dis- 
cussed. 

INTRODUCTION 

A GREAT NUMBER of factors have been 
suggested to be responsible for the inhi- 

bition of the synthesis of fatty acids during 
fasting. Among them are the decrease of ac- 
tivators, such as lipogenin (1) and citrate (2) 
or the accumulation of inhibitory substances 
such as fatty acids (3 -6 ) ,  a deficiency of 
necessary cofactors (ATP E7] or N A D P H  
[8~ ) or even enzymatic damage (9 -11) .  None 
of those factors can alone explain the decrease 
of lipogenesis. 

A great deal of work concerning this sub- 
ject has been carried out by means of in vitro 
experiments and with animals which have been 
fasted for long periods. We hoped to gain 

information on the original defect in lipo- 
genesis by studying short-duration fasting. In 
our work the cofactor which received most 
attention was ATP. A deficiency of ATP as 
a reason for the inhibition of lipogenesis has 
been questioned (12).  

The oxidation of fatty acids indeed yields 
the same amount of ATP as glucose itself, 
once they have been activated. Although the 
fasted animal derives its energy from the 
combustion of fatty acids, nevertheless its tis- 
sues contain much less ATP than a normally 
fed one (13). A possible explanation for the 
phenomenon is the accumulation of fatty acids 
during fasting which could, perhaps, uncouple 
oxidative phosphorylation (14-15)  and reduce 
the supply of ATP. 

Further,  a decrease of utilization of the 
ATP produced by the catabolism of fatty 
acids could result f rom the existence of dif- 
ferent ATP compartments (16-17) ,  or from 
an increase in the activity of microsomal 
ATPase, as is proposed by Masoro (18).  
However, the addition of ATP to liver homo- 
genates of rats fasted for 24 hr did not per- 
mit Masoro (19) to restore the synthesis from 
acetate 1-14C. 

To avoid the risk of hydrolysis and of 
pharmacological actions we did not inject 
ATP but indirectly increased the supply of 
ATP by loading the animal with glucose and 
fructose, and by giving insulin injections. We 
also carried out a direct assay in vitro by 
incubating ATP in the presence of homogen- 
ized livers of  mice fasted for brief periods. 

EXPERIMENTAL PROCEDURE 

A first experiment was conducted on mice 
(female, 30 g) which had been fed ad libi- 
tum and fasted for either 4 or 24 hr. Some 
of them were injected intraperitoneally (i.p.) 
with 0.5 I.U. of Novo insulin (glucagon-free).  
One hour later, they received intravenously 3.3 
/~c of acetate 1-14C (29 mc /mmole )  along 
with 40 /~c of glucose 6-ZH (1.22 curies/ 
mmole)  and were killed by decapitation 3 
min after the injection. The livers were ex- 
cised quickly and treated immediately for the 
isolation of glycogen. Glycogen was extracted 
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TABLE I 
Reestablishment by Insulin of Inhibited Fatty Acid Synthesis (4 Hour-Fasted Animals) 

61 

Carcass Liver 
Total radioactivity Total radioactivity 

of fatty acids of fatty acids 

14e 3~ 14c 3H 

Liver 

Total radio- 
activity of 

Glycogen glycogen Fatty acids 
(%) 3~ (%) 

Controls 

4 hr-fast 

4 hr-fast 
+ i n s u l i n  

588 132 48.6 6.2 0.62 2.94 3.76 

1" T 1' 1' T 1" 1' 
p<0.001 p<0.001 p<0.001 p<0.001 n.s. n.s. p<0.05 

$ $ $ $ $ $ $ 
269 50.5 13.4 1.9 0.49 1.62 4.4 

1' 1 '  t f 1" 1" t 
p<0.00l p<0.00l  n.s. n.s. p<0.0I  p(0 .05  n.s. 

596 316 16.0 3.3 0.19 0.78 4.34 

Mice (female, 30 g) were fed a fat-free diet for 8 days. They received intravenously 3.3 #c of acetate 
1-14C and 40 pc of glucose 6 3I-I and were sacrificed 3 rain after the injections. The results are expressed 
in cpm 10 -3. Insulin was administered intraperitoneally 1 hr before the labeled precursors. 

in the usual way, precipitated from the KOH 
solution by alcohol, and transformed into 
acetyl-glycogen (20) for the determination of 
radioactivity. The acetyl-glycogen was dis- 
solved in acetic acid and counted in a Pack- 
ard Tri-Carb liquid scintillation spectrometer 
(5 g of PPO and 300 mg of POPOP per 1 
of toluene). Fatty acids of the liver and car- 
cass were extracted with petroleum ether after 
removal of nonsaponifiable lipids. The ex- 
tracts were dried by evaporation under nitro- 
gen and counted using the same scintillation 
mixture. "Quenching" was estimated by the 
discriminator ratio-method of Hendler (21). 

In a second experiment, mice (female, 30 
g) fasted for 4 hr received simultaneously an 
injection of 30 mg of unlabeled fructose or 
glucose and 10 /zc of labeled fructose U J 4 C  
(3 mc/mmole)  and were killed either 6, 10, 
or 30 rain after the administration. The fatty 
acids were extracted and counted for radio- 
activity as described above. 

In the in vitro experiment, the livers were 
homogenized with 2 volumes of sucrose solu- 
tion (0.25 M) in a teflon homogenizer of the 
"Potter" type. Three milliliters of homogenate 
were used for each sample and incubated at 
37C for 1 hour with 2 ml of a medium 
described by Masoro (19) in which potas- 
sium succinate was replaced by sodium suc- 
cinate and isocitrate by citrate. In contrast 
with Masoro's technique, the whole homogen- 
ate was used, i.e. without eliminating the nu- 
clei and cell fragments. Its pH was adjusted 
to 7. Five microcuries of acetate 1-~4C were 
added to each sample, some with and some 
without ATP (23.8 mg or 47.6 mg).  The 
incubation was stopped by hydrolysis with 

alcoholic KOH. After removal of nonsaponi- 
fiable material with petroleum ether the mix- 
ture was acidified and the fatty acids were 
extracted with petroleum ether. 

The other experimental conditions are given 
in the legends of the tables. 

RESULTS 

Effect of Insulin on Fatty Acid Synthesis; 
Synthesis of Hepatic Glycogen 

i n  the carcass, the i.p. administration of 0.5 
I.U. of insulin into mice fasted for 4 hr. com- 
pletely reversed the inhibition of fatty acid 
synthesis (seen in the fasted controls) from 
acetate 1-14C and glucose 6-3H; it provoked 
a synthesis from glucose 6-~H even greater than 
in the unfasted mice (Table I) .  

In contrast, this hormone produced no sig- 
nificant change in hepatic lipogenesis. If the 
mice had been deprived of food for 24 hr, in- 
sulin did not even restore lipogenesis in the 
carcass. 

On the other hand, the amount of hepatic 
glycogen per unit weight and its synthesis from 
glucose decreased in animals which had re= 
ceived i.p. injections of insulin. Similar results 
were obtained by Rafaelsen et al. (22) who also 
found that insulin increased the synthesis of 
fatty acids in adipose tissue of fasted rats. 

Effect of Glucose or Fructose on 
Fatty Acid Synthesis After a Short Fast 

The incorporation of fructose U-14C into the 
fatty acids of liver and carcass was studied in 
mice fasted for 4 hr which received simultan- 
eously an unlabeled load of glucose or fruc- 
tose and killed 6, 12 and 30 rain after this 
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FIG. 1. Four-hour  fasted mice received simul- 
taneously an injection of 30 mg of unlabeled 
fructose or glucose and 10 tLc of labeled fructose 
U-14C and were killed 6 min, 10 min and 30 min 
after the administration. 

in jec t ion  (Fig.  1).  W h e n  fa t ty  acid synthesis  
was m e a s u r e d  30 m i n  af te r  f ruc tose  inject ion,  
hepa t i c  l ipogenesis  f r o m  this p recu r so r  was 
s t rongly  r e d u c e d  in fas ted  anh~nals ( 8 3 %  in- 
h ib i t ion  in the  l iver  a n d  6 0 %  in  the  ca rcass ) .  
T h e  addi t ion  of  un l abe l ed  glucose or f ruc tose  
caused  an  increase  in l ipogenesis  in the  l ivers  
of  fas ted  mice.  This  increase  was no t  imme-  
diate  bu t  progress ive  and  a l ready  signif icant  
12 m i n  af ter  the  in jec t ion  ( p ~ 0 . 0 0 1 ) .  T h e  
load of  f ruc tose  seemed  to di lute  the  rad ioac-  
t ivity in  hepa t i c  fa t ty  acids, if mice  were  killed 
6 m i n  af ter  the  inject ion,  b u t  this  decrease  was 

ki l led 30 rain af te r  the  admin i s t r a t i on  of  the  
labe led  precursor .  

Effect of ATP on Fatty Acid Synthesis i n 
Presence of Mouse Liver Homogenates 

In  Tab le  II  it is shown  tha t  the  fas ted an imals  
(4 h r )  the  A T P  signif icant ly  inc reased  the  
synthesis  ( m e a n  : 4 2 . 2 %  for  a n  a m o u n t  of  23.8 
m g  of  A T P  pe r  sample ,  a n d  2 0 8 %  for  twice 
tha t  a m o u n t  o f  A T P ) .  

A n  excess of  A T P  signif icant ly decreased  
( a b o u t  6 6 %  ) the  l ipogenesis  in  l iver  h o m o g e n -  
ates of  fed  an imals  in  our  expe r imen ta l  condi -  
t ions  ( p H  7 ) .  

DISCUSSION 

I f  a deficiency in A T P  is respons ib le  for  the  
inh ib i t ion  o n  l ipogenesis ,  we wou ld  have  a 
good  chance  to u n m a s k  it  by  s tudying the  ef- 
fects  of  shor t - fas t ing  times. Indeed ,  the  mobi l -  
iza t ion  of fa t ty  acids, if  m e a s u r a b l e  in  some 
degree  by  the  increase  of  hepa t i c  fa t ty  acids, is 
s u b s e q u e n t  to the  inh ib i t ion  of  the  l ipogenesis .  
T h u s  one  can  assume t h a t  w h e n  exogenous  
c a r b o h y d r a t e  is no t  avai lable,  or  once  the  re- 
serves of  g lycogen h a v e  b e e n  spent ,  a deficiency 
in A T P  and  in t ipogenesis  c a n  occur .  Fa t t y  
acid synthesis  decreases  7 5 %  in the  l iver  and  
5 8 %  in the carcass  of  an imals  fas ted  for  
4 h r  if  they  are fed  wi th  a fa t - f ree  diet  before-  
h a n d  (23 ) .  

T h e  admin i s t r a t i on  of insu l in  was in t ended  
to f avor  the  in t race l lu la r  p e n e t r a t i o n  of  glucose 

no t  significant.  I n  the  carcass,  on ly  glucose and  to p roduce  a n  e n r i c h m e n t  in  A T P .  A tota l  
f avored  the  l ipogenesis  and  on ly  in the  mice  r e s to ra t ion  of  fa t ty  acid synthesis  was n o t e d  

TABLE II 
Effect of ATP on the Synthesis of Fatty Acids in the Fresence of Mouse-liver Homogenates 

Total radioactivity of fatty acids in cpm. 

Fast Fast + ATP (23,8 mg Fast + ATP (47.6 nag 
per sample) per sample) 

(+ 233%) 
(+ 183%) 

I ) 37.800 61.000 (+  61.5%) 126.000 
) 39.200 58.000 (+  48.0%) 111.200 

) 31.100 41,300 (+  32-8%) 
~[1 ) 34.100 48.000 (+  40.7%) 

) 36.300 46.500 (+  28.2%) 

Average ( + 42.2%) ( + 208%) 

Normal Normal + ATP (23.8 nag) 

) 91.200 38.000 (--57 %) 
) 77.600 29.700 (--61.8%) 
) 79.000 25.500 (--67.8%) 
) 183.000 41.500 (--77.3%) 

Average (--65.97%) 

Mice received 1.5 g dry bread at 6:00 PM and 100 nag at 5:00 AM the next day. Fed mice received a supple- 
mentary meal (100 mg bread) at 8:15 AM. All animals were killed at 9:00 AM. Other conditions: see experi- 
mental procedure. 
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in  t h e  c a r c a s s  o n l y  b u t  n o t  in  t h e  l iver  o f  m i c e  
w h i c h  h a d  b e e n  f a s t e d  f o r  4 h r .  

A n  i n t r a v e n o u s  l o a d  o f  g l u c o s e  o r  f r u c t o s e  
a f t e r  a b r i e f  f a s t  e n h a n c e s  l i p o g e n e s i s  in  t h e  
l iver .  T h e  s i m i l a r  r e s u l t s  w i t h  t h e s e  t w o  su -  
g a r s  e x c l u d e s  a n  i n d i r e c t  i n v o l v e m e n t  o f  i n s u -  
l in,  s i n c e  f r u c t o s e  w o u l d  n o t  be  ab le  to  f a v o r  
t h e  s e c r e t i o n  o f  i n s u l i n  to  t h e  s a m e  e x t e n t  as 
g l u c o s e .  A t  l e a s t  t h e  r e s p o n s e  to  t h e  l o a d  
s h o u l d  n o t  m a i n l y  a f fec t  t h e  l iver .  

T h e s e  r e s u l t s  s u g g e s t  t h a t  t h e  l o a d  o f  g l u c o s e  
a n d  f r u c t o s e  m a y  h a v e  i n c r e a s e d  t h e  A T P  to 
t h e  n e c e s s a r y  level  in  o u r  a n i m a l s  f a s t e d  f o r  a 
s h o r t  t ime .  I n  o u r  e x p e r i m e n t a l  c o n d i t i o n s ,  
o n l y  t h e  g l u c o s e  r e s t o r e d  t h e  s y n t h e s i s  in  t h e  
c a r c a s s .  

T h e  d i f f e r e n c e  m a y  be  e x p l a i n e d  b y  a s l o w e r  
r a t e  o f  m e t a b o l i s m  o f  f r u c t o s e  in  t h e  e x t r a -  
h e p a t i c  t i s s u e s  ( 2 4 ) .  H o w e v e r  it  s h o u l d  be  
p o i n t e d  o u t  t h a t  i n j e c t e d  f r u c t o s e  d o e s  n o t  
d i lu t e  f a t t y  a c id  s y n t h e s i s  as i t  d o e s  in  t h e  
f e d  a n i m a l s  ( 2 5 ) .  T h i s  a b s e n c e  o f  d i l u t i o n  in  
f a s t e d  a n i m a l s  c o u l d  h a v e  t h e  s a m e  m e a n i n g  
as a s t i m u l a t i o n  o f  s y n t h e s i s .  

T h e  r e s u l t s  o f  o u r  in  v i t r o  e x p e r i m e n t  s t r o n g -  
ly  s u g g e s t  t h a t  A T P  is a l i m i t i n g  f a c t o r  in  f a s t -  
ing ,  a l t h o u g h  M a s o r o  ( 1 9 )  w a s  u n a b l e  to  re -  
s t o r e  l i p o g e n e s i s  in  h is  c o m p a r a b l e  e x p e r i m e n t s .  
H i s  a n i m a l s  w e r e  f a s t e d  fo r  a m u c h  l o n g e r  t i m e  
t h a n  o u r s  a n d  e n z y m a t i c  c h a n g e s  w e r e  p o s s i b l y  
m o r e  e x t r e m e .  I n  f ac t ,  e v e n  in  v i v o  we  c o u l d  
n o t  i m m e d i a t e l y  r e e s t a b l i s h  l i p o g e n e s i s  a f t e r  a 
p r o l o n g e d  f a s t i n g  o f  24  hr .  

A n o t h e r  s u b s t a n c e ,  b i c a r b o n a t e ,  is ab l e  to  
r e s t o r e  t h e  s y n t h e s i s  o f  f a t t y  ac ids  in  br ie f ly-  
f a s t e d  a n i m a l s  ( 2 6 )  a n d  a l t h o u g h  its a c t i o n  
as  a s u b s t r a t e  h a s  to  b e  c o n s i d e r e d ,  it  s e e m s  
m o r e  p r o b a b l e  t h a t  b i c a r b o n a t e  i n t e r f e r e s  a g a i n  
in  r e l a t i o n  w i t h  A T P ,  m a y b e  as a n  a c t i v a t o r ,  
c o n f i r m i n g  t h e  t h e o r y  p r o p o s e d  b y  K a z i r o  ( 2 7 ) .  
I t  c o u l d  a l so  f a v o r  all r e a c t i o n s  c a t a l y z e d  b y  
A T P  p h o s p h o t r a n s f e r a s e s ,  e s p e c i a l l y  t h o s e  ca -  
t a l y z e d  b y  h e x o k i n a s e .  A c c o r d i n g  to  o t h e r  ex -  
p e r i m e n t s  ( r e s u l t s  to  be  p u b l i s h e d )  i t  a l so  
s e e m s  t h a t  t h e  g lyco l y t i c  e n z y m e s  m u s t  be  
p r e s e n t  in  su f f i c i en t  q u a n t i t i e s  f o r  H C O a  to e n -  
h a n c e  s y n t h e s i s  o f  f a t t y  ac ids .  

O u r  p r e s e n t  e x p e r i m e n t s  do  n o t  e n a b l e  u s  to  
e x p l a i n  t h e  i n h i b i t i o n  o f  f a t t y  a c i d  s y n t h e s i s  
b y  A T P  in  n o r m a l l y  f e d  m i c e ,  b u t  t h e r e  is lit- 
fie d o u b t  a b o u t  its e n h a n c i n g  ro le  in  f a s t e d  
a n i m a l s  a n d  i ts  d e c r e a s e  d u r i n g  f a s t i n g  c o u l d  
be  t h e  f a c t o r ,  o r  o n e  o f  t h e  p r i m a r y  f a c t o r s ,  
d i r e c t l y  o r  i n d i r e c t l y  r e s p o n s i b l e  f o r  t h e  inh i -  
b i t i o n  o f  t h e  s y n t h e s i s .  T h i s  c o n c l u s i o n  w o u l d  
a l so  be  in  a g r e e m e n t  w i t h  a r e c e n t  s u g g e s t i o n  

o f  W a k i l  ( 2 8 ) :  t h e  f o r m a t i o n  o f  p h o s p h o r y l a t -  
e d  s u g a r s  m a y  a c t i v a t e  t h e  i n d i s p e n s a b l e  e n -  
z y m e s  f o r  t h e  s y n t h e s i s  o f  f a t t y  ac ids .  
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Studies on the Lipids of Sheep Red Blood Cells. I. Lipid 
Composition in Low and High Potassium Red Cells 
GARY J. NELSON, University of California, Bio-Medical Research Division, 
Lawrence Radiation Laboratory, Livermore, California 

ABSTRACT 

The lipid composition of whole red 
blood cells was investigated in five sheep 
with red cells containing a low concentra- 
tion of potassium (LK)  and in five sheep 
with red cells containing a high concentra- 
tion of potassium ( H K ) .  No  apparent  
differences within the limit of error of the 
experiment were detected in the lipid class 
composition between the H K  and L K  red 
cells. Cholesterol, the only nonpolar lipid 
detected in the tissue, was present in one- 
to-one molar  ratio to the total phospho- 
lipids. Phosphatidyl ethanolamine and 
sphingomyelin accounted for 85% of the 
total phospholipids; phosphatidyl serine, 
phosphatidyt inositol, phosphatidic acid, 
and lysolecithin were present in lesser 
amounts. No lecithin was detected in any 
of the animals in this investigation. Plas- 
malogen compounds were found only in 
the ethanolamine lipids. The molar ratio 
of choline to noncholine phospholipids was 
also approximately one to one. It was con- 
cluded that the major lipid class distribu- 
tion in the two types of red cells cannot 
be directly responsible for the differences 
observed in the cation concentrations in 
these cells in the two species of sheep. 

INTRODUCTION 

T HE LIPID COMPOSITION o f  the red cell has 
been extensively investigated (1) ,  initially 

because of the relative accessibility of the tis- 
sue, and more recently because of increasing 
interest in the erythrocyte stroma as a model 
membrane system. Human red cells have been 
studied most frequently, but increasing interest 
in the erythrocytes of other species has re- 
sulted in a considerable body of data (2-4).  
Sheep have been studied by several workers in 
the past decade( 2, 5-7). Turner  (8,9) reported 
that lecithin was absent in the red cells of 
oxen, sheep, and goats, and speculated that this 
accounted for the resistance to snake venom 
lysis reported by previous workers (10),  al- 
though this has now been disputed (11 ). 

The sheep erythrocyte exhibits an interesting 
anomaly in its ability to transport  sodium ac- 
tively (12),  giving rise to two types of cells in 
sheep, the high p o t a s s i u m ' ( H K )  and low 
potassium (LK)  varieties. Previous reports on 

the lipid composition of sheep red cells have 
not compared the lipids in relation to differ- 
ences in the sodium transport  system, except 
that two brief statements that no differences 
were found (13,14) have appeared in reports 
concerned primari ly with other matters. In 
neither case were any quantitative data pre- 
sented. In this work, a comparative study of 
the detailed lipid composition of erythrocytes 
in the  two types of sheep is presented. 

EXPERIMENTAL 

Sampling and Isolation of Red Cells 

A flock of purebred Hampshire sheep was 
maintained at the laboratory under standard 
sheep-raising conditions except that the animals 
were constrained to a small plot and fed on 
alfalfa with a grain supplement. They were 
classified as LK or H K  on the basis of serum 
and red-cell sodium and potassium levels as 
determined by a flame photometric technique 
(15),  and each animal was tagged for identifi- 
cation. 

Whole fresh blood was drawn by venipunc- 
ture into sterile plastic blood bags (Fenwal 
Laboratories, Morton Grove, Ill.) to which was 
added previously 0.5 ml of heparin (ammonium 
salt) solution (1000 USP units/ml,  American 
Hospital Supply Corporation, Evanston, Ill.) 
for each 100 ml of blood being drawn. Little 
or no hemolysis or clotting was observed with 
this technique, although severe hemolysis was 
observed in one case in which a plasticizer 
(dioctyl phthalate) was recovered in the lipid 
extract; it may have come from the plastic 
blood bag. If the blood could not be processed 
within 3 hr after drawing, it was discarded. In 
most cases 150 to 200 ml of blood was taken 
from an adult animal. 

The blood was transferred to 50-ml poly- 
propylene centrifuge tubes and cooled to 0C in 
an ice bath. The cells were separated from the 
serum by centrifugation at 0C for 15 min at 
2500 rpm in an International Size 2 centrifuge 
fitted with a 16-place rotor. The serum was 
removed by aspiration and the cells were resus- 
pended in 310 milliosmolar phosphate buffer, 
pH 7.4, and recentrifuged three times. After  
each centrifugation the buffy layer and top 2-3 
mm of cells were discarded to insure complete 
removal of leukocytes and platelets. The packed 
cells were then transferred to lyophilization 
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flasks, frozen in a dry-ice and acetone bath and 
lyophilized to remove all water from the cells. 
Extraction of Lipids 

A weighed portion of lyophilized red cells, 
usually 10 g, was ground briefly in a mortar  
and added slowly to a 2000-ml volumetric flask 
containing 1200 ml of methanol-chloroform 
(1 / 1, v / v ) ,  which was being stirred vigorously 
by a magnetic mixer. After  addition of the red 
cells, chloroform was added to give a final ex- 
traction solution of chloroform-methanol ap- 
proximately 2/1,  v/v.  Stirring was continued 
for 5 rain; then the solution was filtered 
through a fast filter paper (Sharkskin Grade, 
18.5-cm circles, Carl Schleicher and Schuell 
Company, New York, N. Y.) which had been 
previously washed with methanol and chloro- 
form to remove an organic residue often found 
in filter paper (16).  The volume of solvent re- 
covered after filtration was recorded for calcu- 
lation of the total lipid in the sample (17) ,  
and the solution was transferred to a separatory 
funnel. Distilled water (20% by volume) was 
added, the separatory funnel was shaken vigor- 
ously for several minutes, and the phases were 
allowed to separate overnight in a cold room 
at 4C. The organic phase was then transferred 
to a rotary evaporator and the solvent was re- 
moved at reduced pressure with the tempera- 
ture below 40C. Before the sample became 
completely dry it was transferred to a tared 
vial and the remaining solvent was removed 
under nitrogen. The sample was desiccated in 
vacuum overnight and then weighed. 

Thin-layer Chromatography 
Both the total lipid extract and the fractions 

obtained from column chromatography (see 
below) were subjected to one- and two-dimen- 
sional thin-layer chromatography (TLC) on 
Silica Gel H or HR, obtained from Brinkmann 
Instruments, Westbury, New York. In some 
cases 10% MgSiO2 was added to the absorbent, 
and then the sample was mixed in a ball mill 
for 15 min to insure even distribution of the 
components. 

Neutral  lipids were chromatographed one- 
dimensionally using hexane-diethyl ether-acetic 
acid (85 /15 /2 ,  v / v / v )  (18).  Polar lipids were 
chromatographed one-dimensionally using chlo- 
roform-methanol-water (65 /25 /4 ,  v / v / v ) .  

Two-dimensional chromatography was done 
using the methods of Rouser et al. (19) in- 
volving two pairs of solvent systems. The first 
set used chloroform- methanol-  aqueous am- 
monia (65 /35 /5 ,  v / v / v ) ,  followed by chloro- 
f o r m - a c e t o n e - m e t h a n o l - a c e t i c  acid-water 
( 5 / 2 / 1 / 1 / 0 . 5 ,  v / v / v / v / v ) ;  the second set used 

chloroform-methanol-water (65 /25 /4 ,  v/v/v), 
followed by n-butanol-acetic acid-water (60/  
20/20,  v / v / v ) .  

Spots were visualized by exposure to iodine 
vapor or by spraying with 0.6% potassium 
chromate in 50% sulfuric acid. Lipids contain- 
ing amino groups were detected with ninhydrin 
spray. Phospholipids were detected with a spray 
reagent containing phosphomolybdic acid for 
the visualization of phosphorus compounds. 
Both spray reagents were obtained from Brink- 
mann Instruments, Westbury, New York. Cho- 
line-containing compounds were detected with 
Dragendorff 's bismuth-iodine stain (20).  

Permanent  records of the thin-layer plates 
were made by photographing the spots with a 
4 X 5 Crown Graphic  Camera equipped with 
a Polaroid Corporation 4 X 5 film pack adapt- 
er, using a Polaroid 3000-speed, type-57 film 
with back illumination from a transparency 
illuminator. 

Column Chromatography 

A portion of the total lipid extract was sep- 
arated by column chromatography on 6.0 mm 
• 900 mm silica gel columns. The packing was 
prepared as described previously (21). The 
details of column construction and column 
preparat ion are described elsewhere (22).  

The lipids were separated using an automatic 
system (22) that produced concave ~.radients 
of methanol in chloroform or hexane. The cho- 
lesterol and neutral liDids were removed from 
the column by elution with chloroform prior 
to gradient elution. The load factor was ap- 
proximately 7 mg of total lipid extract per 
gram of silica gel. The charge was added to the 
column in a minimal volume of chloroform; 
1000 ml of chloroform was found to remove 
all the neutral lipids from the column without 
appreciably affecting the migration of polar  
constituents (23).  A concave gradient of meth- 
anol in chloroform was found to yield the best 
separations with this extract. 

Ten milliliters were collected in each col- 
lection tube during the gradient elution chro- 
matography. Appropria te  portions were re- 
moved from each tube for phosphorus determ- 
ination. One-dimensional TLC was also used 
to monitor  the column. The peaks obtained 
from the column were identified by infrared 
spectrophotometry coupled with two-dimen- 
sional TLC. 

When the major elution peaks had been lo- 
cated by the above procedures, the correspond- 
ing fractions were isolated by pooling the 
appropriate collection tubes. The solvents were 
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FIG. 1. Typical gradient elution column chromatography of sheep red cell phospholipids. 
Solid line: optical density (left ordinate) resulting from phosphorus analysis of 0.2 ml of 
solution from individual collection tubes. Dashed line: composition of elution solvent (right 
ordinate) indicating the shape of the gradient. 

then removed in a rotary evaporator as de- 
scribed in the extraction procedure. The resi- 
dues were transferred to tared vials throtlgh 
a sintered glass funnel to remove any silica. 
Triplicate phosphorus determinations were then 
performed on each fraction, and two-dimen- 
sional TLC as well as infrared spectrophotom- 
etry were done to characterize the fractions 
further. Fig. 1 presents a typical run in this 
system. 

I n f r a r e d  S p e c t r o p h o t a m e t r y  

All spectra were obtained with a Perkin- 
Elmer Model-521 grating infrared spectropho- 
tometer. Some samples were dissolved in or- 
ganic solvent and read in sealed solvent cells 
having sodium chloride windows, with 1.0- or 
0. l - ram path lengths depending on the amounts 
of material available. Others were mixed with 
potassium bromide and pressed into disks (5 
mm diameter)  of 0.25 to 0.5% sample in 50 
mg KBr. The disks were used in conjunction 
mg a 4X potassium bromide refracting beam 
condenser (Perkin-Elmer Corporation, Nor-  
walk, Conn.)  in the sample beam of the instru- 
ment. In  some instances a film of the sample 
was formed on NaC1 plates by evaporation 
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from a suitable solvent. 
When the spectrum was obtained on the 

sample in solution it was possible to obtain 
quantitative data by comparing the specific 
absorbances at certain wavelengths with that 
of a standard compound obtained from a com- 
mercial source or purified material prepared 
from natural sources. Spectra obtained from 
the pressed disk or thin film technique were 
used only for qualitative identifications. Com- 
mercial standards (prepared from various or- 
gans) for phosphatidic acid, phosphatidyl ser- 
ine, phosphatidyl ethanolamine, lecithin, and 
lysolecithin were obtained from General  Bio- 
chemicals, Chagrin Falls, Ohio, sphingomyelin 
from Arnel  Products, Inc., New York, N. Y., 
and cholesterol from Applied Science Labora- 
tories, State College, Pa. Myophosphatidyl 
inositol was a gift from C. Ballou. 

Chemical Analysis 

In addition to the infrared and chromato- 
graphic analyses described above, specific 
chemical tests were performed for phosphorus 
and cholesterol. Phosphorus was analyzed by 
a modification of Bartlett 's procedure (24) 
using a mixture of perchloric and sulfuric acids 
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for  the  d iges t ion step. Choles te ro l  was de te rm-  
ined  b y  the  m e t h o d  of  H a n e l  and  D a m  ( 2 5 ) .  

RESULTS 

In  init ial  exper imen t s  the  w a s h e d  red  cells 
were  first h e m o l y z e d  as desc r ibed  b y  D o d g e  
et  al. ( 2 6 ) .  Th i s  h a d  the  advan t age  of  r e m o v -  
ing mos t  of  the  h e m e  p igment s  t ha t  are  ca r r i ed  
in to  the  l ipid ex t rac t  in  the  d i rec t  ex t rac t ion  
procedure .  However ,  the re  was the  possibi l i ty  
of  loss of  some  l ipid d u r i n g  the  hemolys i s  ( 2 ) ,  
a n d  the  hemolys i s  p r o c e d u r e  added  consider-  
able t ime  to the  overal l  extract ion.  D i r ec t  ex- 
t r ac t ion  the re fo re  seemed  p re fe rab le  and  was 
adop ted  as the  s t anda rd  p rocedure .  

Whi le  the  lyophi l iza t ion  step inc reased  the  
t ime  of  the  p rocedure ,  it h a d  th ree  dis t inct  
advantages .  Cons ide rab ly  less h e m e  p i g m e n t  
and  o the r  non l ip id  ma te r i a l  was  ex t rac ted  f r o m  
the  dr ied r ed  cells t h a n  f r o m  f resh  p repa ra -  
t ions,  less l ipid r e m a i n e d  in the  aqueous  phase  
du r ing  the  wash ing  step, and,  finally, the  emul -  
s ion resu l t ing  f r o m  the  aqueous  wash  of  or- 
ganic  ex t rac t  was  m u c h  less s table  t h a n  w h e n  
wet  r ed  cells were  used. T h e  emul s ion  resu l t ing  
f r o m  dr ied  ma te r i a l  usual ly  b r o k e  comple te ly  
in  4 hr ,  and  at  the  mos t  c leared  o n  s t and ing  
overn ight ,  whi le  t ha t  f r o m  wet  cells was  s table  
for  2 to 3 days. T h u s  the  add i t iona l  t ime  need-  
ed  for  the  lyophi l i za t ion  step was usual ly  re- 
ga ined  d u r i n g  the  sepa ra t ion  of  the  o rgan ic  a n d  
aqueous  phases.  

T a b l e  I presents  r ecove ry  da ta  for  the  ex- 
t r ac t ion  p rocedure .  T h e  da ta  are f r o m  a n  ex- 
p e r i m e n t  in  w h i c h  the  u p p e r  aqueous  phase  as 
well  as the  organic  so lvent  phase  f r o m  the  ex- 
t r ac t ion  was e v a p o r a t e d  to dryness ;  the  ma te r i a l  
r ecovered  was t r ans fe r r ed  to a t a red  vial  and  

TABLE I 
Extraction and Recovery Data from Sheep Lyophilized 

Red Blood Cells 

Volume of packed red cells 23.4 ml 
Weight of dried cells 10.44 g 
Weight of total lipid extract 164.0 mg 
Weight of residue in aqueous phase 70.3 mg 
Organic-solvent-soluble material in 

aqueous phase 0.1 mg 
Hexane-soluble material after KOH 

digestion of extracted cells 0.17 mg 
Chloroform-soluble materials after KOH 

digestion of extracted cells 1.30 mg 

weighed  as descr ibed  for  the  organic  phase.  In  
add i t ion  the  inso luble  p ro te inaceous  mate r ia l  
r e t a ined  in the  filter p a p e r  was r eex t r ac t ed  as 
descr ibed  for  the  dr ied  cells and  t hen  sub-  
jec ted  to digest ion wi th  2 N K O H  at 60C for  
7 days. T h e  d iges t ion  mix tu re  was t h e n  neut ra l -  
ized wi th  HC1 and  the  aqueous  phase  was ex- 
t rac ted  wi th  h e x a u e  fo l lowed b y  ch lo ro fo rm.  

T h e  ma te r i a l  f o u n d  in  the  aqueous  phase  of 
the  ini t ial  ex t r ac t ion  was p r imar i ly  f ree  a m i n o  
acids and  low m o l e c u l a r  we igh t  po lypept ides  
(di, tri, t e t r a ) .  F ree  p h o s p h o r y l  e t h a n o l a m i n e  
and  p h o s p h o r y l  ser ine were  also de tec ted  a long  
wi th  inorgan ic  mater ia l .  

T h e  l ipid p re sen t  in  the  p ro te inaceous  resi-  
due  c o r r e s p o n d  in a m o u n t  to t h a t  expec ted  
f r o m  so lvent  ho ld -up  a n d  did  no t  differ in  com-  
pos i t ion  f r o m  the  l ipid in  the  o rgan ic  phase.  
Hence ,  it is be l ieved t ha t  the  ex t rac t ion  pro-  
cedure  r ecove red  essent ia l ly  all of  the  l ipid 
f r o m  the  cells and  t h a t  li t t le non l ip id  ma te r i a l  
was ca r r ied  in to  the  l ipid extract .  

Tab le  II  gives the  to ta l  lipid, choles terol ,  and  
phospho l i p id  of  the  r ed  cells f r o m  five H K  a n d  
five L K  sheep. Choles te ro l  was the  on ly  neu t r a l  

TABLE II 
The Potassium and Sodium Ion Concentration, Total Lipid, Cholesterol, and Phosphollpid 

Content of Sheep Red Ceils in HK and LK Sheep 

LK Meq. Na + Meq. K + Total lipid Cholesterol Phospholipid 
Sheep No. Sex per ml packed RBC (mg/g dry RBC mass) 

1 M 102 1 15.79 5.17 10.62 
2 M 115 8 15.61 5.16 10.45 
3 M 97 1 14.20 4.60 9.80 
5 F 114 12 14.68 4.83 9.88 
9 F 120 10 15.60 4.85 10.75 

Average 110 6 15.18 4.92 10.30 

HK 
Sheep No. 

4 E 28 60 15.32 5.05 10.22 
6 F 29 60 14.68 4.78 I0.00 
7 F 23 54 16.28 5.34 10.96 
8 M 41 61 15.62 5.27 10.29 

10 F 29 59 15.16 4.98 10.18 
Average 30 59 15.34 5.08 10.33 
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TABLE I I I  
Chromatographic Fractions Obtained by Combining Individual Collection Tubes 

from the Gradient Elution Column Chromatography 

Fraction Total weight Phosphorus 
No. Tube No. (mg) ( % ) Tentative identification 

1 1-39 8.6 1.5 Phosphatidic acid 
2 40-43 6.9 3.2 Phosphatidyl serine 
3 44-61 37.0 4.1 Phosphatidyl ethanolamine a 

and phosphatidyl serine 
4 62-79 5.4 2.4 Phosphatidyl inositol and 

phosphatidyl ethanolamine 
5 80-105 51.9 3.9 Sphingomyelin 
6 106-115 1.0 3.3 Sphingomyelin q- lysolecithin 
7 116-135 0.5 0,0 ? 

a Contained ethanolamine plasmalogen. 

lipid detected in the red cells of these sheep; no 
cholesterol esters, triglycerides or free fatty 
acids were present. Traces of hydrocarbon were 
found in all cases, but it seems reasonable to 
assume it to be an artifact of the extraction 
procedure. The cholesterol fraction (melting 
point 145C-+ 2C, obtained by using a Buchi 
melting point apparatus with melting point 
capillary open to the atmosphere) was also 
analyzed by gas chromatography on an SE-30 
column at 275C; no significant peaks other 
than that corresponding to cholesterol were de- 
tected even when the column was overloaded 
by a factor of 20. 

The phospholipid composition was deter- 

mined by a combination of TLC and column 
chromatography combined with infrared spec- 
trophotometry. The gradient elution pattern 
(Fig. 1 ) was the primary basis of the analysis. 
Individual collection tubes were pooled to form 
the seven fractions listed in Table 111. The 
percentage of phospholipid was determined by 
phosphorus analysis of the lipid residues after 
the fraction had been identified b y  TLC and 
infrared spectrophotometry. Fig. 2A shows a 
two-dimensional TLC of the total lipid extract 
of the sheep red cell. Fraction 1 contained only 
a single spot by two-dimensional TLC and 
moved with standard reference phosphatidic 
acid. In the column chromatography a consid- 

FIfi. 2, A-C: Spot No. and tentative identifications: O, origin, heme pigments; 1, phosphatidic 
acid; 2, phosphatidyl serine; 3, phosphatidyl ethanolamine; 4, phosphatidyl inositol; 5, sphingomyelin; 
6, lysolecithin; ?, unknown, no phosphorous; H, heme pigments; Chol, cholesterol. 

FIG. 2A. Two-dimensional TLC of total lipid extract of sheep red blood cells; 744 gg was applied at 
the origin. The developing solvents were: (1)chloroform-methanol-ammonium, 65/35/5, and (2) 
chloroform-acetone-methanol-acetic acid-water, 5 / 2 / 1 / 1 / 0 . 5 .  The spots were developed with iodine 
vapor. 2B. Two-dimensional TLC of fraction 2 (pooled tubes 40-43 from gradient elution chroma- 
tography, Fig. 1), developed with the same solvents as in Fig 2A and stained with ninhydrin spray 
reagent. 2C. Two-dimensional TLC of fraction 3 (pooled tubes 40-43 from gradient elution chroma- 
tography, Fig. 1), developed as in Fig. 2A and stained with iodine vapor. 
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FIG. 3A. Infrared spectra of reference compounds obtained from commercial sources. I, choles- 
terol in carbon disulfide solution; II, phosphatidyl ethanolamine in carbon disulfide solution; III, 
sphingomyelin in KBr disk. Carbon disulfide obscures the region of the spectrum between 1660 
and 1400 cm -1. B. Infrared spectra of lipids from sheep red cells isolated by gradient elution column 
chromatography. I, cholesterol in carbon disulfide solution; II, phosphatidyl ethanolamine and etha- 
nolamine plasmalogen mixture in carbon disulfide solution; III, sphingomyelin, solid film on NaCI plate. 
Note that  curve II  differs f rom the curve for the pure compound (II  in Fig. 3A) in the ratio of 
the transmittance of ester absorption at 1740 cm -1 to that of phosphate absorption at 1100 cm -I. 

e rab le  a m o u n t  of  h e m e  p i g m e n t  was e lu ted  
wi th  this f rac t ion ;  i n f r a r ed  and  p h o s p h o r u s  
values  were  consis tent ,  a l t hough  weigh t  values  
were  50 to 1 0 0 %  higher .  F r a c t i o n  2 c o n t a i n e d  
on ly  phospha t i dy l  ser ine;  no  p l a s m a l ogen  or  
phospha t idy l  e t h a n o l a m i n e  were  detected.  F rac -  
t ion  3 was p r imar i ly  phos pha t i dy l  e t h a n o l a m i n e  
a n d  e t h a n o l a m i n e  p l a sma logen  wi th  a t r ace  of  
phospha t idy l  ser ine (Fig.  2B and  2 C ) .  T h e  
pe rcen t age  of  ser ine  in this  f r ac t ion  was esti- 
m a t e d  b y  sc rap ing  the  spot  f r o m  the  t h i n q a y e r  
p la te  and  de t e rmin ing  the  p h o s p h o r u s  con t en t  

as descr ibed  by  Rouse r  et  al. ( 1 9 ) .  F r a c t i o n  
4 was p r imar i ly  phospha t idy l  inosi tol  bu t  also 
c o n t a i n e d  some phospha t idy l  e thano lamine .  
F r a c t i o n  5 was sph ingomyel in .  F r a c t i o n  6 was 
a m ix tu r e  of  sph ingomye l in  and  lysoleci th in;  
the  pe rcen tages  of  sph ingomye l in  and  lysoleci- 
th in  were  es t imated  by  the  t e c h n i q u e  of Rouser  
et  al. ( 1 9 ) .  F r a c t i o n  7 c o n t a i n e d  no  phos-  
phorus .  I n f r a r e d  spect ra  of  r e fe rence  com- 
p o u n d s  are c o m p a r e d  wi th  the  ma jo r  l ipids 
i sola ted f r o m  the  r ed  cells in  Fig. 3 A  and  3B, 
respect ively.  

TABLE IV 
Average Phospholipid Composition of H K  and LK Sheep Red Blood Cellsa 

% Total phospholipids 
Phospholipid HK LK 

Phosphatidic acid 3.4 (2.6-3.9) 
Phosphatidyl serine 8.5 (7.7-10.0) 
Phosphatidyl ethanol amineb 32.2 (2%4-33.8) 
Phosphatidyl inositol 3.0 (I.8-3.4) 
Lecithin 0.0 
Sphingomyelin 52.4 (46.8-55.1) 
Lysolecithin 0.5 (0.3-0.7) 

2.8 (2.4-3.8) 
7.9 (7.0-9.1) 

33.2 (26.8-34.5) 
3.4 (3.0-3.9) 
0.0 

52.2 (45.9-54.7) 
0.5 (0.4-0.6) 

a Five animals per group, range of values given in parentheses following average value. 
b Contains ethanolamine plasmalogen also. 
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TABLE V 
Comparison of Literature Values for the Phospholipid Composition of Sheep Red Blood Cells 

% of Total phospholipids 

References 

Phospholipid (2) (5,35) (6) (7) This work 

 .os  ati a  0 l f Phosphatidyl serine 12.9 40.8 8.2 
Phosphatidyl ethanolamine a 5.6 38 36 32.7 
Phosphatidyl inositol 3.8 0.7 3.2 
Lecithin 4.4b 2.9 5 1 0.0 
Sphingomyelin 48.0 56.0 50 63 52.3 
Lysolecithin 0.6 7 0.5 

a Includes ethanolamine plasmalogens. 
b Includes lysolecithin. 

The phospholipid class composition for the 
10 animals is given in Table IV. Phosphatidyl 
ethanolamine and phosphatidyl serine along 
with sphingomyelin were the primary phospho- 
lipids, while phosphatidic acid, phosphatidyl in- 
ositol, and lysolecithin were present in smaller 
amounts. No lecithin was detected in any of 
these animals. 

Plasmalogens were detected only in the phos- 
phatidyl ethanolamine fraction. No attempt was 
made at present to quantitate the ratio of plas- 
malogen to diacyl compounds. The presence of  
lysolecithin without lecithin suggests that it 
may have been an artifact of the chromato- 
graphic or the extraction procedure. However, 
a spot of lysolecithin appeared on thin-layer 
chromatograms of the unfractionated total lipid 
extract for every animal in the series (Fig. 2A) .  
I t  has been suggested (27) that heparin, used 
as an anticoagulant, may cause degradation of 
red cell lipids to lyso compounds. Recently 
Dodge and Phillips (28),  refuting this assump- 
tion, asserted that lyso compounds are not pro- 
duced as artifacts in red cell lipid extract but, 
rather, an autoxidation product  is formed as a 
product  of oxygen contact only. Hence the 
lysolecithin in sheep red cells would seem to 
be a real component of the cell. 

No significant differences are apparent in 
the distributions of the major lipid classes be- 
tween the two types of erythrocytes. Some 
small variations in acidic lipids can be observed 
in the average values for the two species (Table 
IV) ,  but the ranges were practically identical. 
These differences would probably disappear 
with a larger series of animals and improved 
methods. 

DISCUSSION 

Two previous reports in the literature (13, 
14), which stated that the lipid class composi- 
tion did not  differ in H K  and LK sheep red 
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cells, are confirmed in this w o r k  in which 
quantitative values are given for the animals 
under investigation. In addition, our values for 
the lipid composition of sheep red cells are in 
agreement with those reported by previous 
workers (5-9, 11 ). All  of the previous reports 
indicated that in the sheep, as in other ru- 
minants (3,7,9),  the lecithin content is lower 
than in man or the carnivores (4,9,29). While 
no lecithin was detected in the animals studied 
here, various workers have reported values 
from 0 to 12% for the sheep erythrocyte (2,7).  
Table V compares the data from earlier work 
with that obtained here. Genetic differences 
among different flocks of sheep may be respon- 
sible for variation in the lecithin content of 
erythrocytes, particularly since sheep are a 
highly inbred species. This point may well 
deserve further study. 

The molar ratios of sphingomyelin, acidic 
phospholipids and cholesterol in the cell are 
1 /1 /2 ;  hence, there is one cholesterol molecule 
for each phospholipid molecule. If  the lipids 
in the red cell are indeed arranged in a bimo- 
lecular leaflet as first proposed by GSrter and 
Grendel  (30) and independently by Davson 
and Danielli (31),  these molecular ratios are 
consistent with the theory of membrane struc- 
ture proposed by Vandenheuvel (32),  which 
postulates the existence of phospholipid-cho- 
lesterol complexes. In this theory, membrane 
ion transport  phenomena can be accounted for 
by charge-ordering in the arrangement of the 
polar  groups in the phospholipid and protein 
molecules. In view of the data obtaind here 
it seems unlikely that the distribution of the 
phospholipid classes in the sheep red cell is 
related directly to the difference in ability to 
transport  sodium. 

On the other hand, the observed similarities 
in gross cholesterol and phospholipid compo- 
sition in the two species do not rule out the 
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i n v o l v e m e n t  o f  l ipids in the  t r a n s p o r t  m e c h a n -  
i sm o f  the  m e m b r a n e .  T h i s  a n d  m o s t  o t h e r  
s tudies  t hus  f a r  give on ly  a s tat ic  p i c t u r e  o f  the  
m e m b r a n e .  I t  will  be  in t e res t ing  to inves t iga te  
p h o s p h o l i p i d  m e t a b o l i s m  in these  an imals .  In -  
deed,  J a c o b s  a n d  K a r n o v s k y  ( 3 3 )  r e cen t l y  re -  
p o r t e d  t ha t  p h o s p h o l i p i d s  o f  h u m a n  r ed  cells 
in  h e r e d i t a r y  s p h e r o c y t o s i s  h a v e  d i f ferent  m e t a -  
bol ic  ra tes  (as  m e a s u r e d  b y  the  i n c o r p o r a t i o n  
o f  ps2)  t h a n  t h o s e  o f  n o r m a l  cells, a n d  impl i -  
c a t ed  specif ical ly the  p h o s p h a t i d y l  se r ine  f rac -  
t ion.  

I n  addi t ion ,  m o s t  p r e v i o u s  r e p o r t s  o n  sheep  
r ed  cells t ended  to g r o u p  the  l ipid in to  t h r ee  
c lasses :  cepha l ins ,  leci thins ,  and  s p h i n g o m y e l i n .  
T h i s  g r o u p i n g  t ends  to o b s c u r e  the  c o m p l e x i t y  
o f  the  cepha l i n  g roup ,  w h i c h  is p e r h a p s  be t t e r  
t e r m e d  acidic p h o s p h o l i p i d s .  I n  sheep ,  f o r  ex- 
ample ,  this g r o u p  inc ludes  at leas t  f o u r  m e m -  
be r s :  p h o s p h a t i d i c  acid, p h o s p h a t i d y l  e thano l -  
amine ,  p h o s p h a t i d y l  ser ine,  a n d  p h o s p h a t i d y l  
inosi tol ;  p l a s m a l o g e n  a n a l o g u e s  a n d  poss ib ly  
the  glyceryl  e the r  c o m p o u n d s  a re  p r e s e n t  also. 
T h e  vas t  n u m b e r  o f  poss ib le  c o m b i n a t i o n s  a n d  
p e r m u t a t i o n s  cou ld  conce ivab ly  lead to sub t l e  
di f ferences ,  h a r d  to de tec t  even  wi th  the  m o s t  
soph i s t i ca t ed  t e c h n i q u e s  ava i lab le  today .  Th i s  
does  no t  even  inc lude  d i f ferences  t ha t  m i g h t  
exist  in  the  fa t ty  acids a s soc ia ted  w i t h  the  var i -  
ous  p h o s p h o l i p i d s ,  w h i c h  m a y  also be  i nvo lved  
in t r a n s p o r t ;  f a t ty  acid c o m p o s i t i o n  is k n o w n  
to in f luence  the  p e r m e a b i l i t y  o f  the  r ed  cell 
( 3 4 ) .  

T o s t e s o n  et al. ( 1 4 ) ,  in  the i r  r e c e n t  s t u d y  
o f  the  so lub le  l i p o p r o t e i n  f r a g m e n t s  of  r ed  cell 
m e m b r a n e  in H K  a n d  L K  sheep ,  w e r e  u n a b l e  
to re la te  A T P a s e  act ivi ty  o f  the  f r a g m e n t s  to  
the  s o d i u m  p u m p  in the  in tac t  cell. T h e y  w e r e  
f o r c e d  to the  c o n c l u s i o n  tha t  s t r u c t u r a l  differ- 
ences  in the  m e m b r a n e  as a w h o l e  w e r e  p r o b -  
ab ly  m o r e  i m p o r t a n t  t h a n  specific e n z y m e  con-  
c e n t r a t i o n s  in the  cell. M o r e  a n d  be t t e r  ana lyses  
o f  the  r e d  cell c o m p o n e n t s  m a y  e v e n t u a l l y  
p r o v i d e  an  a n s w e r  to this  p r o b l e m .  
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Separation of CholesteroI-Desmosterol Acetates 
by Thin-Layer and Column Chromatography on 
Silica Gel G-Silver Nitrate 

GIOVANNI GALLI and ENRICA GROSSI PAOLETTI, Institute of Pharmacology, University of Milan, 
Milan, Italy 

ABSTRACT 

A chromatographic method, using col- 
umns packed with Celite-Silica Gel G im- 
pregnated with silver nitrate, has been de- 
veloped for the separation of cholesterol 
from desmosterol (24-dehydrocholesterol).  

The system employed allows a complete 
separation of the two sterols as acetates, 
as determined by gas-liquid chromatog- 
raphy and thin-layer chromatography. 

The recovery of pure cholesterol and 
desmosterol is quantitative. 

INTRODUCTION 

T HE R E C E N T  DISCOVERY o f  drugs that induce 
an accumulation of sterol precursors of 

cholesterol (1-3),  has focused attention on the 
problem of the separation and recovery of 
these sterols. The gas chromatographic method 
developed by Homing  et al. (4) permits a com- 
plete separation of desmosterol (AS,z4-cholesta - 
dien-3-fl-ol) from cholesterol. Nevertheless, a 
limiting factor in the gas chromatography of 
sterols is the difficulty of obtaining satisfactory 
recovery with preparative columns. 

The separation of sterol mixtures using thin- 
layer chromatography (TLC) has been recent- 
ly reviewed by Copius-Peereboom and Beekes 
(5) .  The resolution obtained with silica gel or 
Kieselguhr is satisfactory for some sterols hav- 
ing different numbers of carbon atoms (6,7),  
while sterols differing only in respect to posi- 
tion and number of double bonds are slightly 
separated, but as either acetate (7) or trifluoro- 
acetate derivatives (6) .  

Cholesterol and desmosterol can be separ- 
ated by reversed phase TLC using either uncle- 
cane (5,8) or paraffin oil (9) impregnated 
plates. 

The application in column chromatography, 
introduced by de Vries (10),  of a silver nitrate- 
coated adsorbent for the resolution of cis-trans 
and positional isomers of unsaturated fatty 
acids and their triglycerides, was extended to 
the T L C  of sterols (7,11). Recently, Di Tullio 
et al. (12) obtained a good resolution of yeast 
cholesterol and desmosterol on thin-layer plates 
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containing silver nitrate. Stokes et al. (13) sep- 
arated sterols as their p-iodobenzoates on silicic 
acid: celite columns, and sterol acetates have 
been separated recently on silica gel columns by 
Klein and Szczepanik (14).  However,  all of  
these methods give only an incomplete resolu- 
tion of the sterols. 

In the present paper a separation of chole- 
sterol-desmosterol mixtures using columns 
packed with Silica Gel G coated with silver 
nitrate on celite is described. Sterol mixtures 
obtained from livers and brains of rats treated 
with Triparanol  were used for the separation. 
Desmosterol was recovered even from mixtures 
of brain sterols in which cholesterol represents 
96% of the total sterols. 

EXPERIMENTAL 

Preparation of the ster01 mixtures 

Standards. Cholesterol (Merck, Darmstadt)  
and desmosterol (Merrell  Co., Cincinnati) re- 
crystallized in methanol. 

Biological Materials. Groups of  6 Sprague- 
Dawley male rats weighing 250-300 g were in- 
jected i.p. for six days with 25 mg/kg  of Tri- 
paranol [1 p(fl-diethylaminoethoxy)-phenyl-1- 
(p- tolyl)-2(p-chlorophenyl)  ethanol] (Wasser- 
mann S.p.A., Milan) in order to induce accu- 
mulation of desmosterol in the livers (1) and 
brains of the rats. The animals were sacrificed 
12 hr after the last injection. The excised brains 
and livers were pooled, weighed and saponified 
in N K O H  in 50% ethanol at 70C. Each rat 
liver weighed approximately 9 g and yielded 
about 25 mg of c r u d e  sterols per gram of 
tissue. Desmosterol represented 45% of these 
sterols, as calculated by gas-chromatographic 
analysis. Brains weighed 1.5 g and yielded 
about 13 mg of sterols per  gram of tissue. 
Desmosterol represented 4% of the brain ster- 
ols, as calculated by gas chromatography. 
Aliquots of the original mixtures were purified, 
acetylated and used for column separations. 

Sterol Purification. The unsaponifiable ma- 
terial was extracted in petroleum ether (bp, 
60-80C). Three extractions were performed 
and the extracts combined, washed, and dried 
over anhydrous N%SO4. The filtered extract 
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was evaporated under nitrogen and redissolved 
for purification by means of digitonide precipi- 
tation. The sterol digitonides were split in 
pyridine and the digitonin eliminated by pre- 
cipitation in ethyl ether. The amount  of total 
sterols present was determined by means of the 
colorimetric reaction of Zlatkis, Zak and Boyle 
(15),  which gives the same extinction maxi- 
mum (560 m~) for both cholesterol and desmo- 
sterol. 

Acetylation. Aliquots of the free sterols 
were dissolved in 20 parts of pyridine and 10 
parts of acetic anhydride and allowed to stand 
for 24 hr under nitrogen, in the dark, at room 
temperature. The acetylated compounds were 
taken to dryness under vacuum and redissolved 
in hexane. Under  the conditions described, no 
free cholesterol or desmosterol was detected 
upon TLC of 40/~g of the reaction mixture on 
Silica Gel G in ethyl ether-petroleum ether- 
acetic acid 30:70:1 ( v / v / v ) .  The chromato- 
plates were sprayed with 0.6 g K2Cr2Oz in 100 
ml of 55% (by weight) reagent grade H2SO~ 
and heated at 170C for 20 min before exami- 
nation. Under these conditions, the minimal 
amount of free sterols which could be detected 
was 0.4-0.5/zg. The completeness of the acetyl- 
ation was also controlled by means of gas 
chromatography, where impurities as low as 
1% can be detected. 

Separation procedure 

Solvents. Benzene (B.D.H. Analar)  washed 
with concentrated H2SO4, dried over CaCI~, 
and distilled over sodium. Hexane (Merck) ,  
acetic anhydride and pyridine (Merck)  freshly 
distilled. Acetic acid (Merck) ,  petroleum ether 
(bp 60-80 c) and chloroform (B.D.H. Analar)  
not further purified. 

Materials. Silica Gel G (Merck)----Celite 535 
acid-washed. AgNO 3 (Carlo Erba, Milan) .  

Preparation of the Adsorbent. 10 g of Silica 
Gel G and 10 g of Celite were slurried with 10 
ml of an aqueous solution of silver nitrate 
( 4 0 % ) .  The mixture was heated at l l 0 C  for 
48 hr. The adsorbent, ground in a mortar,  was 
divided into portions of 1,5 g, reactivated at 
110C for 1 hr and stored in covered flasks in 
a desiccator until used. 

Preparation of the Column. Columns (25 
cm in length, 9 m m  I .D.) ,  with a solvent 
reservoir and Teflon stopcock, were constructed 
of amber glass, in order to protect the light- 
sensitive adsorbent. A cotton plug was intro- 
duced at the bottom of the column, then the 

adsorbent in a hexane slurry was transferred 
into the column, and another plug placed on 
the top of the adsorbent. The adsorbent was 
washed with benzene and again with hexane. 
In standards separations, 1.5 mg of sterol ace- 
tates, dissolved in hexane, were applied on 
columns containing 1.5 g of adsorbent. Frac-  
tions of 5 ml each were collected throughout 
the chromatographic runs. 

Identification and Purity Controls 

The infrared spectra of cholesterol and des- 
mosterol acetates were determined in Nujol. 
Melting points were determined by the capillary 
method. The mass spectra were determined by 
means of an LKB 9000 gas chromatograph- 
mass spectrometer. 

Thin-Layer Chromatography. Five thin-layer 
plates were coated (250/,) with 25 g Silica Gel 
G in 50 ml of 15% aqueous AgN03 using a 
Chemetron (Milan) automatic spreader. Plates 
were activated at 110C for 1 hr and stored in 
an amber desiccator. A chloroform solution of 
20-40/~g of sterol acetates was applied for each 
spot. Plates were developed with chloroform- 
petroleum ether (60-80C)--acet ic  acid 40:60:1 
( v / v / v ) ,  which was found in preliminary ex- 
periments to be the best solvent system for the 
separation of the two sterol acetates. The plates 
were sprayed with 10% phosphomolybdic acid 
in ethanol and heated for 20 min at 170C. 

Gas Chromatography. The cholesterol and 
desmosterol acetates were analyzed before and 
after column separation using a Fractovap 
Model C gas chromatograph (Carlo Erba Co.) 
equipped with a hydrogen flame detector and a 
glass column (2 m by 3 mm) packed with 1% 
CNSi (cyano-octyl methyl silicone, General  
Electric) on 100-120 mesh Gas-Chrom P, ac- 
cording to the method of VandenHeuvel and 
Horning (4).  The carrier gas was nitrogen 1.7 
k g / c m  and the column temperature was 210C. 
The sterol acetates were identified using the 
method described by Fumagall i  et al. (16),  and 
the relative amounts of the two sterols in the 
original mixtures were calculated using choles- 
tane as an internal standard. 

RESULTS 

Separation of cholesterol-desmosterol acetates 
with AgNOz-silica ge l  columns was obtained as 
shown .in Table I. Cholesterol was eluted with 
hexane-benzene 90:10; desmosterol with hex- 
ane-benzene 50:50 in the first experiments, but  
desmosterol may be also eluted with hexane- 
benzene 80-20. Fig. 1 shows a typical separa- 
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FIG. 1. Chromatography of a mixture of choles- 
terol-desmosterol acetates-solvent A: hexane-ben- 
zene 90:10-solvent B: hexane-benzene 80:20. 
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tion. It is possible to observe that after choles- 
terol elution, desmosterol is quickly obtained 
only when the solvent is changed. The ratio 
sterol-acetates/adsorbent was 1:2000 in the 
first column presented (Table I) .  Later on, a 
ratio of 1:1000 was found to give an equally 
complete resolution of the two sterols. Larger 
columns, containing 5 g of adsorbent, which 
could separate 5 mg of cholesterol-desmosterol 
acetates were also used. 

The individual fractions were checked for 
purity by silver nitrate TLC and GLC, as shown 
respectively in a typical chromatoplate (Fig. 2) 
and gas chromatogram (Fig. 3). No  overlap- 
ping of fractions was ever found by either GLC 
or TLC: impurities as low as 1% would have 
been detected by GLC even when 1 /~g of 
sterol was applied to the column. 

The acetate derivatives of the sterols ex- 

FIG. 2. TLC control of sterol acetates on silver 
nitrate-Silica Gel G. St.: 40 gg of the mixture of 
cholesterol (higher spot) and desmosterol (lower 
spot) acetates. No. 3 to 15: fraction numbers as 
in column IV (see Table I). 

tracted from the livers and brains of triparanol- 
treated rats were found to have Rf's on TLC, 
and retention times relative to cholestane on 
GLC, identical to those of cholesterol and des- 
mosterol standards. The melting points and IR 
spectra of such acetates, after isolation from the 
silver nitrate columns, were in agreement with 
data reported in the literature. The melting 
point of desmosterol acetate (98C) was un- 
changed after a crystallization in methanol. 

T A B L E  I 

I s o l a t i o n  o n  S i l v e r  N i t r a t e  C o l u m n s  o f  A c e t a t e  D e r i v a t i v e s  o f  C h o l e s t e r o l  a n d  D e s m o s t e r o l  f r o m  
T r i p a r a n o l - T r e a t e d  R a t s  

C o l u n m  S o l v e n t  m i x t u r e  F r a c t i o n  N o .  S t e r o l - a c e t a t e s  A p p l i e d  F o u n d  P u r i t y  c o n t r o l s d  
n u m b e r  h e x a n e - b e n z e n e  (5  m l )  e l u t e d  # g  # g  T L C  G L C  

I a 90  : 10 9 - -  17 C h o l e s t e r o l  825 825 p . .  
50  : 50  25  - -  2 6  D e s m o s t e r o l  675  675  p , .  

l l a  90  : 10  4 - -  9 C h o l e s t e r o l  825 820  p p 
50  : 50  15 - -  16 D e s m o s t e r o l  675  665 p p 

I l i  a 9 0  : 10 1 - -  6 C h o l e s t e r o l  . . . . . . . . . .  p 
80  : 20  10 - -  12 D e s m o s t e r o l  . . . . . . . . . .  p 

I V  a 9 0  : 10 1 - -  6 C h o l e s t e r o l  . . . . . . . .  p . .  
80  : 20  12 - -  16 D e s m o s t e r o l  . . . . . . . .  p . .  

V a 9 0 : 1 0  5 - -  13 C h o l e s t e r o l  841 847 p p 
80  : 20  2 0 -  24  D e s m o s t e r o l  688  678  p p 

V I  a,b 90  : 10 7 - -  14 C h o l e s t e r o l  . . . . . . . .  p . .  
80  : 20  18 - - 2 1  D e s m o s t e r o l  . . . . . . . .  p . .  

V i l e  9 0  : 10  5 - -  15 C h o l e s t e r o l  1920  1918  p p 
80  : 2 0  20  - -  2 4  D e s r n o s t e r o l  80  77  p p 

A c e t a t e  derivatives of liver s t e r o l s .  

b C o l u m n  V I  c o n t a i n e d  5 g a d s o r b e n t ;  5 m g  o f  a c e t a t e s  w e r e  a p p l i e d ;  10 m l  f r a c t i o n s  eluted. 

e Acetate derivatives of  brain sterols. 
d I n  p u r i t y  c o n t r o l s  e a c h  f r a c t i o n  e l u t e d  h a s  b e e n  c h e c k e d  s e p a r a t e l y ;  p = p u r e  t o  T L C  a n d  G L C .  
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od, even from mixtures in which cholesterol 
represents as much as 96% of the total sterols 
(Table I, column VII) .  

The results show that selective and reversible 
binding properties of silver nitrate versus num- 
ber and position of double bonds, definitely im- 
prove the separation of cholesterol and desmo- 
sterol obtained with silicic acid columns (13,- 
14).  Moreover, the previous column methods 
do not give values demonstrating quantitative 
recoveries of small amounts of sterols (13,14) .  
This is an essential condition for quantitative 
investigations of the last steps of cholesterol 
biosynthesis in liver and other tissues. 
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FIG. 3. GLC of sterol acetates on CNSi column: 
I" cholesterol (peak 1) desmosterol (peak 2) 

mixture. 
II: cholesterol eluted from AgNO~ columns. 

III: desmosterol eluted from AgNO~ columns. 

The molecular weights as determined by means 
of mass spectrometric analysis were 4'28 and 
426, respectively, for cholesterol-acetate and 
desmosterol-acetate. 

The percentage of desmosterol in the liver 
sterols of the rats treated with triparanol in this 
experiment was high. However, the relative 
amount of desmosterol naturally present in cer- 
tain tissues or accumulating due to the action 
of hypocholesterolemic drugs, is often very 
small. B r a i n  desmosterol, induced by triparanol 
treatment, was recovered by the present meth- 
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Lipid Changes in Rat Brain During Maturation 

CLAUDIO GALLI and DANIELA RE CECCONI, Institute of Pharmacology, University of Milan, 
Milan, Italy 

ABSTRACT 

Changes in lipid class distribution oc- 
curring during brain maturation in rats 
have been quantitatively investigated using 
a combination of DEAE column chrom- 
atography and q u a n t i t a t i v e  thin-layer 
chromatography based on photodensitom- 
etry. 

Quantitative changes are presented for 
the single lipid classes in relation to brain 
weight, water content and total lipid varia- 
tion at ages 2, 8, 16, 24, 37 and 50 days. 
The results indicate an accumulation of 
sphingolipids during brain maturation, par- 
tieularly due to cerebrosides and sulfatides 
and a relative decrease of lecithin. 

INTRODUCTION 

T I-IE IMPORTANCE of lipids in nervous struc- 
tures has been long recognized and a 

large number of investigations have been car- 
ried out to detect and quantitate different lipid 
classes and to follow their changes during the 
critical period of brain maturation. The ear- 
liest work was summarized in 1962 by Sperry 
(1) ,  who emphasized the difficulties of com- 
paring results obtained by authors using dif- 
ferent techniques. 

Sometimes the values presented for the 
changes of individual lipid classes are in dis- 
agreement because of the lack of analytical 
tools for fractionating and quantitating single 
compounds. Very often different substances 
are included in a single class. This has been 
the case with the cephalins where the individual 
components (phosphatidyl ethanolamine [PEI, 
phosphatidyl serine [PS]) 1 were not measured 
separately (2-5). In many cases phosphatidyl 
inositol (PI)  was inclnded in the measurement 
of the cephalins. In the case of galactolipids 
it was found that they were not fractionated 
into cerebrosides, sulfatides and gangliosides 
(2-6). More recent data on cerebroside and 
cerebroside plus sulfatide variations during 

aAbbreviations used: TI.C, thin-layer chromatography;  
PE, phosphatidyl ethanolamine; PS, phosphatidyl serine; 
PI, phosphatidyl inositol: C, chloroform; M, methanol;  
NH.~, ammonia;  A, acetone; HAc,  acetic acid; PtE, petro- 
leum ether; DE, diethylether. 

brain maturation are presented by Kishimoto 
and Radin (7,8).  

The information available from the literature 
concerning brain lipids during development ap- 
pears to be generally based on observations 
made prior to the advent of chromatographic 
techniques in the field of analytical lipid chem- 
istry. Some of the uncertainties in estimating 
the major lipid components, that at the time 
could be measured only indirectly or were still 
ill-defined (as in the case of the so-called cepha- 
lins) are reflected in the difficulty of interpret- 
ing most data and suggest the importance of 
reinvestigating the problem on the basis of 
more adequate quantitative methods for separa- 
tion of polar lipids (9-11 ). On the basis of these 
considerations, we have carried out a more 
extensive study of brain lipids using quantita- 
tive chromatographic procedures, with the aim 
of following the variations of the single lipid 
molecular species dnring maturation of the rat 
nervous tissues. 

MATERIALS AND METHODS 

Litters of six Sprague-Dawley rats were 
used for the experiments. Rats of 2,8.16,24, 
37,50 days of age were killed by decapitation 
and brains immediately removed and pooled. 
The weights of the individual animals and their 
brains were meastlred and averaged. The com- 
bined brains were thoroughly ground in a mor- 
tar and two aliquots of approximately 250 mg 
from the homogeneous mass were used for 
determining the water content. The percentage 
of water was determined by drying the sample 
to constant weight over KOH in a desiccator 
under vacuum. The remaining part of the 
homogenate was stored at -20C until used. 

l .ipid extraction was carried out in a N~ 
atmosphere with C / M  2/1 (9) .  Two-dimen- 
sional TLC was used routinely as the first step 
in examining each total lipid mixture (11).  
For  TLC, Silica Gel G (Merck)  was used as 
the adsorbent with C/M/NH.IOH 60 /35 /5  as 
the first developing solvent. Chromatograms 
were dried in a tank flushed with N~ for 10 
min and developed in the second dimension 
with C / A / M / H A C / H 2 0  5/2/1/1/0.5. Spots 
were visualized by spraying the chromatograms 
with the sulfuric acid/potassium dichromate 
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charring reagent and heating at 180C for ap- 
proximately 1 hr (10). A combination of 
DEAE column chromatography and TLC was 
used for the determination of the major lipid 
classes (10). 

One gram of DEAE cellulose was used to 
prepare a 1 X 10 cm column (9) and 15 mg of 
total lipids were applied to the column. The 
elution scheme was as follows: 

1 ) C / M  7/3 (cholesterol, cerebrosides, phos- 
phatidyl ethanolamine, lecithin and sphingo- 
myelin) ; 2) M (water-soluble nonlipid and oxi- 
dation products of phosphatidyl ethanolamine 
when present) ; 3) HAc (phosphatidyl serine 
and gangliosides); 4) M (to remove acetic 
acid); 5) C / M  4/1 + 20 ml/1 NH4OH make 
0.01 with respect to ammonium acetate (phos- 
phatidic acid, sulfatide and phosphatidyl inosi- 
tol). Columns were washed with methanol and 
finally with acetic acid, and could then be 
reused. 

The fractions were evaporated in a rotary 
evaporator, transferred to glass stoppered tubes 
and dried again under a slight vacuum and 
under a stream of nitrogen. The solid residue 
was dissolved in 1 ml of C / M  2/1 and the 
solution was used for TLC determinations. 

Quantitative TLC 

Transmission densitometry was used to meas- 
ure the intensity of the charred spots and the 
amount of lipid present was determined by com- 

par ison with the charred spots of known 
amounts of authentic standards (10). 

Spots were charred as previously described 
(10) and their optical densities were deter- 
mined using model 520 Photovolt Transmission 
Densitometer. 

Pure preparations of cholesterol, cerebro- 
sides, sulfatides, sphingomyelin, fatty acids and 
a mitochondria lipid extract (kindly supplied 
by j George Rouser, City of Hope Medical 
Center, Duarte, Calif.) containing known 
amounts of phosphatidyl ethanolamine, lecithin 
and cardiolipin (10) were used as standards. 

Cholesterol, cerebrosides, PE and free fatty 
acids were determined by direct quantitative 
TLC of the total lipid extracts using C / M / H z O  
65 /25 /4  as developing solvent for cholesterol, 
cerebrosides and PE determinations; P t E / D E / -  
HAc 70:30:1 for the quantitation of free fatty 
acids. This can be done since two-dimensional 
TLC excluded the overlapping of these lipid 
classes with other compounds on the chromato- 
grams and also since it has been shown that 
the quantitation of spots directly on TLC, 
D E A E  column chromatography, or a combina- 

Fro. 1. Chromatogram prepared using Silica Gel 
G and chloroform/methanol/water 65/25/4 as 
solvent. Spottings 1,3,5,7 correspond to 40 )' each 
of the total brain lipid extract and spottings 2,4,6,8 
are 30 Y each of mitochondrial lipid containing 
known amounts of cardiolipin, PE and lecithin (in 
order from top to bottom of the chromatoplate). 

The plate was used for the estimation of the 
amount of PE in the total extract. 

tion of the two procedures gives essentially the 
same results for the quantification of these, 
compounds (10). In the case of PE the values 
obtained with direct TLC on the total lipid ex- 
tract are higher than the values obtained by 
TLC of the C / M  7/3 fraction of the column. 
This is due to the elution of "altered" PE or, 
possibly, of decomposition products of PE in 
the subsequent fractions (10). 

The values given for PE represent total PE, 
determined with direct TLC on the original ex- 
tract (Fig. 1). Lecithin and sphingomyelin in 
the first fraction of the DEAE column and 
sulfatides eluted with C / M / N H J a m m o n i u m  
acetate were determined by quantitative TLC. 
PS was quantitated on the total lipid extracts 
after separation with the two-dimensional TLC 
system previously described, direct aspiration of 
spots by suction and phosphorus analysis with- 
out prior elution (12). Phosphorus values are 
multiplied by the factor 26.2 to express the re- 
sults as amount of PS. 

Cholesterol and desmosterol were separated 
using a gas chromatographic system with 
phenylmethyl silicone (PhSi) as stationary 
phase coated at i % on 100-200 silanized Gas- 
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: s: 6 ::7 : :8 : :  

FIG. 2. Chromatogram used for the determina- 
tion of the amount of sulfatide present in the 
C/M/NH~ ammonium acetate fraction of the 
DEAE column. Spottings 1,3,5,7 are 10/zl each of 
the solution prepared from the lipid mixture eluted 
from the DEAE column. Spottings 2,4,6,8 corres- 
pond to 6 y of sulfatide standard. 

Chrom P. Analyses were carried out at 220C 
with N 2 as carrier gas with a flow of 30 ml/min.  
The gas chromatograph was a Fractovap model 
C (C. Erba, Italy) equipped with a flame ioni- 
zation detector. 

RESULTS 

The changes in weight of body, whole brain 
and dry brain and total lipid per brain during 
development are shown in Table I. Body and 
brain weight values are averages obtained from 

6 animals, while the water and lipid content 
were determined from a pool of 6 brains. Dur- 
ing development, the increase of total lipid per, 
brain shows a more uniform trend and greater  
variation (twelvefold increase) than the in- 
crease in brain weight (fivefold) and percent- 
age of brain lipids. Furthermore, brain weight 
shows a slight decrease between the 16th and 
24th days of age, as observed also by other 
authors (13), but total lipid content increases 
uniformly. 

The variations of brain sterols with age are 
shown in Table II. Total sterols do not vary 
appreciably as percentage of total lipids. The 
sterol as'percentage of the dry weight increases 
during the first 2 weeks and then remains rela- 
tively constant. 

Cholesterol, as percentage of the fresh weight, 
shows a more prolonged increase since brain 
weight also increases. The total amount of 
sterol shows instead a constant gain. The rela- 
tive amount of desmosterol is greatest at birth 
and then decreases uniformly. The concentra- 
tions expressed as percentage of fresh and dry 
weight are maximal at 1 week and then de- 
crease sharply. The total amount of desmo- 
sterol per brain is appreciable even after 50 
days. 

Tables III and IV show the variations of 
polar lipid class composition during brain mat- 
uration. The values are expressed as percent- 
age of total lipids. In Table III it is apparent 
that PE and PS remain practically constant in 
relation to total lipid during development. On 
the other hand, lecithin decreases, while the 
ratio lecithin/PE decreases from 1.21 to 0.63 
and the other lipids show a continuous increase 
in percentage. The increase is greatest for 
cerebrosides and sulfatides and somewhat tess 
for sphingomyelin. 

T A B L E  I 
Bra in  W e i g ~  and T o t ~  Lip ids  D u r i n g  G r o w t h  a 

D r y  wt,  To ta l  l ipids Tota l  l ipids 
Age,  Body wt,  Bra in  wt,  2r dry w t  as  % of  as % of  as % of  M g  of  tipids 
days g nag per  b ra in  f resh  wt  dry wt  fresh wt  per  bra in  

11 364 43.68 12 28.7 3.45 12.5 
25 9.3 + 0 . 2 1  3 6 4 •  45,87 12.6 27.0 3.43 12.4 

8 17-+-0.6 7 3 7 •  93.34 12.8 28 3.50 26.0 

16 47 1440 252 17.5 34.8 6.30 90.7 

24 72 1400 291.2 20.8 40.6 8.50 118.0 

37 1 4 2 ! - 6 . 4  1 6 9 0 + 3 0  380~25 22.5 36.4 8.20 138.0 

50 203 •  1 7 8 9 •  411,47 23.0 37.0 8.50 152.0 

a Li t ters  of  6 an imals  each,  
b T w o  different  g roups  of  an imals  were  analyzed at 2 days  
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T A B L E  II  

Brain  Sterols Dur ing  Growth  a 

% Fresh wt % Dry w Mg/b ra in  % Desmosterol,  
A g e  Tota l  % of total  Total  Total  Total  
days l ipids sterols sterols Ch. D. sterols Ch. D. sterols Ch. D. 

2 13.4 24.5 0.464 0.356 0.112 3.99 3.0 1.0 1.70 1.30 0.41 
17.0 24.5 0.578 0.437 0.107 4.60 3.5 1.1 2.10 1.58 0.51 

8 19.7 23.5 0.695 0.532 0.163 5.56 4.2 1.3 5.10 3.91 1.20 

16 22.3 4.5 1.410 1.340 0.063 8.00 7.7 0.4 20.30 19.39 0.91 

24 18.5 1.3 1.560 1.530 0.023 7.50 7.4 0.1 21.80 21.51 0.28 

37 21,5 1.3 1.760 1.750 0.022 7.85 7.8 0.1 30.00 29.61 0.39 

50 21.2 1.2 1.800 1.770 0.021 7.85 7.7 0.1 32.10 31.71 0.38 

a Ch. z Cholesterol;  D. ~ Desmosterol  

T A B L E  II I  

Lip id  Classes as Percentage Of Brain  Total  Lipids  Dur ing  Growtha 

Age, 
days Total  sterols Lec PE L e c / P E  PS Sph Cer Su F F A  

A 13.4 26.5 22.4 1.21 * . . . .  * 
2 B 17.0 33.9 28.0 1.21 4.25 - -  - -  - -  * 

8 19.7 26.9 22.3 1.21 * 0.72 . . . .  3-4 

16 22.3 22.8 26.6 0.86 5.75 2.25 4.25 0.81 2.9 

24 18.5 24.3 31.8 0.76 * 2.15 6.15 1.15 2.66 

37 21.5 18.5 24.3 0.76 * 3.00 11.0 4.08 2.7 

50 21.2 16.5 26.3 0.63 5.60 2.51 11.0 3.57 2.7 

a For  abbreviat ions and symbols, see Table IV. 
*Not determined. 

T A B L E  IV 

Brain L ip id  Classes as Percentage of Fresh and Dry Weigh t  

Tota l  sterols Lec PE PS Sph Cer Su F F A  

% % % % % % % % % % % % % % % % 
Age F W  D W  F W  D W  F W  D W  F W  D W  F W  D W  F W  D W  F W  D W  F W  D W  

2 A 0.46 3.99 0.90 7.50 0.78 6.48 * * - -  * * 
B 0.58 4.60 1.15 9.15 0.96 7.60 0.14 1.15 - -  - -  * * 

8 0.70 5.50 0.95 7.50 0.79 6.20 * * 0.02 0.23 0.12 0.93 

16 1.41 8.00 1.44 8.10 1.68 9.60 0.36 2.05 0.14 0.81 0.27 1.53 0.05 0.29 0.18 1.03 

24 1.56 7.50 2.05 9.22 2.67 12.90 * * 0.18 0.87 0.52 2.50 0.09 0.47 0.22 1.07 

37 1.76 7.85 1.50 6.70 2.00 8.75 * * 0.25 1.10 0.90 4.00 0.34 1.48 0,23 1.02 

50 1.80 7.85 1.41 6.10 2.23 9.75 0.47 2.05 0.21 0.92 0.93 4.10 0.30 1.32 0.23 1.02 

Lec lecithin 
PE phosphat idyl  e thanolamine 
PS phosphat idyl  serine 
Sph sphingomyelin 
Cer cerebrosides 
Su sulatides 
F F A  free fatty acids 

* not  determined F W  fresh weight  
- -  traces D W  dry weight 
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FIG. 3. Lipid classes, mg/brain.  

Tab le  I V  shows the  va r i a t ions  of  l ipid classes 
expressed as pe rcen t age  of f r e sh  and  d ry  weight.  
Lec i th in  a n d  P E  r e a c h  the  m ax i m a l  concen t r a -  
t ion af ter  3 weeks ( twofo ld  and  th reefo ld ,  re- 
spect ively on  the  basis  of  wet  we igh t )  and  
s imilar  changes  are obse rved  w h e n  the  concen-  
t ra t ions  are  m e a s u r e d  o n  the  basis  of  dry  
weight.  PS shows a u n i f o r m  increase  o n  a wet  
we igh t  basis,  b u t  the  c o n c e n t r a t i o n  based  on  a 
dry  weigh t  is cons t an t  a f te r  two weeks of  age. 
T h e  same is t rue  for  total  sterols. 

S p h i n g o m y e l i n  increases  t en  t imes  in concen-  
t r a t ion  o n  a f resh  weigh t  basis,  cons ide rab ly  less 
( four -  to f ivefold)  o n  a d ry  we igh t  basis.  Cere-  
bros ides  and  sulfat ides appea r  la ter  t h a n  phos-  

phol ip ids  and  thei r  a c c u m u l a t i o n  is m o r e  pro-  
nounced ,  showing  the  same  t r end  w h e n  ex- 
pressed  o n  a wet  or  dry  we igh t  basis.  T h e  var i -  
a t ions  of  the  single l ipid classes w h e n  expressed 
as mi l l ig rams  of  l ipids per  b r a i n  are p resen ted  
in Fig. 3. Lec i th in  and  P E  r e a c h  a m a x i m u m  
at the  end  of  the  th i rd  week  of  age, whi le  
sph ingomyel in ,  sulfat ides and  cerebros ides  are  
still inc reas ing  in c o n c e n t r a t i o n  in the  b ra ins  of  
an imals  at  50 days of  age. 

DISCUSSION 

T h e  i m p o r t a n c e  of l ipids of  the  b r a i n  d u r i n g  
the  mye l i na t i on  process  is a p p a r e n t  w h e n  it is 
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noted that the total lipid content increases 
twice as fast as the weight of the brain. 

The rate of accumulation of total lipids is 
maximal during the first 3 weeks (100 mg) and 
decreases later on (30 mg during the following 
3 weeks). However, total brain weight and 
lipids are still increasing after 2 months (7) .  
Since myelination appears to be complete in rat  
brain at roughly 50 days of age as judged from 
histological observations (14),  some authors 
(7) suggest that after this point the deposition 
of nonmyelin lipids takes place. The relatively 
high percentages of PE and lecithin, and the 
low values of sphingomyelin, and cerebrosides 
in 50-day-old rat  brains in comparison with the 
values found in adult brains of other species, 
beef and human (9,15),  may indicate instead 
that lipid deposition after 50 days of age is not 
histologically detectable and that morphological 
observations may not be the most adequate 
method to follow brain maturation. 

Changes in the percentage composition of the 
different lipid classes during brain growth, sug- 
gest some consideration as to the role they may 
play in the process of maturation. Since the 
number of cells and cell types in brain is 
assumed to remain constant during maturation 
and the chemical composition of well-defined 
and stable elements (e.g., myelin) is assumed to 
remain qualitatively and quantitatively constant, 
variations of chemical compounds should be 
related to the existence of a compartmentalized 
development, i.e. appearance of new specialized 
structures. F rom the data available in the liter- 
ature it appears that total phosphatides show a 
slight increase in concentration during brain 
maturation in all species investigated (2,3).  
However, no recent data are available on the 
changes in polar lipid distribution. Lecithin has 
mostly been estimated by difference, on the 
basis of choline and sphingomyelin determin- 
ations (2-4, 6). The findings for both of these 
lipid classes are variable and sometimes incon- 
sistent, but it is generally reported that lecithin 
concentration does not change while sphingo- 
myelin shows a sharp increase. Even fewer 
data are available on PE and PS developmental 
changes in brain, since most papers do not 
present separate determinations of these two 
classes. According to Folch (5) PS follows a 
trend of accumulation similar to that of leci- 
thin, while PE shows a rate of deposition sim- 
ilar to that of sphingomyelin in the mouse 
brain. 

Although some of the previous data suggest 
trends of variations in the biochemistry of 
brain lipids during early maturation, they do 
not present adequate quantitative information 

on the concentration values (expressed on a wet 
and dry weight basis) of each major single lipid 
and on the relative changes in rat  brain. Our 
values for cerebroside concentrations and their 
variations are consistent with those found by 
Radin et al. (7,8).  

No previous information has been reported 
for sulfatide concentrations and their changes 
in developing rat brain. 

The changes for sphingomyelin are greater 
than those previously reported for mice on a 
wet weight basis (5) ,  but  the results cannot be 
compared because of the difference in the ani- 
mal species used. In conclusion, sphingolipids 
(cerebrosides, sulfatides and sphingomyelin),  
not present at birth, appear in detectable 
amounts after 3 weeks and show a pronounced 
increase in percentage (percentage of total lipids 
or percentage of dry or fresh weight) up to 50 
days of age. 

Other major compounds are already present 
at high concentrations at birth, in respect to 
total lipids (cholesterol, lecithin, phosphatidyl 
ethanolamine and phosphatidyl serine),  while 
they reach the maximal concentrations in re- 
spect to fresh or dry brain Weight, after ap- 
proximately 3 weeks. 

Lecithin shows the lowest increase in concen- 
tration on a fresh weight basis, while there is a 
decrease in concentration on a dry weight basis. 
This is in contrast with findings by other authors 
(5) showing for PS an increase lower than that 
of lecithin and for PE an accumulation similar 
to that of sphingomyelin. Cholesterol accumu- 
lates faster than phosphatides with the exception 
of sphingomyelin. The procedure used opens 
the possibility of obtaining a quantitative deter- 
mination of the single lipid components in brain 
of growing rats and of following changes in 
total and relative amounts. This approach gives 
a sensitive way to detect possible hormonal and 
dietary effect on brain lipid deposition and brain 
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SHORT COMMUNICATIONS 
Reaction of Oxidizing Lipids with Ribonuclease 

T H E  O X I D A T I O N  o f  polyunsaturated fatty 
acids produces several 2-thiobarbituric 

acid-reactive substances (TBRS) of which ma- 
lonaldehyde appears to be the principal one 
(1). Kwon et al. (2) have described the 
reactivity of malonaldehyde (MA) with food 
constituents and the isolation of a myoglobin- 
TBRS reaction product from frozen tuna red 
muscle. Packer et al. (3) have reviewed the 
subject of oxidation of polyunsaturated fatty 
acids as a mechanism of biological membrane 
disruption. Considerable importance has been 
placed on the free radical mechanism of pro- 
tein damage resulting from the formation of 
free radicals, lipid hydroperoxide and other, 
during oxidation. While free radicals arising 
from lipid oxidation may react with mem- 
brane proteins, we wish to point out that the 
TBRS, also products of the oxidation, are in 
themselves reactive and that TBRS react with 
proteins and cause their polymerization. 

The oxidation of linolenic acid (0.46 g, Hor- 
mel Foundation) was allowed to proceed spon- 
taneously at 30C in the presence of 0.22 g of 
bovine pancreatic ribonuclease (RNase, Sigma 
Chemical Co.) in 2.5 ml of 0.1 M phosphate 
buffer, pH 7.6 in a standard Warburg appa- 
ratus. The reaction was stopped when the oxy- 
gen uptake, as m e a s u r e d  manometrically, 
reached an oxygen-to-linolenic acid molar ratio 
of 0.2 The reaction mixture was extracted 
exhaustively with cold chloroform and petro- 
leum ether to remove free lipid components. 
A small amount of insoluble protein was re- 
moved by centrifugation. The resulting solu- 
tion was dialyzed against glass distilled water 
for 72 hr at 4C to remove free TBRS. The 
TBRS reacted with the RNase could only be 
released by hydrolysis in hot 1 N HC1. The 
protein concentration was determined by the 
biuret reaction and the TBRS by the 2-thio- 
barbituric acid reaction. Two milliliters of 
the yellowish dialyzate containing 43 mg of 
RNase was analyzed by gel filtration on a 
2 • 98 cm column of Sephadex G-100 as 
previously described (2). Elution patterns 
were determined by measuring the absorb- 
ance continuously at 254 m~ with an ISCO 
ultraviolet photometer. 

RNase (0.340 g) was also reacted with 20 
mM MA in 5 ml of 0.1 M phosphate buffer, 
pH 7.6, at 30C for 4 hr. Two milliliters of 
the reaction mixture were chromatographed as 
above. 

The relationship between the elution volume 
and the molecular weight of the polymers was 
estimated from a plot of the log of the mole- 
cular weight of known proteins vs. elution 
volume. Blue dextrart 2000 (Pharmacia Co.) 
was used to determine the void volume; RNase, 
trypsin, pepsin, ovalbumin (Sigma), and aldo- 
lase were used to calibrate the column. 

Figure 1A illustrates the gel filtration of 
unreacted RNase, while Figure 1B illustrates 
that of the RNase reaction product isolated 
from the oxidized lipid mixture. The elution 
volumes of the three components correspond 
to molecular weights of 14,000, 28,000, and 
42,000, as would be expected for the mono- 
mer, dimer, and trimer of RNase. 

While the unreacted RNase contained no 
aggregates, RNase reacted with TBRS was 
mostly dimer. Some polymers of molecular 
weight greater than 42,000 were also present. 
The main component (28,000 mol wt) of the 
TBRS-reacted RNase contained 0.05 moles of 
TBRS per mole of RNase, calculated as MA 
equivalents. No free TBRS were observed. 
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FIG. 1. Gel filtration of RNase reaction prod- 
ucts: .4, unreacted RNase; B, RNase reacted with 
oxidizing linolenic acid as described in the text; 
C, RNase reacted with MA. Solid lines represent 
the protein absorbance measured continuously at 
254 m~; circles the absorbance of the TBA reac- 
tion of the fractions measured at 532 n~. 
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Figure 1C illustrates the gel filtration of 
RNase reacted with M A  alone. Components 
corresponding to molecular weights of the 
monomeric, dimeric, and trimeric RNase were 
found. A small amount of protein of mole- 
cular weight greater than 42,000 was also 
present. 

Since the principal TBRS is malonaldehyde 
(1) ,  it is probable that malonaldehyde accounts 
for most of the TBRS reacted with RNase. 
Malonaldehyde alone at 20 mM concentration 
produced polymeric forms of RNase similar 
to those observed on lipid oxidation. If  all 
of the dimer were the result of the biomole- 
cular reaction with malonaldehyde, a malon- 
aldehyde content of 0.5 moles per mole of 
RNase would be expected. In the present 
experiment, the maximum ration found was 
0.05 moles TBRS per mole RNase, indicating 
that dimers produced by other reactions are 
present. The reaction of proteins with TBRS, 
and particularly malonaldehyde, may thus ac- 
count for some of the biological consequences 
currently ascribed to the free radicals pro- 
duced by oxidation of polyunsaturated fatty 

acids (3) .  TBRS reacted proteins may be of 
biological importance as a possible source of 
the "age pigment" as discussed by Bjorksten 
(4) .  
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Quantitative Separation of C-27 Sterol 
Precursors of Cholesterol 

I N A RECENT PAPER from this laboratory (1) 
the quantitative separation of cholesterol 

(A5-cholesten-3fl-ol) and desmosterol (A5,24- 
cholestadiene-3fl-ol), using columns packed 
with Celite-Silica Gel G impregnated with silver 
nitrate, was described. The reproducibili ty of 
this method prompted us to determine whether 
or not more complex sterol mixtures could be 
separated completely using the same technique. 

Sterol mixtures used were obtained from 
livers of rats treated for 7 days with 20 ~moles/  
kg (i.p.) TriparanoI [ 1-p(fl-diethylaminoethoxy)- 
pheny l - l - (p  tolyl)-2(p-chlorophenyl)  ethanol] 
(Wassermann S.p.A.) and 10 ~moles /kg (s.c.) 
AY 9944 [ trans- l-4-bis (2-dichlorobenzylamino- 
methyl) cyclohexane dihydrochloride] (Ayerst, 
McKenna  and Harrison, Ltd.) .  I t  has been 
demonstrated that the combined administration 
of these two drugs induces an accumulation of 
desmosterol, A 5,7-cholestadiene-3fl-ol (7-dehy- 
drocholesterol),  and ~ 5,7,24-cholestatriene-3fl- 
ol (7-dehydrodesmosterol) in liver (2,3).  

The extraction, digitonin purification, deter- 
mination of total sterols, and acetylation proce- 
dure were performed as previously described 
(1) .  The completeness of the acetylation reac- 
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tion was controlled with GLC and TLC tests 
and the relative amounts of the acetylated 
sterols present in the mixture were determined 
by GLC using cholestane as an internal stand- 
ard (4).  

The preparation and activation of the ad- 
sorbent and column chromatography procedure 
was essentially the same as that reported pre- 
viously (1) ,  except that a larger amber column 
was used (40 cm long, 9 mm I.D.) .  A ratio of 
1:1000 was maintained between the sterol 
acetates and the adsorbent. A slurry o f  the 
activated adsorbent (I  g Silica Gel G, 1 g Celite, 
0 ,4  g AgNO~) in hexane was added to the 
column, and the adsorbent washed with ben- 
zene and again with hexane. Sterol acetates 
(2 rag) were added to the column in hexane 
and separated according to the elution gradient 
given in Table I. The elution sequence is 
cholesterol, desmosterol, 7-dehydrocholesterol 
and 7-dehydrodesmosterol. Certain precautions 
should be taken to prevent decomposition of 
the sterols, especially of 7-dehydrocholesterol 
and 7-dehydrodesmosterol, which contain un- 
stable conjugated bond systems. Manipulations 
before and after application of the sample to 
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and the relative amounts of the acetylated 
sterols present in the mixture were determined 
by GLC using cholestane as an internal stand- 
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TABLE I 
Column Chromatography of Acetate Derivatives of Sterols from Livers of Rats 

Treated with Triparanol and AY 9944 

85 

Solvent mixture, Fraction N ~ Sterol acetates Applied Found 
hexane-benzene (10 ml fractions) eluted #g tzg 

90- 10 2-12 Cholesterol 1449 1473 

80- 20 22-40 Desmosterol 376 377 

60- 40 48-52 7-Dehydro- 
cholesterol 82 86 

100 58-76 7-Dehydro- 
desmosterol 140 138 

the column should be performed as much as 
possible in the absence of heat and light, and in 
a nitrogen atmosphere. Also the runs are per- 
formed under nitrogen. The individual frac- 
tions (10 ml) were analyzed by silver nitrate- 
TLC and GLC using the same experimental 
conditions described for cholesterol and des- 
mosterol in the previous paper (1) .  Compari-  
sons with recrystallized cholesterol, desmosterol, 
and 7-dehydrocholesterol (Calbiochem.) stand- 
ards, showed that the sterols were quantitatively 
eluted in pure form. The structure of 7-dehy- 
drodesmosterol was determined, and the iden- 
tity of the other sterols confirmed, by means of 
an LKB 9000 gas chromatograph-mass spec- 
trometer. The recovery of the sterols was deter- 
mined on the pooled fractions of each sterol 
acetate on GLC, using cholestane as the inter- 
nal standard (4) .  Sterols differing only in 
double bond position, e.g. desmosterol and 
7-dehydrocholesterol, are completely resolved 
by the present method. This separation is par- 
ticularly useful because these two sterols are 
poorly separated on GLC and a preparative 
separation on TLC with AgNOs impregnated 

plates can not be easily applied because of the 
chemical instability of 7-dehydrocholesterol 
when exposed to air and l ight .  
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Detection of Phthalate Esters as Contaminants of Lipid Extracts 
from Soil Samples Stored in Standard Soil Bags 

D URING THE COURSE of a study of soil 
lipids we became aware of a major com- 

ponent that proved to be one of several con- 
taminants. Soil samples from numerous sites 
were collected in standard plastic-lined canvas 
bags (Soiltest, Inc., Catalog No. LT-93, 2205 
Lee St., Evanston, Ill .) .  Lipids were extracted 
with chloroform/methanol  2/1 and examined 
by thin-layer chromatography (TLC) in a va- 
riety of solvent systems. TLC showed that a 
major component which moved like a trigly- 
ceride was present in all but  one of the soil 
extracts. This major component was isolated 
and characterized immediately. 

Preparative TLC was carried out on silicic 
acid mixed with 10% magnesium silicate using 
hexane/ether  60/40 as the developing mixture. 
The major  component was localized by spray- 
ing with water and then eluted with chloro- 
form. This spot represented from 50-80% of 
the weight of the various soil extracts. Using 
the potassium bromide pellet technique, iden- 
tical infrared spectra were obtained from the 
major component of various soils. The typi- 
cal spectrum (Fig. 1), while similar to that 
of a triglyceride, contained bands at 1070, 
1130 and 1280 cm -~ characteristic of phthalate 
esters. Dioctyl, dinonyl, didecyl and other 
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FI6. 1. A, infrared spectrum (1.82% in potas- 
sium bromide) of the phthalate ester isolated from 
a soil sample; B, authentic didecylphthalate. 

phthalate esters migrated on TLC to the same 
position as that of the soil sample spot. The 
migration of dioctyl phthalate is shown in 
Fig. 2. 

The substance isolated from the soil sam- 
ples was hydrolyzed in 2 N methanolic HC1 

:~.>4::;s:2(: : < : , ,  : : : : :  (L:::  7 : ; :  ; : : : ; : i < : f : ; 7  1 : : : 1  : : ::: 

to yield phthalic acid and a mixture of alco- 
hols. The alcohols were identified by gas 
chromatography using Porapak Q at 230C 
as the stationary phase with h e l i u m  as the 
carrier gas at a flow rate of 45 ml/min.  Re- 
tention times which corresponded to those of 
n-octyl and n-decyl alcohols were obtained 
from the hydrolysate of the spot isolated from 
the soil samples. The substance from the soils 
which migrated like a triglyceride on TLC 
was thus identified as a mixture of dioctyl 
and didecyl phthalates. 

It was evident that this substance represented 
an artifact of the standard processing proce- 
dures for soils, even though phthalic acid es- 
ters have been reported in petroleum (1) and 
in a uranium asphaltite (2). The obvious 
source of contamination was the standard plas- 
tic-lined soil bag. Extraction of both the bag 
liner and a clean sand sample which had been 
shaken in a bag yielded material with TLC 
behavior (Fig. 2) and an infrared spectrum 
identical to that from the soils. Freshly ob- 
tained soils not placed in the standard bags 
showed no phthalate ester contamination (Fig. 
2). 

Phthalic acid esters as contaminants in lipid 
analysis must be added to the list of poten- 
tial contaminants recently considered (3) and 
the hydrocarbon contaminant of TLC adsor- 
bent reported by Ma (4). Soil samples col- 
lected for lipid analysis should be collected 
in glass or other inert containers. Suitable 
nonplasticized bag liners are those made from 
Aclar (available from Specialty Converting, 
Inc., El Monte, Calif.). 
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Fro. 2. One-dimensional TLC with hexane/ 
diethyl ether 60/40 as solvent and char spray. 
1) 200 ~zg of soil 73 (clean sand) extract uncon- 
taminated; 2) 200/~g of soil 73 extract after being 
contaminated by material from the soil bag; 3) 200 
~g of dioctylphthalate; 4) 300 ~g of chloroform/ 
methanol 2/1 extractable material from a standard 
soil bag liner showing a large amount of phthalate 
ester; 5) 300 #g of extract of soil 206 after being 
shaken in a standard soil bag where phthalate 
esters entered as contaminants (compare with ap- 
plication 6); 6) 300 #g of extract of soil 206 not 
stored in a soil bag and free of phthalate esters 
(compare with application 5). 
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Rapid Determination of Lipids Containing Free Amino Groups 
with Trinitrobenzene Sulfonic Acid Reagent 

T H E  D E T E C T I O N  A N D  A N A L Y S I S  o f  lipids 
containing free amino groups by rapid, re- 

]iable screening procedures for column chroma- 
tographic fractions are desirable. Reaction with 
ninhydrin has been used for this purpose (1,2).  
Ninhydrin reagents, however, are difficult to 
use since reproducible color yields are obtained 
only with very careful control of all conditions 
and color yields vary widely with different sub- 
stances. In  contrast, reactions with trinitro- 
benzene sulfonic acid (TNBS) yield uniform, 
reproducible and stable color intensities for free 
amino groups of a variety of substances, both 
lipid and nonlipid. The procedure as published 
by  Satake (3) for amino acids can not be ap- 
plied to lipids because of their hydrophobic 
nature. The present report  describes a TNBS 
procedure for the quantitative analysis of in- 
tact amino-containing lipids. 

Samples w e r e  d i s s o l v e d  i n  chloroform/ 
methanol 2/1 and an aliquot containing 0.05- 
0.40 micromoles of lipid amine was pipetted 
into a 12-ml graduated centrifuge tube. Enough 
chloroform/methanol  2/1 was added to bring 
the volume to 1 ml. One milliliter of neutral- 
ized Hyamine hydroxide was added followed 
by  1 ml of 0.1% TNBS (Nutrit ional Biochem- 
icals Corp., Cleveland, Ohio) in distilled water. 
The  Hyamine hydroxide [p-(diisobutylcresoxy- 
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FIG. 1. Standard curves for ethanolamine using 
the procedure of Satake (3) (@), and the methods 
presented in this paper ( � 9  

ethoxyethyt) dimethylbenzyl ammonium lay- 
droxide] (Packard Instrument Co., La Grange, 
IlL) was neutralized to p H  8.0 with glacial 
acetic acid and diluted to 0.5 M with methanol. 
After  mixing thoroughly, the samples were in- 
cubated at 40C for 2 hr in a water bath covered 
with aluminum foil to exclude light. One milli- 
liter of methanolic 1 N hydrochloric acid (8.33 
ml concentrated hydrochloric acid diluted to 
100 ml with absolute methanol)  was added to 
quench the unreacted TNBS color and the 
volume was made up to 5 ml with methanol. 
The color intensity was read at 340 rn~ using 
a reagent blank as zero. 

The standard curve for ethanolamine (Fig. 
1) obtained with the original Satake (3) pro- 
cedure and by the present procedure are iden- 
tical even though one reaction (solid circle) is 
carried out using the procedure for chloro- 
form/methanol  soluble compounds. 

The absorption curves of the TNBS reaction 
products for serine and ethanolamine as well as 
phosphatidyl serine and phosphatidyl ethanol- 
amine (Fig. 2) are superimposable. All reac- 
tion products absorb at the same maximum 
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FIG. 2. Absorption curves for TNBS reaction 
products. Ethanolamine (@), serine ([3) by the 
method of Satake (3). Ethanolamine (O),  phos- 
phatidylethanolamine ( A )  and serine (11) by 
this method. 
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(340 m/~). The present method gives compar- 
able color intensity yields and the same product 
absorption curves for lipid-like materials as 
does the Satake (3) procedure for water-soluble 
amino acids. This procedure has been em- 
ployed for monitoring silicic acid column frac- 
tions for phosphatidyl ethanolamine and phos- 
phafidyl serine and the results obtained agreed 
with those obtained by the method of Lea and 
Rhodes (2). 
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Physiology Department 
Medical Research Laboratory 
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LETTERS TO THE EDITOR 
A Note on the Fatty Acids Present in Oilseed Phospholipids 

Sir: Hilditch (The Chemical Constitution of 
Natural Fats, 4th Ed., 1964, Chapman and 
Hall, London, p. 346) stated: "All the acids 
present in any seed glyceride are also found 
in the corresponding seed phosphatide." He 
further stated that "Seed phosphatides may 
contain characteristic although minor propor- 
tions of highly unsaturated C20 and Co 2 acids, 
which are not present in the corresponding 
glycerides." In both, palmitic acid is usually 
the most abundant saturated acid, with stearic 
and arachidic acids present to lesser extents. 
Again, in both, oleic and linoleic acids are 
usually the chief unsaturated components, with 
the latter often predominating in the phospho- 
lipids. 

Recent evidence has cast doubts on these 
notions. James et al. (Biochem. J. 95, 448, 
1965) cited an unpublished observation of 
Nichols et al. that ricinoleic acid is absent in 
castor seed phospholipids. Our own studies 
(Paulose et al., Indian J. Chem., in press) at 
about the same time using thin-layer chroma- 
tography, (TLC) and gas-liquid chromatog- 
raphy (GLC) of the fatty acids of castor 
seed phospholipids (purified chromatographi- 
cally and found to consist mainly of glycero- 
phospholipids) revealed for the first time the 
presence (as acids wt % ) of palmitic (27.7), 
stearic (12.9), oleic (18.5) and linoleic (33.2) 
as the major components accompanied by 
small percentages of lauric (0.8), myristic 
(0.3), arachidic (1.5) and arachidonic (3.9) 
acids. Ricinoleic acid, which constitutes 90% 
of the castor off glycerides, is completely ab- 
sent from castor seed phospholipids. 

Rape and mustard seed oils also contain a 
characteristic fatty acid, viz. erucic, to the 
extent of 40-50%. While Hilditch and Ped- 
elty (Biochem. J. 31, 1964, 1937) reported 
22% of erucic acid in the cephalin fraction 
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of the phospholipids, recent work indicates 
its complete absence from the total phospho- 
lipids. Heiduschka and Neumann (J. Prakt. 
Chem. 151, 1, 1938; C. A. 32, 7076, 1938) 
were of this view, and the recent work of 
Weenink and Tulloch (JAOCS 43, 327, 1966) 
on individual separated phospholipid classes 
using GLC provides further and more ac- 
curate confirmation. Our simultaneous studies 
(Paulose et al., J. Chromatog. 21, 141, 1966) 
on the fatty acids of Indian mustard seed phos- 
pholipids using a sensitive TLC method which 
separates individual saturated and unsaturated 
acids, failed to provide any evidence for the 
presence of erucic acid. Thus ricincleic acid 
and erucic acid, which are present in castor 
and rape seed oils to the extent of 90 and 
50%, respectively, are conspicuously absent 
from the phospholipids. 

These two cases are particularly striking 
since easily recognizable fatty acids are in- 
volved. They clearly show that the fatty acids 
of phospholipids need not be qualitatively the 
same as those of corresponding glycerides. 
Indeed phospholipids appear to pick up pre- 
dominantly acids of the C1~ and C~8 series in 
various proportions, despite the fact that other 
fatty acids are available in the fatty acid pool. 
Thus there appear to be certain selective mech- 
anisms operating in biological systems for the 
incorporation of fatty acids into phospholipids. 

A C K N O W L E D G M E N T  

GLC analysis of castor seed DhospholiDid fatty acids 
by P. K. Rajy, Texas A & M College, College Station, 
Texas. 
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The Effect of Antioxidant Deficiency on Tissue Lipid Composition 
in the Rat. I. Gastrocnemius and Quadriceps Muscle 

L. A. WITTING and M. K. HORWITT, L. B. Mendel Research Laboratory, 
Elgin State Hospital, Elgin, Illinois 

ABSTRACT 

The gastrocnemius and quadriceps mus- 
cle phospholipids of the antioxidant-defi- 
cient rat fed a source of both linoleate 
and linolenate showed a progressive net 
increase in arachidonate, a progressive net 
decrease in all other polyunsaturated fatty 
acids, and there was a concomitant ac- 
cumulation of fluorescent pigment of the 
lipofuscin or ceroid type in the tissue. An 
increased incorporation of intraperitoneal- 
ly injected, isotopically labeled acetate into 
not only arachidonate but also the other 
higher polyunsaturated fatty acids, was ob- 
served. The net loss of the higher polyun- 
saturated fatty acids from the membrane 
lipids (presumably via lipid peroxidation) 
apparently was partially compensated by a 
homeostatic mechanism which involved 
conversion of the available precursors, 
linoleate and linolenate, to the higher poly- 
unsaturated fatty ac ids .  The rates of de- 
crease of the polyunsaturated fatty acids 
in the muscle phospholipids and accumula- 
tion of fluorescent pigment in the tissue 
were correlated with the rate of production 
of creatinuria. 

INTRODUCTION 

T H E  N U T R I T I O N A L  A S P E C T S  o f  the produc- 
tion of creatinuria in the tocopherol-defi- 

cient rat as a sign of the onset of nutritional 
muscular dystrophy have been explored in de- 
tail. Tissue lipid fatty acid composition has 
been correlated with dietary fatty acid com- 
position (1,2).  The animals' requirement for 

1 The  t e r m  " a n t i o x i d a n t "  as used in  this series of  papers 
refers to any  and  all nontoxic,  fat-soluble l ipid anti- 
oxidants  capable  of  be ing  absorbed and  retained to a 
significant degree by  cellular lipids. Al though  d-a-toco- 
pherol  is the  ' " n o r m a l "  l ipid ant ioxidant ,  all o ther  l ipid 
ant ioxidants  which mee t  these  cr i ter ia  h a v e  been repor ted  
to be capable  of  rep lac ing  a- tocopherol  (10) .  This  does 
not  imply  tha t  d-a-tocopherol  has  no other  biological  
function,  o r  tha t  any of  the synthetic ant ioxidants  are as 
effective in te rms  of  nontoxici ty  or  biological  d is t r ibut ion 
and s torage at the  subcellular  level as d-a-tocopherol .  
Rather ,  the general  t e r m  " an t i nx idan t "  is used to  describe 
the m o d e  of  ac t ion  of  the  compounds  specifically under  
invest igat ion.  

z Ac t iva t ion  Analys is  Service, Genera l  A t o m i c  Div is ion  
of  Genera l  Dynamics ,  San Diego,  Calif .  

tocopherol as a lipid antioxidant 1 has been 
subjected to kinetic analysis (3,4).  The poly- 
unsaturated fatty acid ( P U F A )  content of the 
tissue lipids has been shown to be altered in 
the antioxidant-deficient animal (5-7) and this 
phenomenon appears to be related to the 
formation of lipofuscin or ceroid pigment (8- 
9).  

Certain nonlipid factors, sulfur amino acids 
and biologically available selenium, have some 
effect on the lipid ant ioxidant-PUFA relation- 
ship as demonstrated by growth response and 
delay in the onset of creatinuria (1-4). The 
present report  seeks to correlate the changes 
in tissue lipid composition in the antioxidant- 
deficient a n i m a l  with previous n u t r i t i o n a l  
studies and thus permits investigation of the 
mode of action of selenium and methionine at 
the cellular or subcellular level. Consideration 
has also been given, of necessity, to the homeo- 
static mechanisms resisting alteration in tissue 
lipid composition. 

EXPERIMENTAL 

Male, weanling rats of the Sprague-Dawley 
strain were fed a series of diets which dupli- 
cated those used in previous nutritional studies 
and which are described in detail elsewhere 
(1,2).  The basal ration contained 0.04 ppm 
of selenium as determined by neutron activa- 
tion analysis. ~ The division of animals into 
groups and the dietary protocol is described 
in Table I. Control groups received 15 mg 
d-~-tocopheryl aceta te /kg rat  body weight/ 
week divided into three equal doses, dissolved 
in coconut oil, and administered by dropper 
directly to the animals. Previous experience 
( l , 2 )  has demonstrated that such animals may 
be described as adequately tocopherol-supple- 
mented in terms of prevention of creatinuria. 
Antioxidant status of the animals was assessed 
by periodically determining the excretion of 
creatine and creatinine in 24-hr urine samples 
by the method of Bonsnes and Taussky(11) .  

Animals were sacrificed per iod ica l ly  and 
liver, muscle, and in some cases testes were 
rapidly excised for histological examination by  
ultraviolet light-fluorescent microscopy (12) 
and for lipid analysis. Lipids were extracted 
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T A B L E  I 

Div i s ion  of  An ima l s  into Groups  

Die t a ry  Supplement  a t i~  

fa t  Selenium Meth ion ine  Tocophero l  No.  of 
( % )  ( p p m )  ( % )  ( m g / k g / w k )  an imals  

" T r i e n o i c "  0 0 0 40 
(12.5%) 0 0 15 50 

"Tr ieno ic"b  0.13 0.4 0 66 
(7 .5%)  0.13 0.4 15 66 

0.13 0,4 D P P D  e 68 

"T r i en o i c "  0 0.4 0 20 
(7 .5%) 0 0.4 1.2 20 

0 0.4 15 10 
0 0 1.2 20 
0 0 15 10 
0.13 0.4 0.4 20 
0.13 0;4 15 10 

" M o n o e n o i c "  0 0 0 20 
(7 .5%) 0 0 0.6 20 

0 0 15 10 
0.13 0.4 0 20 
0.13 0.4 0.4 10 
0.13 0.4 15 10 

a The  basa l  ra t ion  conta ined  case in  (21.8% of  ca lor ies) ,  
dextrose, salts 446 and  v i t amins  as descr ibed previously  
(1 ,2) ,  and  0.04 p p m  of  se lenium as de te rmined  by  neu t ron  
ac t iva t ion  analysis .  (Ac t iva t ion  Analys i s  Service,  Genera l  
A t o m i c  Divis ion ,  Genera l  D y n a m i c s ,  San  Diego ,  Cal i f . )  

b Af te r  3 weeks  the  supplementa t ion  wi th  se lenium and  
methionine  was  discont inued for  one-half  of  the  ra ts  i n  
each of  these 3 groups.  

e 45 nag N,N ' -d ipheny l -pa ra -pheny lened iamine  ( D P P D ) /  
kg  ra t  body  weigh t /week .  

into methylal-methanol (4:1 v /v)  containing 
0.01% a-tocopherol as described previously 
(13) and care was taken to include this same 
antioxidant in the solvents used at each stage 
of the subsequent processing of the lipid. 
Phospholipid phosphorus was determined by 
the method of Zilversmit and Davis (14). 
Neutral lipids and phospholipids were separated 
by thin-layer chromatography (TLC) (15). 
After transmethylation, fatty acid composition 
was determined by gas-liquid chromatography 
(GLC) as described previously (13). 

In one experiment approximately 0.2 /~c/g 
rat of 1-C14-acetate (specific activity 2.0 /zc/ 
/~mole) was injected intraperitoneally 12 hr 
prior to sacrifice. To facilitate the study of 
the higher PUFA, usually present in rather 
small quantities in tissue, it was necessary to 
feed a dietary fat which would depress the 
tissue levels of essential fatty acids, specifically 
arachidonate, and contribute a source, linole- 
nate, of the higher nonessential PUFA. For 
this specific reason the so-called "trienoic" fat, 
(Table I) ,  was fed in this experiment. Muscle 
phospholipid fatty acid methyl esters were 
separated by degree of unsaturation (16) using 
750 tz layers of Silica Gel G containing 20% 
silver nitrate (w/w)  developed in ethyl ether- 
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petroleum ether (60:40 v /v) .  Usually the 
muscle phospholipid fatty acids from two ani- 
mals were pooled and separated on a single 
200X200 mm plate. Bands were located by 
spraying with fluorescein and viewing under 
ultraviolet light. Eluted fractions were tested 
for identity and purity by GLC. Ester content 
was determined by the hydroxamic acid method 
of Clayton et al. (17), and appropriate aliquots 
were assayed for radioactivity in a liquid scin- 
tillation counter. 

RESULTS 

Creatine and creatinine excretion of control, 
adequately antioxidant supplemented animals, 
was maintained at "normal levels" consistent 
with previous experiments and the various 
experimental groups became "deficient" by the 
criterion of significant creatinuria after ap- 
proximately the expected periods of tocopherol 
depletion or of maintenance on inadequate 
levels of antioxidant (1,2). Similarly, the gas- 
trocnemius and quadriceps muscle lipid fatty 
acid composition of control, adequately anti- 
oxidant supplemented rats, was in excellent 
agreement with previously published data (1, 
2). Analyses of liver and testicular lipids will 
be reported elsewhere (18,19). 

The percentages of at least 23 fatty acids 
and two fatty aldehydes were computed for 
each of about 400 muscle phospholipid sam- 
pies. Sequential sacrifices disclosed a general 
progressive decrease in all P U F A  except ara- 
chidonate when antioxidant-deficient animals 
were compared to the appropriate controls. A 
progressive net increase in the arachidonate 
content of the muscle phospholipids was ob- 
served in the antioxidant-deficient animals. The 
magnitude of the fatty acid changes appeared 
to be related to the relative rapidity of the 
production of creatinuria (Table II) .  Certain 
aspects of the interrelations existing between 
the rates of decrease in concentration of the 
various individual PUFA in terms of their 
degree of unsaturation, the kinetics of in vivo 
lipid peroxidation and the rate of production 
of the antioxidant-deficiency sign, creatinuria, 
will be considered in detail elsewhere (20). 

Low Selenium--Low Methionine Diets 

When the so-called trienoic fat (62.2% 
saturated, 8.2% monoenoic, 5.9% dienoic, and 
23.7% trienoic fatty acids) was fed in an 
antioxidant-deficient basal diet suboptimal in 
sulfur amino acids and biologically available 
selenium, correlation coefficients (21) indicated 
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Alterat ion of Muscle Phosphol ip id  Fat ty  Acid Composi t ion  
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Supplementat ion Phosphol ip id  fatty acids 

Dietary Selenium Methionine Tocopherol  Time 22:6 22:5 20:4 
fat (ppm)  (%) ( m g / k g / w k )  (weeks) (% of con t ro l l eve l )  a 

Onset of 
No. of creatinuria 
animals (weeks) 

"Tr ienoic"  0 0 0 25 31 75 179 31 3 
0 0.4 0 20 34 78 131 17 3 
0.13 0.4 0 25 69 73 118 20 7 
0 0 1.2 30-38 69 84 108 6 12 
0 0.4 1.2 30-41 84 91 118 8 13 
0.13 0.4 0.4 35-41 76 82 108 5 12 

"Monoeno ic"  0 0 0 35-41 83 __b 116 5 10 
0 0 0.6 38-41 104 - -  99 4 31 
O. 13 0.4 0 30-38 92 - -  104 6 22 
0.13 0.4 0 41-44 100 - -  101 5 22 

a Number  of animals in control  groups as stated in Table I. 
I, The tissue level of this fatty acid was negligible in  rats fed the "monoeno ic"  fat. 

that significant linear relationships were ob- 
tained for the logarithms of the percentages 
of linoleate, docosahexaenoate, and arachidon- 
nate in the muscle phospholipid fatty acids 
versus the time of tocopherol depletion 
(p <0 .001 ,  p < 0 . 0 2  and p ~ 0.001, respective- 
ly).  Compared to the appropriate adequately 

tocopherol-supplemented rats the average per- 
centages of linoleic, docosapentaenoic, and 
docosahexaenoic acids were significantly lower 
( p < 0 . 0 0 1 )  and the average percentage of 
arachidonic acid was significantly higher 
(p<O.O01). The data have been presented in 
detail in Fig. 1 A, B, C, D with curves fitted 
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Fro. 1. Percentage of A) linoleic acid; B) docosapentaenoic acid; C) docosahexaenoic 

acid; and D) arachidonic acid in the phospholipid fatty acids of gastrocnemius and quadriceps 
muscles of tocopherol-deficient (O) and tocopherol supplemented (X) rats fed the "trienoic" 
fat at the 12.5% level in the basal ration. Triangles (A) denote weanlings as received at 
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Fm. 2. Percentages of A) arachidonic acid and 

B) docosahexaenoic acid in the phospholipid fatty 
acids of the gastrocnemius and quadriceps mus- 
cles of tocopherol-deficient (O), tocopherol sup- 
plemented (X), and N,N'-diphenyl-paraphenylene- 
diamine supplemented (,.x) rats fed the "trienoic" 
fat at the 7.5% level in the basal ration supple- 
mented with 0.4% d/-methionine and 0.13 ppm 
of selenium as sodium selenite. Lines have been 
fitted to the experimental data by the method of 
least squares (21). 

to the experimental points by the method of 
least squares (21). A small, but significant 
(p<0 .001) ,  decrease in phospholipid linole- 
nate in the antioxidant-deficient group com- 
pared to the antioxidant-supplemented group, 
1.5% _• 0.11% versus 2.4% _ 0.09%, was 
also noted but not graphed. Small, but signifi- 
cant, decreases in neutral lipid linoleate and 
linolenate were also observed in this group 
in comparison to the controls. The values were 
5.1% ~ 0.21% versus 5.8% ~ 0.18% (0.02 
> p > 0 . 0 1 )  for linoleate and 5.8 • 0.22% 

versus 6.8 -+- 0.32% ( p - 0 . 0 5 )  for linolenate. 
The so-called monoenoic fat (11.7% sat- 

urated, 81.1% monoenoic, and 7.2% dienoic 
acids) had the same total unsaturation (iodine 
value 82 [22])  as the trienoic fat, but pro- 
duction of creatinuria required 10 weeks. 
After a protracted period, 35-41 weeks, docosa- 
hexaenoate decreased to 83% and arachidonate 
increased to 116% of the control levels (Table 
l l ) .  

Selenium and Methionine Supplemented Diets 

Addition of both selenium, 0.13 ppm as 
sodium selenite, and supplemental sulfur amino 
acid, 0.4% dl-methionine, to the antioxidant- 
deficient diet containing the trienoic fat had 
the expected (1,2) effect on the rate of pro- 
duction of creatinuria (Table II) ,  and approxi- 
mately twice as long an experimental period 
was required for the production of this specific 
sign of antioxidant deficiency. The increase in 
muscle phospholipid arachidonate also pro- 
ceeded more slowly (Fig. 2,A), as did the de- 
crease in the other PUFA. Of the other PU- 
FA, only the data for docosahexaenoate have 
been presented in detail (Fig. 2,B). Note 
that the slope of this curve is approximately 
one-half the slope found in Fig. I,C. In this 
particular experiment d-~-tocopheryl acetate 
was administered by dropper, to one-half of 
the adequately antioxidant-supplemented con- 
trol rats while the others received the synthetic 
antioxidant N,N'-diphenyl-p-phenylenediamine, 
DPPD. 

When the monoenoic fat was fed in this 
diet. production of creatinuria required 22 
weeks and alteration of the muscle phospho- 
lipid fatty acid pattern was not evident after 
41-44 weeks (Table II).  

Methionine Supplemented Diet 

Sixteen rats fed the trienoic fat in the basal 
ration supplemented with 0.4% d/-methionine 
were sacrificed between the 12th and 27th 
weeks of the experiment. The regression curve 
for docosahexaenoate had a slope very similar 
to that obtained for the group fed the unsup- 
plemented antioxidant-deficient basal ration, 
(Fig. 1). In muscle phospholipids of the 
methionine supplemented group, docoshexaeno- 
ate decreased to one-half the level seen in the 
appropriate control group in 13 weeks (slope 
• 3 standard deviations yields values of 12.8 
and 13.1 weeks) while the comparable period 
for the group fed the unsupplemented basal 
ration was 15 weeks (slope • 3 standard devia- 
tions yields values of 15.0 and 15.2 weeks). 

LIPIDS, VOL. 2, NO. 2 



ANTIOXIDANT DEFICIENCY IN RAT TISSUE LIPID. I 93 

The  average percentage  of  a rach idona te  of  
this group was 1.3 t imes the level seen in the 
a p p r o p r i a t e  a d e q u a t e l y  ant ioxidant-supple-  
men ted  control  group and this difference was 
statistically significant ( p < 0 . 0 0 1 ) ,  as shown in 
Table  II. 

Effect of Inadequate Tocopherol Supplementation 

Animals  fed  the tr ienoic fat  conta in ing  basal 
ra t ion alone, with added  selenium and methio-  
nine,  or with only added meth ion ine  were  ad- 
minis tered levels of  d-~- tocopheryl  acetate such 
that  all three  groups developed significant 
creat inur ia  af ter  approximate ly  the same time, 
12-13 weeks (Table  I I ) .  The  significant ( p <  
0.01) decrease in docosahexaenoa te  in the 
group receiving supplementa l  se lenium and 
meth ion ine  cor responds  to an ext rapola ted  de- 
crease to one-ha l f  the level seen in the ap- 
propr ia te  adequate ly  an t iox idan t - supplemented  
controls  in 63 weeks. In  all three  cases docosa-  
hexaenoate  decreased and arachidonate  in- 
creased in the muscle  phosphol ip id  fat ty acids 
of the ant ioxidant-def icient  af ter  a p ro longed  
exper imenta l  period.  

Muscle Phospholipid Levels 

A small, gradual  decrease in the phosphol ip id  
level of  the gas t rocnemius  and quadriceps  mus-  

cles was no ted  in control ,  adequate ly  antioxi-  
dan t - supp lemented  rats fed  the t r ienoic fat  
(Table  I I I ) .  Compar i son  of tissue phospho-  

l ip id  levels mus t  there fore  take into considera-  
t ion the t ime of  sacrifice. The  changes  in phoS- 
phol ip id  fat ty acid compos i t ion  descr ibed above 
are apparent ly  representa t ive  of  ne t  changes  in 
tissue levels of  the various fat ty acids. 

Fluorescent Pigment 

The  relative quant i ty  of f luorescent  p igment  
seen in uns ta ined muscle  sections by  ultraviolet  
l ight mic roscopy  was approx ima ted  on  a 0 to 
4 +  scale (Table  I V ) .  Ceroid  or  l ipofuscin 
type pigments  appeared  to accumula te  mos t  
rapidly in the tissue of  the groups showing the 
greatest  decreases in phosphol ip id  P U F A .  

Interconversion of Phospholipid PUFA 

Adminis t ra t ion  o f  1-C14-acetate resul ted in 
incorpora t ion  of  the radioact ive isotope into 
all of  the higher  P U F A .  All  data  were  ob- 
ta ined f rom the groups  fed  the tr ienoic fat  in 
the basal ra t ion conta in ing  supplementa l  selen- 
ium and methionine .  

Thin- layer  c h r o m a t o g r a p h y  on  silver ni t rate-  
conta ining silica gel layers was noted  to sep- 
arate P U F A  not  only by degree  of  unsatura-  
tion but  also by fa t ty  acid chain length and 

TABLE III 
Gastrocnemius and Quadriceps Muscle Phospholipid Levels 

Supplementation Average time 
Dietary Selenium Methionine Tocopherol  Phospholipid of sacrifice No. of 

fat (ppm) (%) (mg/kg/wk) (mg/g tissue) (weeks) animals 

"Trienoic" 0.13 0.4 0 8.7 .~+ 0.5 a 10 20 
0.13 0.4 15 8.9 • 0.6 10 18 
0.13 0.4 DPpDb 9.1 • 0.5 10 17 
0.13 0.4 0.4 8.7 • 0.3 27 11 
0.I3 0.4 15 8.6 • 0.5 28 9 
0 0.4 0 8.9 • 0.4 19 16 
0 0.4 1,2 7.6 • 0.6 35 8 
0 0.4 15 8.9 -~- 0.9 17 7 
0 0 0 - -  - -  - -  
0 0 1.2 8.0 -+- 0.4 32 10 
0 0 15 8.4• 0.4 30 4 

"Trienoic"e 0.13 0.4 0 9.2 • 0.2 23 21 
0.13 0.4 15 9.3 • 0.3 22 21 
0.13 0.4 DPPD 9.1 • 0.4 22 20 

"Monoenoic" 0 0 0 8.4 • 0.7 30 14 
0 0 0.6 8.5 -t- 0.3 35 9 
0 0 15 8.3 q- 0.6 29 8 
0.13 0.4 0 9.0 • 0.6 34 1l 
0.13 0.4 0.4 9.0 • 0.5 37 9 
0.13 0.4 15 8.8 • 1.0 35 6 

Average -!-_ SEM 
b N,Nr.diphenyl_p_phenylenediamine 45.0 mg/kg rat/wk. 
e This group received the supplemented selenium and methionine for only the first 3 weeks of the experiment 

and is not included elsewhere in this report. Data furnished for comparison only. 
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TABLE IV 

Appearance of Fluorescent Pigment in the Muscle at Various Time Periods (Weeks) 

Dietary 
fat 

Supplementation Average 

Selenium Methionine Tocopherol pigment 
(ppm) (%)  (mg /kg /wk)  Weeks scorea 

No. of 
animals 

"Trienoic" 0 0 0 12 1.0 3 
16 2.0 3 
20 3 .O 3 

0 0.4 0 14 0.7 3 
17 3.3 3 

0.13 0.4 0 15 0.3 3 
19 1.0 3 
23 2.0 3 
25 3.3 3 

0 0 1.2 35-41 0 5 
0 0.4 1.2 35-38 0 5 
0.13 0.4 0.4 35-38 0.7 3 

"Monoenoic" 0 0 0 35-41 0 6 
0.13 0.4 0 35-38 0.3 6 

Individuals graded on a 0-4+ scale. 

location of the double bonds. Photographs 
of the plates have been included (Fig. 3,A and 
B) to illustrate this previously unreported 
phenomenon. Separation of the fatty acid 
methyl esters by silver nitrate-TLC using ethyl 
ether-petroleum ether (60:40 v / v )  as the de- 
veloping solvent is illustrated in Fig. 3,A. 
Saturated and monoenoic esters are not  re- 
solved in this solvent system. The hexaenoate 
fraction obtained from these plates was usually 
contaminated with pentaenoate. In a few cases 
another solvent system, chloroform-methanol 

3A I 
! 

. . . .  .~.:-::::.:~:.::.:-" ".: ' : : :~:~:.:::: ' :" '1 

~::ii~i~iiiiiiiii~ii;iiiii~iiii;ii;i;i~iii~iiiiiiiiiiiiiiii 
iiiii!iiii!iiiii!iiiiiiiiiiiiiii!iiiiiiiii 

. . . .  .::~s: ~ : ? r  .x.:::, 

4 

~ 5  
J 

6 

FIG. 3. Separation of rat muscle phospholipid 
fatty acid methyl esters by degree of unsaturation. 
Silica Gel G-AgNO3 (3-1 w/w) 750~ thick devel- 
oped with A) diethyl ether-petroleum ether (60:40 
v/v).  Separation of the higher polyunsaturated 
fatty acids with B) chloroform-methanol (7:1 
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7:1 (v /v ) ,  was used (Fig. 3,B) to obtain a 
pure hexaenoate fraction. Note  the presence 
of 2 triene and 3 pentaene bands in Fig. 3,A. 
These fine separations were observed but not 
utilized i n  the present study since the degree 
of tailing encountered would have required 
rechromatographing these highly oxygen-labile 
materials several times to obtain suitable and 
analytical samples. 

3B 

2 2 : 4  
22:5 

22"5 ~:5 

1:6 

v/v).  Sprayed with fluorescein photographed un- 
der ultraviolet light. In A) numbers in the mar- 
gin refer to the number of double bonds in the 
fatty acids. This figure is a tracing of the actual 
photograph. In B) the numbers refer to fatty 
acid chain length and number of double bonds. 
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T A B L E  V 
Incorpora t ion  of 1-C ~4 Acetate into Muscle Phosphol ip id  Fa t ty  Acids in Tocopherol-Deficient and Tocoplaerol 

or DPPD-Supplemented  Rats  

95 

Muscle phosphol ip id  fatty acids 
Trienoic Tetraenoic Penta- and hexaenoic a 

Weeks ~#c /gbmusc le  # # c / g m u s c l e  ##c /g  muscle # # c / g m u s c l e  ~ # c / g m u s c ~  ##c /g  muscle 

3 854 750 1.1 81 75 1.1 371 415 0.9 
4 1627 1795 0.9 602 102 5.9 307 39I 0.8 
5 183 99 1.8 - -  - -  - -  74 126 0.6 
7 640 525 1.2 - -  22 - -  426 310 1.4 
9 648 270 3.8 32 22 1.4 209 165 1.3 

11 - -  191 - -  211 40 5.3 184 238 0.8 
14 1028 318 4.7 122 80 1.5 350 168 2.1 
17 109 69 1.6 23 20 1.1 166 118 1.4 
21 200 201 1.0 70 59 1.2 180 132 1.4 
29 184 43 4.3 173 117 1.5 233 160 1.5 

a Separat ion of pentaenoic acids from hexaenoic acid (Ag NOz-TLC 7:1 chloroform-methanol)  in a few experiments 
suggested that  the excess incorporat ion of radioact ivi ty  into this fract ion was almost  completely into the pentaenoic acids. 

b Incorpora t ion  based on injection of 0.2 ~c/g  rat of l-C14-acetate (specific activity 2.0 m c / m m o l e ) .  

After  12 hr, larger net quantities of the iso- 
topically labeled acetate, per gram of tissue, 
were incorporated into the P U F A  of the anti- 
oxidant-deficient animals than into the P U F A  
of the d-ct-tocopheryl acetate or DPPD supple- 
mented rats (Table V) .  This increased tetra- 
enoic acid synthesis, largely arachidonate, is in 
agreement with the data of Bernhard et al. (6) 
and is consistent with the net increase in ara- 
chidonate observed in the tissue (Fig. 1,C). 
The data for the higher polyenoic acids sug- 
gests a generalized increase in the processes 
of fatty acid chain elongation and desaturation 
occurring in both the essential (~0 6) and non- 
essential (to 3) series of P U F A  rather than a 
simple and specific increase in arachidonate 
formation. 

DISCUSSION 

The effect of various types of dietary fats, 
high in linoleate, low in linoleate, high in lino- 
lenate, and high in higher, nonessential PUFA,  
on nutritional muscular dystrophy were con- 
sidered in detail in previous reports (1-4).  De- 
creases in muscle phospholipid P U F A  were 
found to occur in tocopherol-deficient rats fed 
all of these types of dietary fats (1).  Choice 
of a dietary fat for use in the present study, 
however, was restricted by the desire to demon- 
strate and clarify in muscle the net increase 
in arachidonate noted in the livers of toco- 
pherol-deficient rats by Bernhard et al. (6) 
and by Harmon,  Witting and Horwitt  (23).  

In the usual diet containing linoleate as the 

sole PUFA,  only small amounts of nonessential 
P U F A  are present in the muscle phospholipids. 
Using such diets it would, therefore, be quite 
difficult to resolve the peroxidative decrease in 
arachidonate, the most highly unsaturated PU- 
F A  present in any quantity in the tissue, from 
the increased synthesis of arachidonate. In- 
clusion of linolenate in the diet produced phos- 
pholipids containing 20% of the more highly 
unsaturated nonessential P U F A  and reduced 
arachidonate from 20% to 5% of the fatty 
acids. Since the pentaenoic and hexaenoic 
acids are 1.5 to 2 times as susceptible to per- 
oxidation in vivo (1-4) as arachidonic acid, 
it was possible to distinguish, partially, the de, 
crease in the P U F A  attributed to lipid peroxi- 
dation from the increased synthesis of arachi- 
donate. In addition it was possible to demon- 
strate that the net increase in arachidonate was 
part of a more general phenomenon since an 
increased incorporation of isotopically labeled 
acetate into the higher nonessential P U F A  
was also observed. 

The more highly unsaturated P U F A  would 
seem to be necessary as constituents of mem- 
brane lipids. In essential fatty acid-deficiency, 
oleate and palmitoleate are converted to tri- 
enoic acids (24). In an antioxidant deficiency 
where the more unsaturated P U F A  are re- 
moved from the system, presumably via lipid 
peroxidation, the increased conversion of the 
available precursors, linoleate and linolenate, 
to the higher P U F A  would seem to reflect a 
homeostatic process attempting to maintain a 
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" n o r m a l "  m e m b r a n e  lipid f a t ty  acid c o m p o s i -  
t ion. 

D i r ec t  ev idence  is n o t  avai lable  to re la te  
the  dec rease  in m u s c l e  p h o s p h o l i p i d  P U F A  to 
the  ac tua l  o c c u r r e n c e  of  l ipid p e r o x i d a t i o n  in  
vivo.  T h e  s lopes  o f  the  cu rve s  de sc r ib ing  the  
dec rease  in d o c o s a h e x a e n o a t e  c o n t e n t  o f  the  
m u s c l e  p h o s p h o l i p i d s  in the  v a r i o u s  g r o u p s  are  
in the  s a m e  re l a t ion  to o n e  a n o t h e r  as a re  the  
ra tes  o f  p r o d u c t i o n  o f  c r e a t i n u r i a  in these  s a m e  
g r o u p s  ( T a b l e  I I  and  Fig.  1,C and  2 ,B) .  A 
detai led analys is  of  the  c h a n g e s  in fa t ty  acid 
c o m p o s i t i o n  o f  the  m u s c l e  p h o s p h o l i p i d  will  
be  p r e s e n t e d  in a s u b s e q u e n t  p a p e r  ( 2 0 ) .  

H a r t r o f t  ( 2 5 )  has  s h o w n  tha t  p r i o r  to the  
a c c u m u l a t i o n  o f  f luo rescen t  p i g m e n t  the re  is 
an  a c c u m u l a t i o n  of  p re -  o r  p r o - c e r o i d  pig-  
men t s ,  so lub le  in the  d e h y d r a t i n g  so lven ts  em-  
p loyed  in the  u sua l  h is to logica l  p r o c e d u r e s .  
D e t e r m i n a t i o n  of  these  ear l ier  p i g m e n t s  m i g h t  
yield a c loser  t ime  re l a t ion  b e t w e e n  dec rease  
in p h o s p h o l i p i d  P U F A  a n d  a c c u m u l a t i o n  o f  a 
ma te r i a l  t h o u g h t  ( 26 -29 )  to be  a c o m b i n a t i o n  
o f  oxid ized  lipid and  pro te in .  
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The Effect of Antioxidant Deficiency on Tissue Lipid Composition 
in the Rat. I1~ Liver 

L. A. WITTING, J. J. THERON ' and M. K. HORWITT, L. B. Mendel Research Laboratory, 
Elgin State Hospital, Elgin, Illinois 

ABSTRACT 

The hepatic phospholipids of the anti- 
oxidant-deficient rat  fed a source of both 
linoleate and linolenate showed a progres- 
sive net decrease in eicosapentaenoate, a 
progressive net increase in arachidonate, 
and there was a concomitant accumulation 
of fluorescent pigment of the lipofuscin 
or ceroid type in the tissue. An increased 
incorporation of isotopically labeled ace- 
tate into both the tetraenoic and penta- 
plus hexaenoic acid fractions was also 
noted, indicating that the disappearance of 
polyunsaturated fatty acids was partially 
countered by increased synthesis. Com- 
parable results were obtained on diets con- 
taining either suboptimum or adequate 
levels of biologically available selenium. 
Vesicular dilation of the endoplasmic reti- 
culum was noted in animals fed the toco- 
pherol-deficient diet. In separate experi- 
ments using a necrogenic diet containing 
torula yeast, these subcellular alterations 
were found to be prevented by tocopherol 
but not by selenium, although selenium 
supplementation did prevent macroscopic- 
ally observable damage. 

INTRODUCTION 

O N THE BASIS of electron microscopic stud- 
ies, Sulkin and Sulkin (1) reported that 

the liver was adversely affected in rats fed a 
tocopherol-deficient diet for prolonged peri- 
ods. The damage was much milder than the 
massive liver necrosis which is rapidly pro- 
duced on diets containing torula yeast (2).  
Bernhard et al. (3,4) have recently described 
an increased incorporation of isotopically lab- 
eled acetate into arachidonate and a net in- 
crease in the arachidonate content of the liver 
of antioxidant-deficient rats. 2 A transient in- 
crease in liver arachidonate was observed by 
Harmon, Witting and Horwitt  (5) under con- 

1 Present address: Dr. J. J. Theron, Director, National 
Nutrition Institute of the CSIR, P.O. Box 395, Pretoria, 
South Africa. 

2See footnote  1; Witting, L. A., and M. K. Horwitt. 
Lipids 2, 89-96 (1967). 

ditions of simultaneous tocopherol and essen- 
tial  fatty acid depletion in rats fed a casein diet 
relatively low in biologically available selen- 
ium. Using a diet stated to be adequate in 
selenium, however, Bieri and Andrews (6) 
were unable to detect a rise in liver arachido- 
nate. 

Studies on gastrocnemius and quadriceps 
muscle vhost~holit~id fatty acids (7) and testi- 
cular ohospholipid fatty acids (8) have sue- 
gested that the rise in arachidonate originally 
noted in rat  liver may be only part of a more 
complex, general homeostatic process occur- 
rin~ in all tissues adversely affected by anti- 
oxidant-deficiency. In the present investiga - 
tion an effort was made to determine the ef- 
fects of dietary fat, selenium, sulfur amino 
acids, and low levels of ~-tocopherol on the 
composition of the liver lioids and on the 
biosynthesis of the higher polyunsaturated fatty 
acids. 

EXPERIMENTAL 

The animals used in the present study were 
amon~ those described in a previous paper 
relating to muscle phospholipid fatty acid com- 
position (7).  

While this study was in progress, tissue was 
available for electron microscopy from rats 
fed the basal, torula yeast, necrogenic diet of 
Schwartz (2) ,  the basal diet, plus 800 ug of d- 
~-tocopheryl acetate per 100 g diet, and the 
basal diet plus 0.36 mg sodium selenite per 
100 g diet. According to Schwartz and Mertz 
(9) the levels of supplemental tocopherol and 
selenium described above should protect all 
the rats against liver necrosis. The tissue was 
fixed as described by Millonig (10) and de- 
hydrated and blocked according to the method 
of Luft (11).  Sections stained with lead hy- 
droxide (12) were examined in a Hitachi HS- 
7 electron microscope. 

RESULTS 

The first group of rats were fed an anti- 
oxidant-deficient basal ration (13 ) with 12.5 % 
synthetic "trienoic" fat (62.2% saturated, 
8.2% monoenoic, 5.9% dienoic and 23.7% 
trienoic fatty acids) containing 0.04 ppm of  

97 
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TABLE I 

Effect of Tocopherol-Defieieney on the Fatty Acid Composition of Rat Liver Phospholipids 
and the Accumulation of Fluorescent Pigment 

Average 
Weeks on Arachidonate Weeks on Eieosapentaenoate Weeks on fluorescent 

Group experiment (%)  experiment (%)  experiment pigment a 

Supplementedb 11-33 6.7 -4- 0.3 (37) e 11-33 7.4 4- 0.3 (37) 11-33 0 (37) 
Deficient 11-23 6.6 + 0.5 ( l l )  15-19 7.6 ~q- 0.3 ( 6 )  12 0 ( 3 )  

27-30 8.1 __+ 0.8 ( 7 )  a 23-20 5.2 -4- 0.6 (13) e 14 1.3 ( 3 )  
16 2.0 ( 3 )  

a Scored on a 0 to 4 scale. 

b Half  of group received 15 nag d-a-tocopheryl acetate and half received 45 mg N,Nr-diphenyl-para-pheny- 
lene-diamine/kg rat body weight/week. 

e Average + SEM; number of animals in parentheses. All fatty acid percentages are expressed in terms of 
area of gas-liquid chromatographic elntion diagrams. 

d p < 0.05 

e p < 0.001 

selenium, as determined by neutron activation 
analysis, 3 largely present in the casein. For 
the first three weeks of the experiment, but 
not thereafter, this basal ration was supple- 
mented with 0.13 ppm of selenium as sodium 
selenite and 0.4% dl-methionine. One-third 
of the group received 15 mg of d-~-tocopheryl 

Activation Analysis Service, General Atomic Division 
of General Dynamics, San Diego, California. 

acetate per kg rat body weight per week ad- 
ministered orally by dropper three times a 
week; another third similarly received 45 mg 
N,N'-diphenyl-p arap  he ny l  en  e d i a m i n e  (DP- 
PD).  This diet supplied 1.5% of calories as 
linoleate. 

During the first portion of the experimental 
period, 11-23 weeks, the liver phospholipids 
of the unsupplemented group contained the 
same level of arachidonate (Table I) as the 
tocopherol-supplemented, and DPPD-supple- 
mented rats. Thereafter, 27-30 weeks, a signi- 
ficant ( p<0 .05 )  increase in arachidonate was 
noted in the tocopherol-deficient group. Simi- 
larly, up to 19 weeks the eicosapentaenoate 
level in the liver phospholipids of the unsup- 
plemented group did not differ from that seen 
in the antioxidant-supplemented group (Table 
I).  Thereafter, 23-30 weeks, a significant 
(p<0 .001)  decrease in eicosapentaenoate 
levels was noted in the antioxidant-deficient 
group. Eicosapentaenoate is the major P U F A  

FIG. 1. Vesicular dilation (arrows) of the en- 
doplasmic reticulum in the liver of a rat fed 
a tocopherol-deficient, casein diet, containing the 
"trienoic" fat. The mitochondria show no obvious 
morphological changes (Mag. • 12,000). 

LtPT~s, VOL. 2, No. 2 

FIG. 2. Elongated and bizarre shaped mito- 
chondria (M) in the liver of rats fed the necro- 
genic, torula yeast diet (1). Vesicular dilation 
of the endoplasmic reticulum is also noted (ar- 
rows) (Mag. • 13,000). 
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FIG. 3. Appearance of the liver cells in a rat 
fed the necrogenic torula yeast diet supplemented 
with tocopherol. The endopIasmic reticulum and 
mitochondria are essentially normal in appearance 
(Mag. X 19,000). 

of the hepatic phospholipids when the "tri- 
enoic" fat is fed. 

The alterations in phospholipid fatty acid 
composition were not associated with macro- 
scopic evidence of hepatic damage. During the 
latter portion of the experiment (approximately 
20-26 weeks), vesicular dilation of the endo- 
plasmic reticulum, was readily demonstrated 
by electron microscopy (Fig. 1). These 
changes in the endoplasmic retlculum were 
noted, after four weeks, in animals fed the 
basal necrogenic diet containing torula yeast 
(2). In addition, in the latter case, bizarre 
shaped mitochondria were evident (Fig. 2). 
The subcellular changes noted in this electron 
micrograph appear to correspond to those re- 
ported as occurring prior to gross massive liver. 
necrosis by Piccardo and Schwartz (14). Sup- 
plementation of the necrogenic diet with toco- 

FIG. 4. Appearance of the liver cells in a rat 
fed the necrogenic, torula yeast diet supplemented 
with sodium selenite. Elongated and bizarre shaped 
mitochondria (M) are present. The golgi zone 
(G) is very prominent and the endoplasmic 
reticulum shows a tendency to surround individual 
mitochondria (arrows) (Mag. • 22,000). 

pherol (Fig. 3) resulted in essentially normal 
appearing endoplasmic reticulum and mito- 
chondria, whereas supplementat ion with bio- 
logically available selenium did not (Fig. 4). 

In another experiment this same "trienoic" 
fat was fed at the 7.5% level in each of three 
antioxidant-deficient diets. The first was the 
basal ration, the second was supplemented 
with both selenium (0.13 ppm) and methio- 
nine (0.4% dl), and the third was supple- 
mented with only methionine (0.4% dl). The 
levels of antioxidant supplementation are noted 
in Table II. After the designated experimental 
periods, significant increases in liver phospho- 
lipid arachidonate were observed (Table II) 
in three groups. Small, nonsignificant changes 
in eicosapentaenoate levels were noted, but 

T A B L E  I I  

Effect of  D ie t a ry  F a t  Compos i t i on  and Supplementa t ion  wi th  Selenium, Meth ion ine  and Low Levels  
of  a -Tocopherol  on L ive r  Phosphol ip id  Fa t t y  Acid  Compos i t ion  

Supplements  Exper imen ta l  Phosphol ip id  
Die t a ry  Selenium Meth ionine  Tocophero l  per iod  No.  of a rach idona te  

fa t  ( p p m )  ( % )  ( m g / k g / w k )  (weeks)  samples  ( % )  Significance 

"T r i eno i c "  0 0 15 
0 0.4 15 
0.13 0.4 15 

S u m m a t i o n  of  adequately tocopherol  supplemented  ra ts  

"T r i eno i c "  

"Monoenoic" 

0 0.4 0 
0 0 1.2 
0 0.4 1.2 
0.13 0.4 0.4 
0 0 15 
0.13 0.4 15 
0 0 0 
0 0 0.6 
0.13 0.4 0 

22-38 4 5.2 
18-38 8 5.5 
12-22 7 5.4 

12-38 19 5.4 + 0.3 a 

18-27 9 6.9 • 0.4 
35-41 5 6.7 -4- 1.0 
35-41 4 6.4 -4- 1.0 
30-35 5 7.6 ~__ 0.3 

22-38 5 8.0 + 0.9 
30-41 5 7.8 + 0.9 
30-38 7 7.6 + 0.4 
30-41 7 7.8 • 0.6 
30-44 11 7.8 ___~ 0.5 

p < 0.005 
p < 0.05 

p < 0.001 

a Ave rage  -4- S E M  

LIPmS, VOL. 2, No. 2 
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T A B L E  I I I  

Effect of  Die ta ry  F a t  Compos i t ion  and Supplementa t ion  wi th  Selenium, i e t h i o n i n e ,  and  Low Levels  
o f  t t-Tocopherol on Liver  Phosphol ip id  Level  

D ie t a ry  
fa t  

Supplements  Exper imenta l  L iver  
Selenium Methionine  Tocophero l  per iod No.  of  phosphol ipid  

( p p m  ) ( % )  ( m g / k g / w k )  (weeks)  samples  ( m g / g  l iver ) 

"T r i eno i c "  

" M o n o e n o i c "  

0 0 15 
0 0~4 15 
0.13 0.4 15 

S u m m a t i o n  of  adequate ly  tocopherol  supplemented rats  
0 0.4 0 
0 0 1.2 
0 0.4 1.2 
0.13 0.4 0.4 

0 0 15 
0.13 0.4 15 
0 0 0 
0 0 0.6 
0,13 0.4 0 

22-38 4 27A 
18-38 8 27.0 
12-22 7 27.2 

12-38 19 27.1 ~ 0.8 a 
12-27 14 24.9 ~+ 0.5 
32-41 9 26.8 ~+ 0.9 
35-41 4 27.2 • 0.9 
18-35 10 26.5 +_ 1.0 

22-38 5 27.9 ~+ 2 . 2  
30-41 6 27.6 • 1.2 
22-41 8 29.2 __+ 0.9 
30-41 7 28.3 _ 1.1 
30-44 12 30.8 ~ 0.5 

Average  + SEN[ 

have been omitted from this table. While the 
"trienoic" f a t  supplied 1% of calories as lino- 
leate, the hepat ic  arachidonate level was de- 
pressed by the dietary linolenate. 

When a "monoenoic" fat (11.7% saturated, 
81.1% monoenoic and 7.2% dienoic acids) of 
the same level of total unsaturation (iodine 
value 82) as the "trienoic" fat was fed in these 
same diets, liver arachidonate levels were not 
altered within the experimental period, 38-44 
weeks (Table I I ) .  This diet supplied 1.2% of 
calories as linoleate. 

Measurement of liver phospholipid by the 
method of Zilversmit and Davis (15) (Tables 
I and I I I )  indicated that the increase in arachi- 
donate and decrease in eicosapentaenoate in the 
phospholipid fatty acids were net changes in the 
liver content of these fatty acids. Fluorescent 
pigment of the lipofuscin or ceroid type (16) 
was noted to accumulate in the livers of the 
antioxidant-deficient rats (Table I ) .  

In the first experiment, intraperitoneal injec- 
tion of approximately 0.2 ~c of 1-C14-acetate 
(specific activity 2.0 /~c//~mole) per gram rat, 

12 hr prior to sacrifice resulted in labeling of 
the higher polyunsaturated fatty acids (8) .  The 
fatty acid methyl esters were separated by 
degree of unsaturation on 750 t~ layers of Silica 
Gel G containing 20% silver nitrate (w/w)  
(17) using ethyl ether-petroleum ether, 60-40, 
(v /v )  as the developing solvent. Samples con- 
taining 50-100 mg of methyl esters were nor- 
mally applied to a single 20-cm • 20-cm plate. 
Identity and purity of fractions eluted with 
water saturated-ethyl ether was determined by 
gas-liquid chromatography. Ester content was 
determined by the hydroxamate method of 
Clayton et al. (18) and the radioactivity pres- 
ent in appropriate aliquots determined by use 
o f  a liquid scintillation counter. 

The increased incorporation of labeled ace- 
tate into the tetraenoic fraction (Table IV) 
is consistent with the net increase of arachi- 
donate actually observed. This fraction also 
contained a very small amount  of a docosate- 
traenoic acid which could be isolated sepa- 
rately. While this fatty acid appeared to have 
the same specific activity as arachidonate, the 

T A B L E  I V  
Incorpora t ion  of  1-C 14 Aceta te  into Hepa t i c  Fa t t y  Acids  in Tocopherol -Def ic ient  and Tocophero l  

o r  D P P D - S u p p l e m e n t e d  Ra t s  

Ra t io  of  
Deficient  Supplemented  a Deficient  to 

Hepa t i c  Fa t t y  Acid  (m1~c/g l iver)  b (m t t c /g  l iver)  Supplemented  Significance 

Tr ieno ic  2.15 -~_ 0.4 (17) c 3.42 --+- 0.5 (28)  0.6 0.10 ~ p ~ 0.05 
Tet raenoic  3.33 _+ 0.5 (16) 2.19 -+- 0.3 (30) 1.5 0.025 ~ p > 0.020 
Pentaenoic  & Hexaeno ic  7.68 • 0.7 (14) 5.53 ~__ 0.6 (31) 1.4 0.05 ~ p ~ 0.025 

a One-hal f  of  g roup  received d-a-tocopheryl acetate  (15 m g / k g  r a t / w e e k )  and  one-half  rece ived N , N ' -  
�9 l iphenyl-p-phenylenediamine ( D P P D )  (45 m g / k g  r a t / w e e k ) .  

b Inco rpo ra t ion  based on the  in t raper i toneal  in ject ion of  0.2 #c  of  1-C 14 aceta te  (specific act ivi ty  2.0 ~ c / # M )  
per  g r a m  rat .  

e A v e r a g e - ~  SEM,  n u m b e r  of  samples  in parentheses .  

LtPIDS,  V O L .  21 N o .  2 



ANTIOXIDANT DEFICIENCY IN RAT TISSUE LIP1D. II 101 

techniques  employed  in the present  s tudy were 
not  of  sufficient sensit ivi ty to pe rmi t  a definite 
s t a t emen t  in this regard.  

T h r e e  pen t aeno ic  acids and  one  hexaeno ic  
acid were usually e luted as a single f rac t ion.  
T h e  d o c o s a p e n t a e n o a t e  wi th  the  essential  fa t ty  
acid s t ruc tu re  ( 2 2 : 5  to 6)  4 was p resen t  in the 
l iver l ipids to the ex ten t  of  on ly  a few ten ths  of  
one  per  cent.  In  view of  the  ex t r eme  suscepti-  
bil i ty of  these h ighly  unsa tu ra t ed  fat ty  acids to 
au toxida t ion ,  extensive pur i f ica t ion was not  
under t aken .  In a few cases the  docos ahexaeno -  
ate was isolated and i n c o r p o r a t i o n  of  the  
isotope into this fa t ty  acid in the l iver appea red  
to be qui te  s imilar  in the tocopherol -def ic ien t  
and  tocophero l  or D P P D - s u p p l e m e n t e d  rats. 
No te  tha t  an increased  quan t i ty  of  labe led  
aceta te  was inco rpora t ed  in to  the p e n t a e n o a t e  
plus h e x a e n o a t e  f r ac t ion  f rom the an t iox idan t -  
deficient  g roup  a l though  the  level of  the ma ;o r  
fat ty  acids in this f rac t ion  decreased  in the 
liver. T h e  da ta  are s tated in t e rms  of  actual  
i nco rpo ra t ion  of  labeled aceta te  r a t h e r  t h a n  
specific radioact iv i ty  of  the fa t ty  acid f r ac t ion  
which  would be affected by  the  a l te ra t ions  in 
fat ty acid composi t ion .  

DISCUSSION 

On the basis of  e lec t ron  mic roscop ic  studies 
of  the liver, it would seem a p p a r e n t  tha t  this 
tissue is adversely  affected (vacuol iza t ion  of  
the endop la smic  re t i cu lum)  in rats  fed an  
an t ioxidant -def ic ien t  diet. These  subce l lu la r  
changes  resemble  those seen in the ear l iest  
stages of  mass ive  l iver necrosis  ( 1 4 ) .  In the  
p resen t  exper iment ,  a l though  comple te  protec-  
t ion was afforded by tocophero l ,  supp lemen ta -  
t ion with only  se len ium did not  suffice to pre-  
ven t  l iver d a m a g e  in an imals  fed the  to ru la  
yeas t -con ta in ing  necrogen ic  diet. Th i s  would  
agree with the da ta  of  H a r t r o f t  ( 2 0 ) .  On  this 
same  diet he f o u n d  tha t  while e i ther  se len ium 
or  tocophero l  p r even t ed  gross l iver necrosis ,  
on ly  tocophero l  p reven ted  the accumula t i on  of  
ceroid type p igment .  

The  hepat ic  phosphol ip ids  of  the an t iox idan t -  
deficient  ra t  appea r  to be a l tered in the same 
genera l  m a n n e r  as are the  gas t rocnemius  and  
quadr iceps  muscle  phosphol ip ids .  T h e r e  is a 
progress ive  ne t  decrease  in the major ,  mos t  
h ighly  po lyunsa tu ra t ed  fa t ty  acid in the tissue, 
e icosapen taenoa te ,  a c o n c o m i t a n t  a c c u m u l a t i o n  

4The omega nomenclature of Rahm and Holman (19) 
which describes the position of the Pnal double bond in 
the fatty acid molecule permits a simple description of 
the family relationships in the various fatty acid series, 
linoleate (a 6). linolenate (~e 3), and oleate (~o 9). 

of  f luorescent  p igmen t  of  the  l ipofusc in  or  
ceroid  type, and  a ne t  increase  in a rach idona te .  
A n  increased  inco rpo ra t ion  of  isotopical ly 
labeled aceta te  in to  b o t h  tetra-  and penta-p lus  
hexaeno ic  acids was also no ted  to occur.  T h e  
s t imula t ion  of  the enzymat i c  processes  of  fa t ty  
acid cha in  e longa t ion  and  desa tu ra t ion  is there-  
fore viewed as a homeos t a t i c  response  to the  
"perox ida t ive  des t ruc t ion"  of  the h igher  P U F A  
which  appea r  to be essential  cons t i tuen ts  of  the  
m e m b r a n e  lipids. Ne t  tissue lipid compos i t i on  
represents  a ba l ance  be tween  these compe t ing  
processes.  

The  d ie tary  fats used were low ( I - 1 . 5 %  of  
ca lor ies )  bu t  adequa te  in l inoleate.  Pe rhaps  it 
is s ignif icant  tha t  the o the r  two repor t s  of  in- 
c reased  hepa t ic  a r ach idona t e  levels were based  
on  an imals  t r ans fe r red  f rom h igh  l inoleate  in- 
takes to diets re lat ively low in l inoleate  con ten t  
(3 ,5 ) .  Since the s tudy of hepa t ic  lipids was 
begun  dur ing,  and  was secondary  to, an  ex- 
t ended  s tudy of muscle  lipids, a full r epresen ta -  
t ion of  comb ina t i ons  and  p e r m u t a t i o n s  of  the  
non- l ip id-var iab les  was not  available.  Accord-  
ingly, the da ta  are no t  as detai led as those pre-  
sented  for  muscle  (7 )  and  testes ( 8 ) .  I t  is 
clear,  however ,  tha t  the "effect"  of  a fat-solu- 
ble lipid an t ioxidant -def ic iency  on  the hepa t ic  
phospho l ip id  fat ty  acid compos i t ion  m a y  be  
d e m o n s t r a t e d  on  diets con ta in ing  adequa te  
levels of  biological ly  avai lable  se lenium and  
meth ion ine .  
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The Effect of Antioxidant Deficiency on Tissue Lipid Compositien 
in the Rat. III. Testes 

L. A. WITTING, V. N. LIKHITE and M. K. HORWITT, L. B. Mendel Research Laboratory, 
Elgin State Hospital, Elgin, Illinois 

ABSTRACT 

Production of testicular degeneration in 
the antioxidant-deficient rat  resembles en- 
cephalomalacia in the chick in its depend- 
ence on essential ((o6) fatty acids and is 
distinct from the generalized response to 
all polyunsaturated fatty acids seen in 
nutritional muscular dystrophy in the rat. 
The nonessential ((o3) polyunsaturated 
fatty acids, however, lower the essential 
fatty acid content of the testicular lipids 
only slightly, are not themselves incorpor- 
ated into this tissue to any appreciable de- 
gree and thus do not show the inhibitory 
effect on production of the antioxidant- 
deficiency sign noted in the studies on 
encephalomalacia. A direct relationship 
between the essential fatty acid content of 
the testes and the rate of testicular degen- 
eration was found, but  no effects of biolog- 
ically available selenium and sulfur amino 
acids were evident. As the liver and mus- 
cle, onset of antioxidant-deficiency is char- 
acterized by a decrease in the most highly 
unsaturated fatty acid in the tissue (22:5- 
(o6 in this case) and a net increase in 
arachidonate. 

INTRODUCTION 

T HE BIOCHEMICAL changes occurring dur- 
ing testicular degeneration in the antioxi- 

dant-deficient rat  are of particular interest for 
two distinct reasons. First, large quantities of 
an essential pentaenoic fatty acid (22:5t~6) ~ 
derived from linoleate (18:2t06) via arachi- 
donate (20:4(o6) are present in this tissue (2).  
Arachidonate is normally the highest essential 
polyunsaturated fatty acid ( P U F A )  present to 
any great extent in tissue lipids and it has been 
shown that there is a significant net increase in 

1The omega nomenclature of Rahm and I to lman (1) 
which describes the position of the final double bond in 
the fatty acid molecule pe rmi t s  a simple description of 
the family relationships in the various fatty acid series, 
linoleate (0~6), linolenate (0~3), a n d  oleate (0~9). 

2 See footnote 1; Witting, L. A., and M. K. Horwitt ,  
Lipids 2, 89 (1967). 

a Activation Analysis Service, General  Atomic Division 
of General  Dynamics,  San Diego, Calif. 

the arachidonate content of several tissues (3-6) 
of the antioxidant-deficient rat. 2 A study of the 
alterations in the docosapentaenoate content of 
the testes might provide information pertinent 
to the nature of this apparent deficiency re- 
sponse. 

Second, nonessential P U F A  (18 : 3 (o3, 20: 5(o3, 
22:5t03, 22:6t03) are not readily incorporated 
into the lipids of the testes. The latter point 
suggests that the effect of manipulation of the 
fatty acid composition of the dietary fat on the 
course of development of an antioxidant-defi- 
ciency may differ from the effects noted when 
encephalomalacia in the chick (7-9) or nutri- 
tional muscular dystrophy in the rat  (10,11) 
are studied. 

EXPERIM ENTAL 

Tissue derived from antioxidant-deficient rats 
raised for other purposes (3,4) were utilized 
in the preliminary experiments. Except for the 
nature of the dietary fat and the levels of 
tocopherol supplementation, these rats were fed 
diets directly comparable to those described 
below. 

Three hundred ninety-two male weanling rats 
of the Sprague-Dawley strain were fed a series 
of diets containing specially purified "tocoph- 
erol-free" fats of constant iodine value (12) 
82.0. The so-called "dienoic '~ fat (saturated 
43.5%, monoenoate 16.7%, dienoate 39.0%) 
was fed at the 1.2% and 7.5% levels to furnish 
1.10% and 6.3% of calories as linoleate, re- 
spectively. A so-called "trienoic" fat (saturated 
59.6%, monoenoate 9.9%, dienoate 7.3% and 
trienoate 23.2%) fed at the 7.5% level sup- 
plied 1.18% of calories as linoleate and 3.75% 
of calories as nonessential PUFA,  linolenate, 
and a so-called "polyenoic" fat (saturated 
57.8%, monoenoa te  24.8%, dienoate 1.0%, 
trienoate 4.1%, tetraenoate 2.5%, pentaenoate 
5.9% and hexaenoate 3 .7%) also fed at the 
7.5% level, supplied 0.16% of calories as lino- 
leate and 2.73% of calories as nonessential 
PUFA.  

The basal ration contained casein (21.8% of 
calories),  dextrose, salts 446 (13),  vitamins 
(14) and 0.04 ppm of selenium. 3 Supplemental 
quantities of selenium, 0.13 ppm as sodium 
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selenite, sulfur amino  acid, 0 .4% d/-methionine,  
and tocopherol ,  0.6 or  15.0 mg d-e- tocopheryl  
ace ta te /kg  rat  body w e i g h t / w e e k  were  admin- 
istered as indicated in the table headings in the 
next  section. All  groups were  fed the appro- 
priate rations containing the "dienoic"  fat at 
the 1.2% level for two weeks and then trans- 
ferred to the other  fats described above. 

Animals  were  sacrificed periodical ly by dis- 
locat ion of  the cervical  ver tebrae  and the testes 
removed.  Sections stained with hematoxyl in  
and eosin were  graded according to the system 
of Mason  (15) .  Phosphol ipid  phosphorus  was 
determined by the procedure  of Zilversmit  and 
Davis (16) .  Phospholipids and neutral  lipids 
were separated by thin-layer chromatography  
(17) ,  and the fatty acid methyl  esters were 
analyzed by gas-liquid chromatography  (14) .  
Sperm concentrat ions were roughly estimated 
during the last por t ion of  the exper iment  by 
separat ing the tubules f rom the capsule and 
shaking half  of a testis with a few glass beads 
for 30 min  in 10 or  15 ml of  bicarbonate-  
formal in  solution and count ing an al iquot  of  
the resulting suspension (18) .  Using smaller  or 
larger samples of  testis gave comparable  results 
when expressed in terms of  sperm per total 
testes. Bieri and Andrews  (19)  found  no alter- 
ation in the proport ions of  the various phospho- 
lipid classes in their study of  testicular degener- 
ation and repor ted  that  the changes in fatty 
acid composi t ion were evident  in all phospho-  
lipid classes. Analysis of individual phospho-  
lipids was therefore  not  considered necessary in 
the present  investigation. 

RESULTS 

The pre l iminary  experiments  indicated that 
testicular degenerat ion was influenced by the 
nature of the dietary fat, groups 2 and I22, Table  
2, and possibly, slightly by dietary selenium and 
methionine,  groups 1 and I2, but  probably  not  
by methionine  alone, groups IV and V. A 
comparison of  groups I22, IV  and V is of  par- 
t icular interest since the combinat ions  of  selen- 
ium, methionine  and tocopherol  fed were such 
that all three groups developed creat inuria  as a 
sign of  the onset of  nutri t ional  muscular  dys- 
t rophy at approximate ly  the same t ime (12, 12 
and 13 weeks, respect ively)  (3) .  Test icular  
degeneration,  however,  proceeded much  more  
rapidly in group 222. 

A group similar to group IV (Table I)  was 
supplemented with 15 mg  N,N' -d iphenyl-par-  
apheny lened iamine /kg  rat  body weight /week.  
Test icular  degenerat ion was noted after approx- 
imately 25 weeks. The  synthetic antioxidant,  
while not  as biologically efficient as ~-tocoph- 
erol, did delay testicular degeneration.  

Test icular  lipids f rom another  group fed the 
"monoeno ic"  fat  in the basal rat ion without  
added selenium and meth ionine  or  tocopherol  
supplementat ion were analyzed at regular  inter- 
vals. Test icular  degenerat ion occurred after 
12-14 weeks, at which t ime there was a signifi- 
cant (p < 0 .001) ,  large ( 5 0 % ) ,  net  increase 
in the phospholipid arachidonate  level. Af t e r  
27-30 weeks the phospholipid content  of  the 
testes of the ant ioxidant  deficient rats de- 
creased to approximate ly  one-hal f  the control  

TABLE I 
Effect of Dietary Constituents on Testicular Degeneration in the Antioxidant-Deficient Rat 

Supplementation 
Group Dietary Selenium Methionine TocopheroI 

no. fat (ppm) (%) (mg/kg/wk) 
Experimental 

period (No. examined 

Testicular degeneration 
(No. degenerating) 

I "Monoenoic TM 

(7.5%) 
II 

II1 "Trienoic" 
(7.5%) 

IV 

0.13 0.4 0.4 38 0/2 
41 0/3 

0 0 0.6 30-38 0/7 
41 2/3 

0.13 0.4 0.4 18b 3/3 

0 0 1.2 30 0/3 
35 2/2 
38 1/2 
41 1/1 

0 0.4 1.2 30 0/3 
35 1/1 
38 0/2 
41 2/2 

a Monoenoic acids 89%, when fed at this level (7.5%), the diet contained 0.81% of calories as Iinoleate. 
b In this group testes were not examined prior to 18 weeks. Since all samples were graded 5 on the 0-5 

scale of testicular degeneration described by Mason (15), it was apparent that the onset of degeneration had 
occurred prior to this sacrifice period. 
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T A B L E  I I  

Tes t icular  W e i g h t  and Phosphol ip id  Content  

105 

Dienoic  Dienoic  Tr ienoic  Polyenoic  
Die ta ry  fa t  (7 .5%)  (1 .2%) (7 .5%) (7 .5%)  

Supplementa t ion  
Selenium ( p p m )  0 0 0.13 0.13 0 0,13 0 0.13 0 
Meth ionine  ( % )  0 0.4 0.4 0 0 0.4 0.4 0 0 
Tocophero l  ( m g / k g / w k )  0 0 0 0 0 0 0 0 0 

Pooled  control  groups  

0.13 a b 
0.4 a b 
0 15 0.6 

Weeks  on 
exper iment  

Testes (g)  3.0e 2.9 3.0 3.0 3.1 2.9 2.8 2.8 2.7 2.8 2.8_-+-0.1 (19) a 2.8 (30) 
6 Phosphol ip id  ( m g / g )  14.2 14.0 14.0 13.8 11.9 13.1 14.4 13.7 15.1 14.8 13.9-+0.2 (19) 13.9 (30) 

8 Testes (g)  3.0 2.8 3.3 3.1 3.2 3.4 3.l 3.0 2.9 2.9 3.0-+0.1 (16) 3.0 (30) 
Phosphol ip id  ( r a g / g )  12.7 13.2 14.7 14.7 12.3 11.5 14.0 14.1 14.0 14.1 13.8-+0.3 (16) 13.4 (30) 

10 Tes tes  (g)  3.4 2.8 3.4 2.9 3.4 3.0 3.1 3.0 3.0 3.1 
Phosphol ip id  ( r a g / g )  13.5 13.7 13.8 13.5 13.5 13.4 12.7 12.8 13.4 13.8 

11 Testes (g)  3.2-+0.1 (17) 3.1 (30) 
Phosphol ip id  ( m g / g )  13.2-+0.2 (17) 13.1 (30) 

Testes (g)  2.3 2.2 2.2 2.9 1.6 2.4 2.6 2.7 3.2 2.7 
12 Phosphol ip id  ( m g / g )  11.7 12.5 13.4 14.0 12.4 12.4 12.3 10.9 13.1 12.0 

13 Testes (g)  3.3-+0.1 (16) 3.3 (30) 
Phosphol ip id  ( m g / g )  13.0-+0.5 (14) 13.1 (18) 

14 Testes  (g)  2.3 2.0 1.2 1.3 1.4 1.6 2.0 2.0 3.0 3.2 
Phosphol ip id  ( m g / g )  12.6 12.0 11,6 10.1 12.7 12.3 12.3 11.6 13.0 11.8 

16 Testes  (g)  3.4_+0.1 (15) 3.3 (30) 
Phosphol ip id  ( m g / g )  13.0_+0.3 (15) 12.9 (30) 

a D a t a  f r o m  all an imals  supplemented  wi th  15 m g  d-a- tocopheryl  acetate have  been g rouped  together  since no signifi- 
cant  differences were  noted at t r ibutable  to dietary fa t  o r  se lenium and meth ionine  supplementat ion.  

b D a t a  f r o m  all an imals  supplemented  wi th  0.6 m g  d-a- tocopheryl  acetate have  been grouped  together  since no sig- 
nificant differences were  noted at t r ibutable  to dietary fa t  or  se lenium and meth ionine  supplementat ion.  

e Each  value  is the average  of  individual  de terminat ions  on three animals .  

d Average  + SEM,  number  of  samples  in parentheses .  

level. At this time the arachidonate level of 
the testes expressed as micrograms of phospho- 
lipid arachidonate per gram wet weight of 
tissue was roughly comparable to that seen in 
the control animals, whereas there was an al- 
most complete (90%) loss of docosapentaenoate 

(22:5t06).  These latter findings are in com- 
plete agreement with the data of Bieri and 
Andrews (19) .  

Testicular weight and phospholipid levels 
have been noted in Table II for animals fed a 
variety of experimental diets. Between the 

T A B L E  I I I  
Effect of Die ta ry  Fat ,  Selenium, Meth ionine  and  Tocophero l  on the Spe rm Content  of  the  Testes  

Die ta ry  " D i e n o i c "  " D i e n o i c  . . . .  T r i e n o i c "  "Po lyeno ic "  
fa t  (7 .5%)  (1 .2%)  (7 .5%)  (7 .5%)  

Selenium (ppm)  0 0 0.13 0.13 0 0.13 0 0.13 0 0.13 
Meth ionine  ( % )  0 0.4 0.4 0 0 0.4 0.4 0 0 0.4 
Tocophero l  ( m g / k g / w k )  0 0 0 0 0 0 0 0 0 0 

Weeks  on 
exper iment  To ta l  sperm,  in  mill ions,  in testes of  individual  an imals  

12 0 0 1 1 7 5 
0 4 7 3 10 7 
1 7 12 8 

14 0 0 0 0 0 0 0 0 10 11 
1 1 0 0 0 0 1 0 20 12 

21 11 0 0 0 9 6 20 16 

D a t a  f r o m  all groups supplemented  wi th  15 m g  d-a-tocopheryl  ace ta te /kg  ra t  body we igh t /week  were  
grouped  together ,  since no significant  differences were  noted at t r ibutable  to dietary fa t  or  se lenium and 
methionine  supplementat ion.  Sperm counts  at 13 weeks  18 -+ 1.0 (14) a and at 16 weeks 19 -+ 0.5 (15) .  

D a t a  f r o m  all groups supplemented  wi th  0.6 m g  d-a- tocopheryl  ace ta te /kg  ra t  body  w e i g h t / w e e k  were  
g rouped  together ,  since no significant  differences were  noted a t t r ibutable  to dietary fa t  o r  se lenium and 
methionine supplementation. Sperm counts  at 13 weeks  20 ---+2.0 (27)a  and at 16 weeks  19 -+ 1.1 (27) .  

a Average  -+ SEM,  n u m b e r  of  samples  in  parentheses .  
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TABLE IV 
Histological Scoringa of Testicular Degeneration 

Dietary fat (%) 

Supplementation 
Selenium (ppm) 
Methionine (%) 
Tocopherol (mg/kg/wk) 

"Dienoic" "Dienoic" "Trienoic" "Polyenoic" 
(7.5%) (1.2%) (7.5%) (7.5%) 

0 0 0.13 0,13 0 0.13 0 0.13 0 0.13 
0 0.4 0.4 0 0 0.4 0.4 0 0 0.4 

0 0 0 0 0 0 0 0 0 0 

Weeks on 
experiment 

8 

10 

12 

14 

0b 0 0 0 0 0 

(o,o,o) (o,o,o) (o,o,o) ((l ,0,o) (o,o,o) (o,o,o) 
0 0 0 0 1.0 2.0 1.0 1.0 1.Oe 1.0 

(0,0,0) (0,0,0) (0,0,0) (0 ,0 ,0)  (1,1,1) (l,2,3) (1,1,1) (1,1,1) (1,1,1) (1,11) 
3.0 2.3 2.3 2.5 4.3 3.0 35 1.7 0.7 1.0 

(1,3,5) (2,2,3) (1,3,3) (2,3) (3,5,5) (1,5) (2,5) (1,1,3) (1,1,0) (1,1,1) 
3.7 3.3 4.0 5.0 4.7 3.7 2.3 2.0 1.0 1.0 

(1,5,5) (1,4,5) (3,4,5) (5,5) (4,5,5) (2,4,5) (1,3,3) (1,2,3) (1,1,1) (1,1,1) 

a Graded on a 0-5 scale according to Mason (16). 
b Values in parentheses are scores of individual animals, and the figures above these parentheses are the average scores. 
e Testes from rats fed the polyenoic fat in the tocopherol-deficient diet were slightly "abnormal" in appearance but 

did not show rapid progressive degeneration, decrease in gross weight and sperm count, and alteration of the phos- 
pholipid fatty acid composition. 

TABLE V 
Fatty Acid Composition of Testicular Lipids as a 

Function of Dietary Fat a 

Dietary "Dienoic" "Dienoic" "Trienoic" "Polyenoic" 
fat (1.2%) (7.5%) (7.5%) (7.5%) 

Phospholipid 
Fatty acid (6)b (49) (6) (10) 

16:0 42.5 44.5 41.6 40,1 
16:1 1.3 1.1 1.6 2.3 
18:0 6.2 6.5 6.6 6.2 
18:1 14.0 11.5 15.5 21.8 
18:2 2.3 3.1 3.1 1.2 
20:4 11.3 11.1 9.8 8.0 
22:4 1.1 1.6 0.8 0.7 
22:5 e 13.0 10.4 8.6 5.7 
22:5 a 1.0 0.7 0.5 0.6 
22:6 0.7 0.8 2.1 3.7 

Neutral Lipid 
Fatty acid (4) (39) (14)e (9) 

16:0 32.8 29.6 31.7 35.0 
16: l 13.2 9.7 13.5 11.7 
18.0 2.2 2.7 3.4 2.8 
18:1 42.7 35.3 39.6 37.2 
18:2 2.4 10.7 2,8 0.9 
18:3 __r __ 3.2 - -  
20:4 - -  1.0 - -  - -  
20:5 o 1.0 2.0 1,4 0.8 

a Analyses of testicular lipids are derived from adequate- 
ly tocopherol supplemented (15 mg/kg rat/wk) control 
rats. Minor constituents, lauric and myristic acids and fatty 
aldehydes have been omitted. 

b Number of animals in parentheses. 
e22:5c0 6 (Retention time 7.2 relative to stearate on 

ethylene glycol succinate polyester at 175 o C). 
a22:5w 3 (Retention time S.0 relative to stearate on 

ethylene glycol succinate polyester at 175 ~ C). 
e Includes analyses from tissue of rats supplemented with 

0.6 rag d-a-tocopheryl acetate/kg rat body weight/week, 
~hich ~so showed no evidence of testicular degeneration. 

f Present, but comprising less than 0.8% of total fatty 
acids. 

t en th  and  twe l f th  w e e k  o f  the  e x p e r i m e n t ,  a 
12 -52%  dec rease  in gross  tes t icu la r  we igh t  w a s  
n o t e d  in m o s t  o f  the  g r o u p s  n o t  s u p p l e m e n t e d  
wi th  zc-tocopherol,  the  e x c e p t i o n  be ing  those  
g r o u p s  fed  the  l owes t  level o f  l inoleate.  T h e  
dec rease  in tes t icu lar  we igh t  w a s  assoc ia ted  
w i th  a m a r k e d  dec rease  in the  e s t i m a t e d  s p e r m  
c o n c e n t r a t i o n  ( T a b l e  I I I )  and  a s l ight  dec rease  
in p h o s p h o l i p i d  c o n t e n t  e x p r e s s e d  as m g  p h o s -  
p h o l i p i d / g  t issue ( T a b l e  I I ) .  U p o n  excis ion,  
degene ra t ive  testes  w e r e  c ha r ac t e r i z ed  g ross ly  
b y  a p u r p l i s h  c o l o r a t i o n  in c o n t r a s t  to  the  n o r -  
m a l  p i n k i s h - w h i t e  t issue.  

His to log ica l  eva lua t ions  o f  the  e x t en t  o f  testi- 
cu l a r  d e g e n e r a t i o n  o n  the 0-5 scale of  M a s o n  
( 1 5 )  are  n o t e d  in T a b l e  IV.  A g rade  o f  2 in 
this s y s t e m  is indica t ive  o f  c o m p l e t e  steril i ty,  
a n d  the  h ighe r  g rades  r e p r e s e n t  v a r i o u s  degrees  
o f  g ross  t issue degene ra t i o  n . F r e q u e n t l y ,  t w o  
or  th ree  success ive  s tages  o f  d e g e n e r a t i o n  w e r e  
o b s e r v e d  in d i f ferent  t ubu le s  o f  a s ingle sec t ion  
and  in a f e w  e x t r e m e  cases  all s tages  o f  
d e g e n e r a t i o n  w e r e  a p p a r e n t  in the  s a m e  his- 
to!ogical  sect ion.  T h e  t abu la t ed  sco re  r ep re -  
sents  the  genera l  i m p r e s s i o n  o f  the  g r ade  
t yp i fy ing  the  ent i re  slice and  occas iona l ly  differs 
f r o m  the  i m p r e s s i o n  der ived  f r o m  fa t ty  acid 
analyses ,  as will be  no t ed  later .  D u r i n g  the  
s tage o f  d e g e n e r a t i o n  r e p r e s e n t e d  b y  the  his- 
to logical  g rade  1, t he re  was  a p r o g r e s s i v e  de- 
c rease  in s p e r m a t o g e n e s i s .  A c o m p a r i s o n  o f  
T ab l e s  I I I  and  I V  revea ls  t ha t  testes  r ece iv ing  
this sco re  r a n g e d  f r o m  essent ia l ly  n o r m a l  to 
essent ia l ly  ze ro  in the i r  s p e r m  con ten t .  Rela-  
t ively n o r m a l  levels of  s p e r m  w e r e  p r e s e n t  in 
all o f  the  ra ts  s u p p l e m e n t e d  w i t h  0.6 m g  o f  
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TABLE VI 
Phospholipid Essential Fatty Acid Content of Testes as a Function of Diet and Stage of Degeneration �9 
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Tocopherol 
Dietary fat (mg/kg/wk) Fatty acid (#g/g testes) 

18:2 20:4 22:4 22:5 Total 

D~noic(1.2%) 15 ( 6)b 195-+ 8 e 934--+ 51 93_+11 1041--+ 32 2263-+ 87 
0.6 ( 6)a 213+  4 1082-+ 119 111 -+ 6 1188-+ 37 2594-+147 

Stage 1 a 150 1056 83 1014 2307 
208 1551 121 910 2790 

Stage 2 185 1855 193 339 2572 
Stage 4 283 1669 205 615 2772 
Stage 5 183 1179 119 525 2006 

199 1624 157 415 2395 
161 1500 196 301 2158 

Stage 1-5 0 ( 7 )  207-+18 1451-+100 e 152-+15f - -  - -  

Dienoic (7.5%) 15 (49) 275-+ 7 1051-+ 23 117-+ 6 968___ 28 2415-+ 52 
0.6 (12)a 269-+10 1024-+ 67 101-+ 7 1045-+ 45 2442-+ 96 

Stage 1 299 1382 111 1032 2844 
334 1453 117 1228 3132 

Stage 2 241 1543 116 940 2840 
Stage 3 148 1402 121 930 2641 
Stage 4 260 1053 201 312 1826 
Stage 5 307 1361 208 430 2306 

209 1417 166 282 2074 
280 1297 175 273 2025 
325 1070 201 238 1834 

Stage 1-5 0 ( 9 )  267__+20 1331-+ 55g 157-+14f - -  - -  

Trienoic (7.5%) 15 ( 6 )  266 -+ 14 929 -+ 35 80-+ 7 813 -+ 18 2018 -+ 68 
0.6 ( 3)a 323-+54 982-+54 80-+17 1021 -4-135 2403-+ 91 

Stage 3 283 1111 71 688 2153 
366 1735 164 463 2708 

Polyenoic 15 (10) 103-+ 8 626-+ 81 53-+ 7 422-+ 26 1205-+ 29 
(7.5%) 0 ( 5)h 63 -+ 5 647-+ 37 20-+ 2 461 -+ 32 1191 -+ 63 

a Graded on a 0-5 scale according to Mason (16). Values for fatty acids are for individual animals 
sacrificed at the designated stage, b Number of animals in parentheses, e Mean • SEM. a Animals sacrificed 
at 16 weeks, e p < 0.C05. f p ,( 0.02. g p < 0.001. h Animals sacrificed at 14 weeks. 

d - e - t o c o p h e r y l  a c e t a t e / k g  r a t  b o d y  w e i g h t /  
week .  

T h e  e f fec t  o f  d i e t a r y  l ip id  o n  t h e  t e s t i c u l a r  
p h o s p h o l i p i d  a n d  n e u t r a l  l ip id  f a t t y  a c i d  c o m -  
p o s i t i o n  o f  t h e  c o n t r o l  ( 1 5  m g  d - e - t o c o p h e r y l  
a c e t a t e / k g  r a t  b o d y  w e i g h t / w e e k )  g r o u p s  is 
s h o w n  in  T a b l e  V.  A l l  c o m p a r i s o n s  h a v e  b e e n  
r e l a t e d  to  t h e  1 . 2 %  " d i e n o i c "  f a t - f e d  g r o u p .  
R a i s i n g  t h e  leve l  o f  d i e t a r y  l i no l ea t e  f r o m  
1 . 1 0 %  to  6 . 3 %  o f  ca lo r i e s  i n c r e a s e d  t h e  
l i n o l e a t e  c o n t e n t  o f  t h e  t e s t i c u l a r  n e u t r a l  l ip ids  
m a r k e d l y  a n d  o f  t h e  p h o s p h o l i p i d s  s l igh t ly ,  b u t  
d id  n o t  o t h e r w i s e  a l te r  t h e  f a t t y  a c i d  c o m p o s i -  
t ion .  F e e d i n g  a d ie t  s u p p l y i n g  1.18 % o f  ca lo r -  
ies as  l i n o l e a t e  a n d  3 . 7 5 %  o f  ca lo r i e s  as l ino l -  
e n a t e ,  t h e  7 . 5 %  ' t r i e n o i c "  f a t - f e d  g r o u p ,  h a d  
l i t t le  a f fec t  o n  t e s t i c u l a r  l ip id  f a t t y  ac id  c o m p o -  
s i t ion .  A s m a l l  a m o u n t  o f  l i n o l e n a t e  w a s  n o t e d  
in  t h e  n e u t r a l  l ip ids  a n d  t h e  d o c o s a h e x a e n o a t e  
( 2 2 : 6 c 0 3 )  c o n t e n t  o f  t h e  p h o s p h o l i p i d s  in-  
c r e a s e d  b y  a p p r o x i m a t e l y  1 . 3 % .  I n  c o n t r a s t  to 
t h e  o b s e r v a t i o n s  in  o t h e r  t i s sue s  ( 1 4 , 2 0 ) ,  t h e  
t e s t i c u l a r  l eve ls  o f  e s s en t i a l  f a t t y  a c i d s  w e r e  
d e c r e a s e d  o n l y  s l i gh t ly  ( 1 1 %  ) .  

W h e n  t h e  " p o l y e n o i c "  f a t  w a s  fed ,  0 . 1 6 %  
a n d  2 . 7 5 %  o f  ca lo r i e s  w e r e  d e r i v e d  f r o m  l ino-  

l ea te  a n d  h i g h e r  n o n e s s e n t i a l  p o l y e n o i c  a c id s  
( 2 0 : 5 ,  2 2 : 5  a n d  2 2 : 6 t 0 3 ) ,  r e s p e c t i v e l y .  T h e  
e s s e n t i a l  f a t t y  ac id  c o n t e n t  o f  t h e  t e s tes  w a s  
h a l v e d  b y  th i s  d r a s t i c  l i m i t a t i o n  o n  l i n o l e a t e  
i n t ake ,  b u t  t h e  n o n e s s e n t i a l  P U F A  c o n t e n t  o f  
t h e  t e s t i c u l a r  p h o s p h o l i p i d s  r o s e  o n l y  a b o u t  3 % .  

A t  t h e  o n s e t  o f  t e s t i c u l a r  d e g e n e r a t i o n  t h e  n e t  
e s s e n t i a l  f a t t y  a c id  c o n t e n t  (18  : 2~)6 + 20 :  4c06 
+ 22 :4~ )6  + 2 2 : 5 c 0 6 )  o f  t h e  t es tes ,  e x p r e s s e d  
as m i c r o g r a m s  o f  p h o s p h o l i p i d  e s sen t i a l  f a t t y  
ac id  p e r  g r a m  o f  t i s sue ,  i n c r e a s e d ,  w i t h  t h e  in-  
c r e a s e  a t t r i b u t a b l e  to  a l a r g e  n e t  i n c r e a s e  in  
a r a c h i d o n a t e  ( 2 0 : 4 t 0 6 )  ( T a b l e  V I ) .  T h e r e -  
a f te r ,  a d e c r e a s e  in  t h e  to ta l  e s s e n t i a l  f a t t y  a c id  
level  w a s  o b s e r v e d  as t h e  d o c o s a p e n t a e n o a t e  
( 2 2 : 5 t ~ 6 )  leve l  d e c r e a s e d  to  o n e - t e n t h  o r  l ess  
o f  t h e  n o r m a l  level .  S te r i l i ty  w a s  n o t  a s s o c i a t e d  
w i t h  a s i m p l e  d e c r e a s e  in  22 :5c06  p e r  se s i n c e  
s p e r m  c o u n t s  w e r e  n o r m a l  a t  l o w e r  l eve l s  o f  
th is  f a t t y  ac id  in  t h e  t e s tes  o f  t h e  " p o l y e n o i c "  
f a t  f ed  g r o u p  t h a n  t h e  leve ls  n o t e d  in  t h e  o t h e r  
g r o u p s  d u r i n g  s t a g e s  1 a n d  2 o f  d e g e n e r a t i o n .  
D a t a  o b t a i n e d  o n  t h e  g r o u p s  s u p p l e m e n t e d  w i t h  
0 .6  m g  d - e - t o c o p h e r y l  a c e t a t e / k g  r a t  b o d y  
w e i g h t / w e e k  fo r  16 w e e k s  h a v e  b e e n  i n c l u d e d  
in  T a b l e  VI .  T h e r e  is s o m e  s l i gh t  i n d i c a t i o n  
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that a rise in docosapen taenoa te  (22:50~6) may  
precede  o ther  indicat ions of testicular degener-  
ation. 

Addi t ion  of biologically available se lenium 
and meth ionine  to a diet known  to be sub- 
op t imum in these nutr ients  by the cri teria of  
growth  apparent ly  failed to influence greatly 
the course of  testicular degenera t ion  in any of  
the exper iments  repor ted  herein.  

DISCUSSION 

The  rate of  testicular degenera t ion  in the an- 
t ioxidant-deficient  rat  is clearly related to the 
P U F A  conten t  of  the tissue. A direct  response  
to the level of  dietary l inoleate would seem to 
prevail,  however ,  only in the l imited region just 
shor t  of  testicular degenera t ion  arising f rom 
essential fat ty acid deficiency. This tissue ap- 
pears  to have no t  only a h igh  priori ty u0on  the 
animal 's  supply of  essential fa t ty  acids, but  also 
to be quite resis tant  bo th  to the comvet i t ive  
inhibit ion of  the synthesis of  the h ieher  essen- 
tial P U F A  noted  in other  tissues when  nones-  
sential po lyunsa tura ted  fatty acids are fed 
(14,20) and to the incorpora t ion  of the non-  
essential P U F A  into its c o m p o n e n t  l iNds. No te  
in Table  VI  that  when  a fat  was fed having a 
ratio of  17 parts nonessent ial  P U F A  to I par t  
l inoleate ("polyenoic"  fat diet)  the essential 
fat ty acid con ten t  of  the testes was l imited by 
the low linoleate intake, but  the higher  essential 
P U F A  made  up about  the same percentage  of  
the total essential  fat ty acids as they did in the 
absence of  the nonessent ia l  P U F A .  This defi- 
c iency sign is thus dist inct  f r o m  nutr i t ional  
muscular  dys t rophy  in its response  to only 
essential fat ty acids and dist inct  f rom chick 
encepha lomalac ia  in its failure to be "in- 
hibi ted" by nonessent ia l  P U F A .  

This deficiency sign is also different f rom all 
others  that  have been  studied since significant 
modificat ions in response  to al terat ion of diet- 
ary levels of selenium and sulfur amino acids 
were  not  noted.  Considerable  data  have been 
included to d o c u m e n t  this lack of  response.  

Very  little radioactivity,  a few thousand  dpm,  
was incorpora ted  into the testicular P U F A  12 
hr  af ter  the in t raper i toneal  injection of  0.2 t~C 
of  1-C14-acetate per  gram rat. In  a few experi-  
ments ,  approximate ly  7 times as m u c h  radio- 
active acetate was found  to be incorpora ted  
into the testicular phosphol ip id  pen taenoic  acid 
f rac t ion in the ant ioxidant-deficient  rats as was 
incorpora ted  into the cor responding  f rac t ion  of 
tocophero l - supp lemented  rats. The  data  are in- 
adequate,  as proof ,  but  are men t ioned  since 
they do resemble  o ther  data  obta ined in liver 
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(4)  and muscle  (3) .  In both  of  these tissues 
an increased incorpora t ion  into the higher  
P U F A  was noted  despite the cont inued  "disap- 
pearance"  of the polyenoic  acid f rom the tissue. 

Test icular  degenera t ion  differs markedly ,  as 
noted  above, f rom several o ther  ant ioxidant-  
deficiency signs, but  one  specific p h e n o m e n o n  
has been  found  to be c o m m o n  to muscle,  liver, 
and testes of  the ant ioxidant-def icient  rat. In 
all three of these tissues adversely affected by 
ant ioxidant-deficiency there  occurs  a progressive 
net  decrease  in the mos t  highly P U F A  in the 
tissue and a net  increase in its a rachidonate  
content .  One  would  be t empted  to assume, 
therefore ,  that  this p h e n o m e n o n  is related to 
the basic universal  b iochemica l  lesion in anti- 
oxidant-deficiency.  
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The Effect of Antioxidant Deficiency on Tissue Lipid Composition 
in the Rat. IV. Peroxidation and Interconversion of Poly- 
unsaturated Fatty Acids in Muscle Phospholipids 

L. A. WITTING, L. B. Mendel Research Laboratory, Elgin State Hospital, 
Elgin, Il l inois 

ABSTRACT 

It  has been suggested that the net 
changes which take place in the composi- 
tion of the muscle phospholipid fatty acids 
of the antioxidant-deficient rat  represent 
the balance of two opposing processes. To 
compensate for (A) the preferential peroxi- 
dative destruction of the most highly poly- 
unsaturated fatty acids in the tissue there 
occurs (B) an increase in the conversion of 
available precursors to the higher polyun- 
saturated fatty acids. Analysis of the data 
in terms of peroxidation kinetics indicated 
that the onset of creatinuria in one group 
after 3 weeks and in a second group after 
7 weeks on an antioxidant-deficient diet 
occurred in both cases concomitant with 
the peroxidative "disappearance" of ap- 
proximately 125 /zg of phospholipid poly- 
unsaturated fatty acid per gram wet weight 
of tissue or 2% of the total muscle phos- 
pholipid fatty acids. 

INTRODUCTION 

O NE C O M P L E X  P H E N O M E N O N  has been found 
to be common to three tissues, muscle 

( 1 ), liver (2) and testes (3) in the antioxidant- 
deficient rat. A decrease in the most highly 
polyunsaturated fatty acid ( P U F A )  in the tis- 
sue lipids occurs with a concomitant net in- 
crease in arachidonate. Studies with C14-acetate, 
however, indicate that an increased synthesis of 
not only arachidonate but also the higher P U F A  
occurs at the time their concentration is de- 
creasing in the tissue. Bernhard et al. (4,5) 
have suggested that the increased net synthesis 
of arachidonate in the liver of the antioxidant- 
deficient rat results from a lack of tocopherol 
to regulate the oxidative reactions o f  fatty acid 
chain elongation and desaturation. The decrease 
in the essential docosapentaenoic acid (22:5~6) 1 
in the testes was thought by Bieri and Andrews 
(6) to result from the inability of the tocoph- 

1 The  o m e g a  nomenc la tu re  describes the posi t ion of the 
final double bond  in the fa t ty  acid molecule and thus  
permi ts  a s imple descr ipt ion of  the fami ly  relation.ships 
in the  var ious  fa t ty  acid series, l inoleate (~t 6 ) ,  l inolenate 
(o~ 3) and oleate (0~ 9) .  

erol-deficient rat to further metabolize arachi- 
donate (20:4(o6). Witting and co-workers (1-3) 
have suggested that the compositional data are 
a composite reflecting the preferential peroxi- 
dative destruction of the most highly P U F A  
and accumulation of the product, arachidonate, 
closest to the available precursor, linoleate, 
formed in increased quantities in a homeostatic 
attempt to maintain normal membrane lipid 
fatty acid composition. This hypothesis based 
on a rather simple analysis of the rates of 
interconversion and "disappearance" of the 
P U F A  in the muscle phospholipids is developed 
in the present paper. 

EXPERIMENTAL 

The experimental data used in the present 
analysis are derived from the first paper in this 
series (1).  

RESULTS 

Previous studies (7-9) of lipid peroxidation 
in vivo produced data in excellent accord with 
the kinetics of peroxidation of individual pure 
polyunsaturated fatty acids in vitro. I t  was 
found that as n in CH~(CH~)~(CH--~CH CH~)-  
(CH2)b CO2H increased from 2 to 6, the rela- 
tive rates of fatty acid peroxidation increased 
according to the series 1 :2 :4 :6 :8  in vivo (7-9) 
and in vitro (10).  These studies have suggested 
that the biological membrane, and oriented 
bimolecular lipid layer, may be treated as an 
isolated, hydrophobic region, containing the 
nonpolar portion of the long chain fatty acids, 
bounded by the polar, hydrophilic groups of 
the phospholipid molecules. 

When the "disappearance" of P U F A  from 
the tissue phospholipids of tocopherol-deficient 
animals was studied (1-3), it was anticipated 
that the rates of "disappearance" of the various 
individual P U F A  should be determined by their 
relative susceptibility to peroxidation. This, 
however, was not found to be the case. 

When the slopes of the curves showing the 
"disappearance" of the various muscle phos- 
pholipid fatty acids were determined for a 
group of rats fed on the "trienoic" fat in a diet 
without supplemental selenium, methionine or 
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T A B L E  I 

Changes in Fat ty  Acid Composi t ion  of Muscle Phospho- 
l ipids in Tocopherol  De~cient Rats  

Time required for P U F A l e v e l s  to  
decrease to ~2 of  control  level 

Corrected for 
Fat ty  Observed a Calculatedb interconversion e 
acid (weeks) (weeks) (weeks) 

18:2 37 120 134 
18:3 32 60 
20:4 - 30 a 30 30 
20:5 23 20 
22:5 60 20 
22:6 15 15 

aSee  Ref. 1 for details. 

b Calculated f rom relative susceptibili ty to peroxidat ion 
in vivo (7) and based on the rate of disappearance of 22:6. 

e See text. 

a Increases to twice the control level in the time indicated. 

tocopherol, the data in Table I were obtained. 
Docosahexaenoate decreased to one-half the 
level seen in control, tocopherol-supplemented, 
rats in 15 weeks, and arachidonate increased to 
twice the control level in 30 weeks. For a 
model system in which docosahexaenoate de- 
creased to one-half of its initial level in 15 
-weeks, linoleate and arachidonate would be ex- 
pected to decrease to one-half of their initial 
levels in 120 and 30 weeks, respectively. In the 
tissue, linoleate decreased much more rapidly 
and arachidonate was found to increase. 

The observed data for arachidonate are shown 
in Fig. 1 A, solid line, and the expected peroxi- 
dative disappearance to one-half the control 
level in 30 weeks is indicated by the broken 
line. The algebraic difference between these 
lines corresponds to an increased net synthesis 
of arachidonate at the linear rate of 0.25% of 
the phospholipid fatty acids per week as indi- 
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FIG. 1,A. Changes in arachidonate concentration 
in muscle phospholipid fatty acids of tocopherol- 
deficient rats. Observed data (solid line). Calcu- 
lated data based on peroxidation kinetics (broken 
line). The differences between the observed and 
calculated data are indicated by the dotted line 
which is thought to describe increased synthesis 
c f arachidonate. 

1,B. Changes in linoleate concentration in 
muscle phospholipid fatty acids. Observed data 
on tocopherol-deficient rats (solid line) and on 
tocopherol-supplemented rats (dotted line). The 
broken line shows the observed data on toco- 
pherol-deficient rats corrected for the arachidonate 
synthesis indicated in Fig. 1,A. 

cated by the dotted line. In Fig. 1 B the ob- 
served data for linoleate are indicated by the 
solid line. When the observed level of the 

T A B L E  I I  

Peroxidative "Disappearance"  and Interconversion of Linoleate and Arachidonate  

Linoleate Linoleate Linoleate 
observed corrected for  observed 

Arachidonate  Arachidonate  Ar  achidonate tocopherol  synthesis of  tocopherol  
Time observed a calculatedb synthesis deficient a arachidonatee supplemented d 

(weeks) (%) (%) (%) (%)  (%)  (%)  

0 5.1 5.1 0 17.8 17.8 17.8 
5 5.7 4.4 1.3 16.6 17.9 18.2 

10 6.4 3.9 2.5 15.4 17.9 18.6 
15 7.2 3.4 3.8 14.3 17.9 19.0 
20 8.1 3.1 5.0 13.3 18.1 19.4 
25 9.1 2.8 6.3 12.4 18.4 19.8 
30 10.3 2.8 7.5 11.5 18.7 20.3 

a See Ref. 1 for details. 

b Calculated on the basis of arachidonate decreasing to ~/e the control  level in 30 weeks. 

e A small  correction has also been included for the difference in molecular  weight between l inoleate and 
arachidonate. 

a See Ref. 1 for details. The control  arachidonate curve has a slope of zero whereas the control  l inoleate 
curve has a definite posi t ive slope. The difference between columns 6 and 7 corresponds to a decrease of 
l inoleate to ~2 the control  level in 134 weeks. 
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linoleate was corrected for arachidonate syn- 
thesis, the broken line, Fig 1 B, was obtained. 
The slope of this new curve corresponds to a 
decrease of linoleate to one-half the control 
level, dotted line, in 134 weeks. Note that in 
the control animals, linoleate (dotted line) 
progressively increased from approximately 
18% to 20% of the phospholipid fatty acids 
over a period of 30 weeks. The experimental 
linoleate curve (broken line) corrected for 
arachidonate synthesis has a slight positive 
slope, increasing from approximately 18% to 
19% in 30 weeks. This corrected experimental 
slope, however, is negative in comparison to 
the control slope. Actual numerical operations 
are noted in Table II. 

No attempt was made to obtain an exact bal- 
ance on the linolenate, eicosapentaenoate and 
docosapentaenoate series. The linolenate peak 
is poorly resolved in the gas chromatographic 
system used, ethyleneglycol succinate polyester, 
and the analytical error involved in determining 
components present at the 1-2% level is rather 
high. A comparison of the experimental and 
calculated curves for docosapentaenoate indi- 
cated an initial rate of increased synthesis com- 
parable to the rate of increased arachidonate 
synthesis (0.12% per week). However, as lino- 
lenate levels fell to approximately 1%, the rate 
of extra docosapentaenoate synthesis progres- 
sively decreased. 

It would appear, therefore, that observed 
changes in fatty acid composition may be re- 
solved into two distinct competing processes. A 
balance of the type described above might, of 
course, be fortuitous. Comparable data have 
been obtained in three other experiments, how- 

T A B L E  I I I  

Changes  in Fa t ty  Acid  Compos i t ion  of  Muscle  Phospho-  
lipids in Tocopherol -Def ic ient  Ra t s  Supplemented  wi th  

Biologically Avai lable  Selenium and Methionine  

T i m e  requi red  for  P U F A l e v e l s  to 
decrease to �89 of control  level 

Correc ted  for 
Fa t ty  Obse rved  a Calculatedb interconversione 
acid (weeks)  (weeks )  (weeks )  

18:2 103 256 225 
18:3 __d 128 
20:4  -107 e 64 64 
20:5  __a 43 
22:5  56 43 
22:6  32 32 

See Ref .  l fo r  details.  

b Calcula ted  f r o m  relat ive susceptibil i ty to peroxida t ion  
in vivo (7) and based  on  the  ra te  of  d isappearance  of  22:6.  

c See text. 

d Does  no t  differ significantly f r o m  control  level and 
therefore  cannot  be said to be decreas ing in  concentra t ion.  

e Increases  to  twice  the  control  level in  the  t ime  indicated.  
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FIG. 2,A. Changes in arachidonate concentra- 
tions in muscle phospholipid fatty acids of toco- 
pherol-deficient rats supplemented with selenium 
and methionine. Observed data (solid line). Cal- 
culated data based on peroxidation kinetics (bro- 
ken line). The differences between the observed 
and calculated data are indicated by the dotted 
line, which is thought to describe increased syn- 
thesis of arachidonate. 

2,B. Changes in linoleate concentration in the 
muscle phospholipid fatty acids. Observed data 
on tocopherol-deficient rats (solid line) and on 
tocopherol-supplemented rats (dotted line). The 
broken line shows the observed data on tocopherol- 
deficient rats corrected for the arachidonate syn- 
thesis indicated in Fig. 2,A. 

ever, and a second series of data is described 
below. 

Data for rats fed the "trienoic" fat in a to- 
copherol-deficient diet supplemented with 0.13 
ppm of selenium as sodium selenite and 0.4% 
sulfur amino acid, d/-methionine are shown in 
Table III. In this case docosahexaenoate de- 
creased to one-half the control level in 32 
weeks. Peroxidation kinetics suggest that lino- 
leate and arachidonate should decrease to one- 
half the control levels in 256 and 64 weeks, 
respectively. Linoleate was observed to decrease 
more rapidly than expected and arachidonate 
was found to increase. As before, the experi- 
mental data, solid line, and the expected peroxi- 
dative "disappearance" for arachidonate, to 
one-half the control level in 64 weeks, broken 
line, have been plotted in Fig. 2 A. The alge- 
braic difference between these lines corresponds 
to an increased net synthesis of arachidonate at 
the linear rate of 0.06% per week, as indicated 
by the dotted line. In  Fig. 2 B the observed 
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T A B L E  I V  
Corre la t ion  of  Onset  of  Crea t inur ia  and Fa t t y  Acid  Changes  
in the Muscle  Phosphol ip ids  of the Tocophero l  Deficient  Ra t  

Peroxidat ive  
decrease a at 

Fa t t y  Level  at s tar t  of  onset  of  c rea t inur ia  
acid  exper iment  1 3 weeks  
type ( % )  ( % )  

Diene  17.8 0.3 
Tr iene  2.4 0.1 
Te t raene  5.1 0.3 
Pentaene  5.8 0.4 
Hexaene  8.3 0.9 

To ta l  2 .0% 
116 # g / g  

Peroxida t ive  
decrease b at 

Fa t t y  Level  at s tart  of onset  of  c rea t inur ia  
acid exper iment  2 7 weeks  
type ( % )  ( % )  

Diene  18.1 0.3 
Tr iene  1,6 0, l  Tota l  2 , 3 %  
Te t raene  5.1 0.4 133/zg/g  
Pentaene  3.9 0.3 
Hexaene  8.7 1,2 

a Based on dienoate,  t r ienoate,  te t raenoate ,  pentaenoate  
and  hexaenoate  decreas ing to I/2 the  control  level in  120, 
60, 30, 20 and 15 weeks,  respectively.  These  rates  of  de- 
crease are those which occur  af ter  the  exper imenta l  da ta  
are corrected for in terconvers ions  of  the polyunsa tura ted  
fa t ty  acids. (See text)  

Based on dienoate,  t r ienoate,  te t raenoate ,  pentaenoate  
and  hexaenoate  decreasing to ~2 the  control  level in 256, 
128, 64, 43 and 32 weeks,  respectively.  These rates of  de- 
crease are those which occur  after  the  exper imenta l  data  
are corrected for in terconvers ions  of  the  polyunsa tura ted  
fa t ty  acids. (See text)  

data for linoleate are indicated by the solid 
line. When the observed level of linoleate was 
corrected for arachidonate synthesis, the broken 
line (Fig. 2 B) was obtained. This new line, 
broken line, corresponds to peroxidative "disap- 
pearance" of linoleate reaching one-half the 
control level, dotted line, in 225 weeks. 

When the peroxidative changes and the en- 
hanced conversion of the lower P U F A  to 
higher PUFA are resolved as described above 
a close correspondence to peroxidation kinetics 
is observed (columns 4, Tables I and III) .  

The gastrocnemius and quadriceps muscles 
of both tocopherol-deficient and tocopherol- 
supplemented rats were found to contain 5.8 
mg of phospholipid fatty acids per gram wet 
weight of tissue (1). In the first group, Table 
I, creatinuria was noted to occur after 3 weeks 
as a sign of the onset of nutritional muscular 
dystrophy. It was previously shown that addi- 
tion of only methionine to the diet did not 
alter the rate of production of creatinuria (1). 
In the second group supplemented with seleni- 
um and methionine, Table II, the production of 
creatinuria required 7 weeks. Onset of creatin- 
uria in both cases occurred concomitant to a 
2.0-2.3% or a 116 133 Fg "peroxidative" de- 
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crease in phospholipid PUFA per g wet weight 
of muscle (Table IV).  Addition of biologically 
available selenium to the diet of the antioxidant- 
deficient rat thus appears to decrease the rate 
of lipid peroxidation in vivo. It is not clear 
whether this action is attributable to selenium 
alone or if it depends on the combination of 
selenium and methionine. The possible mode 
of action of selenium and methionine has been 
discussed elsewhere (8). 

DISCUSSION 

The above treatment of the analytical data of 
muscle phospholipid fatty acid composition 
illustrates a possible explanation for the in- 
creased incorporation of C14-1abeled acetate 
into both arachidonic and pentaenoic acids at 
a time when the arachidonate level in the tissue 
shows a net increase and the pentaenoic acids 
show a net decrease. Since the higher polyun- 
saturated fatty acids appear necessary for nor- 
mal cellular metabolism and membrane per- 
meability, the increased conversion of the 
lower to the higher PUFA is viewed as a 
homeostatic mechanism. An effort is apparent- 
ly made to maintain an at least partially ac- 
ceptable membrane lipid composition. The re- 
sulting membrane may not be "normal" in 
terms of all biochemical processes but some de- 
gree of subcellular organization is maintained. 

The enzymes for fatty acid chain elongation 
and desaturation are located in the mitochon- 
dria and endoplasmic reticulum (11) and pre- 
sumably they utilize the fatty acids derived 
from the membrane tipids as their substrate in 
adjusting a purely local problem. Since the 
precursors available in the tissue phospholipids 
differ quantitatively from those available from 
the diet to the body as a whole, a definite bias 
is introduced favoring an accumulation of 
PUFA in the essential fatty acid series. 

The analogy to the reactions noted in essen- 
tial fatty acid deficiency are readily apparent. 
Low tissue phospholipid levels of the higher 
PUFA would be expected to result from the 
absence of dietary precursors. Instead, large 
quantities of oleate and palmit01eate are con- 
verted to eicosatrienoic acids (12), presumably 
in an effort to maintain a biologically accept- 
able membrane lipid composition. The result- 
ing mitochondrial membranes are known, how- 
ever, to be somewhat abnormal in their bio- 
chemical properties (13). 

Subcellular architecture and organization is 
largely based on the separation of various re- 
gions or organelles from one another by lipid 
membranes. Normal biochemical function, of 
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c o u r s e ,  r e q u i r e s  a c o n s t a n t  f lux  o f  m a t e r i a l s  
a c r o s s  t h e s e  f lu id  " b a r r i e r s "  w i t h  a c o n c o m i t -  
a n t  e x p e n d i t u r e  o f  e n e r g y .  P o l a r  p o r t i o n s  o f  
t he  p h o s p h o l i p i d  m o l e c u l e s  a r e  c o m p a t i b l e  
( h y d r o p h i l i c )  w i t h  t h e  a q u e o u s  e n v i r o n m e n t  o f  
t he  c y t o p l a s m  a n d  it r e m a i n s  fo r  t h e  h y d r o -  
p h o b i c  f a t t y  ac id  c h a i n s  to f o r m  t h e  " b a r r i e r s . "  
T h e  c h a r a c t e r i s t i c s  o f  t h e s e  m e m b r a n e s  are ,  in  
pa r t ,  d e p e n d e n t  o n  t h e  n a t u r e  o f  t h e  P U F A  
i n c o r p o r a t e d  in to  t h e m .  T o  t h e  e x t e n t  t h a t  t h i s  
h y d r o p h o b i c  r e g i o n  c o n s t i t u t e s  a " b a r r i e r "  to  
t h e  c o n s t i t u e n t s  o f  t h e  a q u e o u s  p h a s e ,  t h e  f a t t y  
ac ids  m u s t  be  c o n s i d e r e d  a n  i so l a t ed  l ip id  sys -  
t e m  ( 8 , 9 ) .  P r i o r  to m e m b r a n e  d i s r u p t i o n ,  t h e  
k ine t i c s  o f  l ip id  p e r o x i d a t i o n  w i t h i n  th i s  iso-  
l a t ed  s y s t e m  a p p e a r  to b e  c o m p a r a b l e  to  t h e  
k ine t i c s  o b s e r v e d  in  m o d e l  s y s t e m s  in  v i t ro  
( 8 , 9 ) .  I t  is p e r h a p s  fo r  th i s  r e a s o n  t ha t  s u c h  a 
s i m p l e  d e s c r i p t i o n  o f  t h e  c h a n g e s  in  t h e  f a t t y  
a c id  p a t t e r n  o f  t he  m u s c l e  as t h a t  p r e s e n t e d  
h e r e i n  s h o u l d  be  poss ib le .  

T h e  a b o v e  t r e a t m e n t  is de f in i t e ly  n o t  appl i -  
c a b l e  to t h e  e x p e r i m e n t a l  d a t a  f r o m  s t u d i e s  o f  
h e p a t i c  o r  t e s t i c u l a r  l ip ids .  S i nce  all  an t i ox i -  
d a n t - d e f i c i e n c y  s igns  m u s t  be  r e l a t e d  in i t i a l ly  to  
t h e  o c c u r r e n c e  o f  l ip id  p e r o x i d a t i o n ,  we  fee l  
o b l i g a t e d  to e x a m i n e  all  d a t a  in  t e r m s  o f  t h e  
k ine t i c s  o f  l ip id  p e r o x i d a t i o n .  B y  s e e k i n g  to  
u n i f y  all t h e  d i v e r s e  d a t a  o n  t h e  a n t i o x i d a n t -  
d e f i c i e n c y  s i g n s  in  t e r m s  o f  a c o m m o n  u n d e r -  

l y i n g  p h e n o m e n o n ,  a b e t t e r  u n d e r s t a n d i n g  o f  
t he  b io log i ca l  a c t i o n  o f  t o c o p h e r o l  m a y  e m e r g e .  
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Relative Incorporation of kinoleic and Arachidonic Acid in 
Phospholipids and Triglycerides of Different Rat Tissues 

ANGEL CATALA ~ and RODOLFO R. BRENNER, 2 C~tedra de Bioqu~mica, Instituto de Fisiologia, 
Facultad de Ciencias M6dicas, La Plata, Argentina 

ABSTRACT 

Fat-deficient rats were fed different 
amounts of methyl linoleate for increasing 
periods of time. The fatty acid composi- 
tion of triglycerides and phospholipids of 
epididymal fat pad, epirenal fat depot, in- 
testinal fat depot, liver, and the pool of 
heart, kidney, lungs and pancreas was de- 
termined. The distribution of the total 
amount of linoleic and arachidonic acid 
incorporated into phospholipids and trigly- 
cerides per rat  was calculated. Phospho- 
lipids and triglycerides of depot tissues 
presented different fatty acid compositions. 

Although the phospholipids of liver and 
the pool of heart, kidney, lung and pan- 
creas specifically incorporated linoleic acid 
at the beginning they very rapidly attained 
a rather steady composition, whereas trigly- 
cerides went on incorporating the acid. 
The amount of linoleic acid incorporated 
into the phospholipids of depot tissues was 
rather small. The triglycerides undoubtedly 
contributed in the highest proport ion to 
the total pool of linoleic acid. However, 
the highest proport ion of arachidonic acid 
was found in the total pool of phospho- 
lipids. 

The total amount of linoleic acid incor- 
porated into the phospholipids was an ap- 
proximately lineal function of the amount 
of phospholipids independent of period of 
administration and doses of methyl lino- 
leate. Besides presenting two lineal func- 
tions of the amount of phospholipids, 
arachidonic acid showed a vertical increase 
coincident with a vertical decrease of the 
amount of eicosa-5,8,11-trienoic acid. At  
this period no change in the amount of the 
phospholipid was shown. This phenomenon 
is explained as a possible direct replace- 
ment of eicosatrienoic acid by arachidonic 
acid. 

* Postdoctoral fellow of the Consejo Nacional de lnvesti- 
gaciones Cientificas y Tficnicas de la Republica Argentina. 

2Member of the Carrera del Investigador Cient{fico, 
Consejo Nacional de Investigaciones Cientificas y T~cnicas, 
Repfiblica Argentina. 

INTRODUCTION 

A GREAT NUMBER OF WORKS have been 
published concerning linoleic acid incor- 

poration into different lipids and animal tissues. 
However, many of these studies involved feed- 
ing complex natural oils rather than pure esters. 
Thus, the results do not show the sole effect of 
linoleic acid but that of linoleic interrelated to 
the other acids of the diet. In many of these 
papers the composition of the fatty acids was 
studied in various tissues but no attention was 
paid to the distribution in the total mass of 
phospholipids and triglycerides. Further,  many 
of the analyses of fatty acid composition of the 
depot fats included phospholipids. Therefore 
minor polyunsaturated constituents reported 
may belong to the phospholipids and not to the 
triglycerides. 

In our previous works (1,2) a marked dif- 
ference was observed in the incorporation of 
arachidonic acid into phospholipids and trigly- 
cerides when it was administered in the diet or 
synthesized by the animals from linoleic acid. 
The present work studies more precisely the 
distribution of linoleic and arachidonic acid 
between the phospholipids and triglycerides in 
relation to the time period of administration 
and amount of methyl linoleate, administered to 
the rats. The variation of the composition of 
those phospholipids which accompany the depot 
fats is also studied. 

EXPERIMENTAL 

Methyl linoleate (90% pure) was obtained 
from sunflower seed oil by formation of urea 
adducts (3) and fractional distillation. 

Administration of Methyl Linoleate and 
Separation of Lipids 

Eighteen weanling male rats from the strain 
of this Institute were conditioned prior to ad- 
ministration of methyl linoleate by maintaining 
them for 70 days on a semisynthetic fat-free diet 
described elsewhere (4) .  These animals were 
divided into 6 groups of 3 animals each. One 

114 
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TABLE I 
Distribution Of Phospholipids and Triglycerides in the Rat Tissues (rag per rat) 

Animal Fat depot Heart + kidney + lung 
groups Epididymal Epirenal Intestinal Liver + pancreas 

p h  a Tgb Ph Tg Ph Tg Ph Tg Ph Tg 
d 0e 

1 28.7 924 14.6 523 32.0 472 194 72 100 76 
t 0 

d 100 
2 28.5 650 15.0 155 26.7 206 225 38 125 84 

t l  

d 100 
3 28.0 965 14.1 300 19,5 385 177 77 263 146 

t 2  

d I00 
4 45.1 1833 27.2 1557 23.6 514 197 147 202 223 

t 15 

d 400 
5 31.9 2258 25.6 864 36.9 967 235 188 415 149 

t 15 

d 400 
6 37.4 1455 20.3 1135 132.0 538 496 164 331 92 

t 30 

Ph = Total phosphol, ipids. 
n Tg = Triglycerides. 
e d = mg of methyl linoleate; t = period of administration in days. 

g roup  of  an ima l s  (1 d 0 / t  0)  3 was t hen  sacri-  
ficed. T h e  r e m a i n i n g  5 groups  were  fed a fat-  
f ree  diet  s u p p l e m e n t e d  wi th  me thy l  l inoleate  
p r io r  to sacrifice. G r o u p s  2 d 1 0 0 / t  I, 3 d 100 /  
t 2 ,  and  4 d 1 0 0 / t 1 5  were  fed  100 m g  of  
me thy l  linoleate dai ly  fo r  1, 2 and  15 days, 
respectively,  whi le  groups  5 d 4 0 0 / t 1 5  and  
6 d 4 0 0 / t  30  rece ived  400  m g  me thy l  l inolea te  
dai ly for  15 and  30 days, respect ively.  

A f t e r  the  an imals  were  killed, the  livers, epi- 
d idymal  fa t  pads,  in tes t ina l  fa t  depot ,  ep i renal  
fa t  depot ,  hear t ,  lungs,  k idneys  and  panc rea s  
were  r emoved .  Hear t ,  lungs,  k idneys  and  pan-  
creas were  pu t  toge ther  in  one  pool  for  each  
g roup  of  animals .  Al l  the  t issues were  h o m o -  
genized wi th  c h l o r o f o r m - m e t h a n o l  ( 2 : i  v / v )  
in a m e c h a n i c a l  b l e n d o r  and  the  l ipids isola ted 
by  the  p r o c e d u r e  of  F o l c h  et  al. ( 5 ) .  T h e  l ipid 
con t en t  was d e t e r m i n e d  by  v a c u u m  evapo r a t i on  
of  al iquots.  P h o s p h o r o u s  was es t imated  b y  the  
p r o c e d u r e  of  A l l en  (6 )  and  the  phospho l ip id  
con t en t  ca lcu la ted  by  mul t ip ly ing  the  mi l l igrams 
of  p h o s p h o r o u s  b y  the  fac to r  25. 

Separation of Phospholiplds and Triglycerides 

One  g r a m  of  l ipids of  e ach  g roup  was dis- 
so lved in 30 ml  o f  c h l o r o f o r m  and  the  phospho -  

tThe number of the groups of rats is followed by d 
which  denotes milligrams of methyl linoleatr administered 
and t that denotes the days of administration. Ex. 2 

$~ corresponds to group 2 that received 100 mg methyl 
linoleate for one day. 

lipids were  separa ted  by  adsorp t ion  on  10 g of  
ac t iva ted  silicic acid. C r u d e  t r iglycerides  were  
col lected by  wash ing  the  c o l u m n  wi th  ch loro-  
fo rm,  and  c rude  phospho l ip ids  were  then  e lu ted  
wi th  me thano l .  T h e  a m o u n t  of  t r iglycerides was 
d e t e r m i n e d  by  weigh ing  an  a l iquot  of  the  
c h l o r o f o r m  solut ion.  In  n o n - d e p o t  tissues these 
da ta  i nc luded  ou t s t and ing  a m o u n t s  of  choles-  
terol  and  choles tero l  esters. T h e y  were  cor-  
rec ted  by  di rec t  e s t ima t ion  of  to ta l  choles tero l  
content .  T h e  v a l u e s  so ca lcu la ted  app rox ima te  
the t rue  t r iglyceride con t en t  and  fulfill the  re- 
qu i r emen t s  of  the  p resen t  work.  

T h e  tr iglycerides of  the  c h l o r o f o r m  solu t ion  
were  pur i f ied  by  th in- layer  c h r o m a t o g r a p h y  
( T L C )  o n  Silica Ge l  G ( M e r c k  D a r m s t a d t )  in 
the  dark.  C h r o m a t o p l a t e s  20 • 20 and  0.5 m m  
thickness  were  p r e p a r e d  accord ing  to Stahl.  T h e  
so lvent  sys tem used  was p e t r o l e u m  e ther  ( bp  
6 0 - 8 0 C ) - - e t h y l  e t h e r - a c e t i c  acid 9 0 : 1 0 : 1  
( v / v ) .  P o r t i o n s  of  the  samples  were  r u n  at  
the  edges of  the  p la te  and  t r iglycer ides  were  
located  b y  iodine  v a p o r .  C o r r e s p o n d i n g  areas  
no t  s t a ined  wi th  iodine  were  sc raped  off a n d  
direct ly  m e t h a n o l y z e d  w i thou t  e lu t ion  us ing  
m e t h a n o l i c  3 N HC1 for  3 h r  at  60C. 

C r u d e  phospho l ip ids  were  pur i f ied in a simi- 
lar  way. T h e y  were  spot ted  and  deve loped  in 
the  same  type  of  c h r o m a t o p l a t e s  and  solvent .  
T h e  phospho l ip ids  r e m a i n e d  at the  origin.  T h e y  
were  s c raped  off and  direct ly  m e t h a n o l y z e d  
w i t hou t  elut ion.  

LIPIDS, VOL. 2, NO. 2 
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TABLE II 
Fatty Acid Composition of Phospholipids and Trigiycerides of Epididymal Fat Pad (per cent of total) 

Animal groups 
d b 0 d 100 d 100 d 100 d 400 d 400 

Fatty a 1 2 3 4 5 6 
acids t 0 t 1 t 2 t 15 t 15 t 81 

ph c Tga Ph Tg Ph Tg Ph Tg Ph Tg Ph Tg 
16:0e 23.4 20.8 35.0 23.1 20.1 27.1 23.0 28.5 31.6 26.0 32.8 28.7 
16:1 15.5 14.5 17.2 14.0 11.1 13.9 11.4 14.6 11.8 14.7 6.8 10.0 
18:0 3.3 2.5 2.4 2.4 4.3 2.2 6.4 2.2 6.5 1.8 9.0 3.1 
18:1 52.5 55.3 40.8 50.3 46.4 48.8 44.2 47.1 35.3 46.2 33.4 36.4 
18:2 0.7 1.2 0.8 1.8 1.2 2.7 4.4 1.9 7.7 7.8 14.0 14.6 
20:3 0.6 0.3 0.7 0.5 0.3 - -  0.3 
20:4 0.3 0.5 0.2 0.5 0.6 0.3 0,5 0.7 0.8 0.5 3.9 3.3 
22:5~6 - - - -  - -  1.2 

a Minor components not tabulated account for 100%. 
b d = m g  of methyl linoleate. 

t = days of administration. 
e Ph = Phospholipids. 
a Tg ~ Triglycerides. 
e The number before the colon denotes number of carbon atoms and the number after the colon, 

number of double bonds; the 02 denotes position of double bond nearest to the methyl end. 

Estimation of Fatty Acid Composition 

Fa t ty  acid compos i t i on  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  in a Pye  appa ra tus  
with  ion iza t ion  detector .  T h e  samples  were  r u n  
in 4 f t  co lumns  packed  wi th  10% po lye thy lene  
glycol ad ipa te  on  C h r o m o s o r b  W (80-1 00 mesh)  
at  195C. Quan t i t a t i on  was ca r r ied  ou t  by  tri- 
angu la t ion  and  the  results  r epo r t ed  as area  per  
cent.  T h e  quan t i t a t ive  resul ts  wi th  S t a n d a r d  D 
of  the  N I H  agreed wi th  the  s ta ted compos i t i on  
da ta  wi th  a re la t ive  e r ro r  of  less t han  10% for  
ma jo r  c o m p o n e n t s  ( >  10% of total  m i x t u r e ) .  
T h e  peaks  of  fa t ty  acid me thy l  esters were  
identif ied by  c o m p a r i s o n  wi th  au then t i c  s tand-  
ards. T h e  check  of the  stat ist ical  e r ro r  of  the  
es t imated  fa t ty  acid compos i t i on  of  the  epididy-  
ma l  fa t  of  g roup  6 (Tab le  I I )  was no t  poo led  
bu t  ind iv idua l ly  ana lyzed  and  s t anda rd  devia-  
t ions calculated.  S t a n d a r d  devia t ions  of  5.4, 
2.4, 1.4, 4.5, 4.2 and  0.3 were  f o u n d  for  pal- 
mitate,  pa lmi to lea te ,  s tearate ,  oleate,  l inoleate  
and  a rach idona te ,  respect ively.  

RESULTS 

T h e  d i s t r ibu t ion  of  phospho l ip ids  and  trigly- 
cerides by  we igh t  per  r a t  in  the  t issues s tudied 
is s h o w n  in T a b l e  I. These  da ta  were  necessa ry  
to ca lcula te  the  to ta l  a m o u n t  of  ] inoleic and  
a rach idon ic  acids b o u n d  to b o t h  lipids. T h e y  
show, as i t  is well  k n o w n ,  t ha t  phosphol ip ids  
are f o u n d  in depo t  tissues in ve ry  low propor -  
t ion  in r e l a t ion  to tr iglycerides.  T h e  h ighes t  
increase  in phosphol ip ids  was genera l ly  f o u n d  
in all the  tissues w h e n  me thy l  l inoleate  was 
p rov ided  for  long  per iods  and  in the  h ighes t  
amount s .  

T h e  fa t ty  acid compos i t ion  of the  l ipids of  
l iver (Tab le  V )  and  the  pool  of  hear t ,  kidney,  
lung  and  panc rea s  (Tab le  V I )  showed,  as it is 
a l ready known,  tha t  in phosphol ip ids  the  un-  
sa tu ra t ion  is h igher  t h a n  in tr iglycerides.  
Stearic,  l inoleic,  e icosa t r ienoic  and  a rach idon ic  
acids were f o u n d  p r inc ipa l ly  in phosphol ip ids ,  
whereas  palmit ic ,  pa lmi to le ic  and  oleic acid 
were  in h igher  p r o p o r t i o n  in tr iglycerides.  T h e  
changes  f o u n d  by  l inoleate  feeding  agree  wi th  
our  prev ious  results  ( 1 ) .  T h e  typical  essential  
fa t ty  acid def ic ient  compos i t i on  was progress ive-  
ly modif ied  by the l inoleate.  Linole ic  acid was 
inco rpora t ed  in to  b o t h  phospho l ip ids  and  trigly- 
cerides whereas  a rach idon ic  acid increased  pro-  
nounced ly  only  in phosphol ip ids .  The  p ropor -  
t ions of  palmitole ic ,  oleic and  e icosa t r ienoic  
acids were also altered. 

T h e  fa t ty  acid compos i t i on  pa t t e rns  of  phos-  
phol ip ids  and  tr iglycerides of the  depot  tissues, 
ep id idymal  fa t  pad,  ep i rena l  fa t  depot  and  in- 
test inal  fa t  depo t  in re la t ion  to the  a m o u n t  of  
me thy l  l inolea te  in the  diet  and  t ime of  admin -  
i s t ra t ion  are s h o w n  in Tab les  l I ,  I I I  and  IV. 
T h e y  indica te  t ha t  the  fa t ty  acid compos i t i on  is 
different  for  phosphol ip ids  and  tr iglycerides.  
However ,  t h e  difference is no t  as r e m a r k a b l e  as 
the one  s h o w n  for  l iver  or  the  pool  of  hear t ,  
lung, k idney  and  pancreas .  T h e  difference is 
f o u n d  ma in ly  in the  pe rcen tage  of  s tear ic  acid 
wh ich  as usual  is h igher  in  phospho l ip ids  a n d  
the  pe rcen tage  of  oleic and  pa lmi to le ic  acids 
tha t  is general ly  h igher  in tr iglycerides.  T h e  
a m o u n t  of  the  l inoleic acid i nco rpo ra t ed  de- 
pended  on  the  per iod  of  admin i s t r a t i on  and  
a m o u n t  of the  me thy l  l inolea te  in  the  diet. I t  
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T A B L E  I I I  

Fa t ty  Acid Composi t ion  of Phosphol ipids  and Triglycerides of Intest inal  Fa t  Depot  (per cent of  total)  

An ima l  groups 

d b 0 d 100 d 100 d 100 d 400 d 400 
Fatty a 2 2 3 4 5 " 6 
acids t 0 t 1 t 2 t 15 t 15 t 30 

117 

p h  e Tga Ph Tg Ph Tg Ph Tg Ph Tg  Ph Tg  
16:0e 27.4 24.0 26.5 24.2 30.0 25.1 29.7 27.5 28.4 25.5 28.9 28.9 
16:1 9.0 15.2 10.2 8.8 11.7 12.0 8.3 13.6 10.5 12.7 6.1 11.0 
18:0 11.0 2.0 7.9 3.9 6.7 4.0 4.7 4.2 6.6 2.9 9.5 3.3 
18:1 42.3 51.0 42.3 52.6 42.1 52.5 44.9 46.3 32.3 42.0 27.2 37.8 
18:2 1.1 0.7 1.6 0.7 2.2 1.8 2.7 2.6 8.7 13.7 14.8 16.8 
20:3 0.5 . . . .  3.6 . . . .  1.6 . . . .  1.1 . . . .  1.0 . . . .  0.6 . . . .  
20:4 0.5 0.4 2.4 0.5 1.4 0.7 0.8 0.8 4.6 0.1 5,9 0,2 
22:50~6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.9 . . . .  

aMinor  components not  tabulated account for 100%. 

b d ~ m g  of methyl linoleate. 

t = d a y s  of administrat ion.  

c P h = P h o s p h o l i p i d s .  

d Tg~Tr ig lycer ides .  

eThe number  before the colon denotes number  of carbon atoms and the number  after the colon, number  
of double bonds;  the ~ denotes posi t ion of double bond  nearest to the methyl end. 

reached higher values in triglycerides than in 
phospholipids. The percentage of arachidonic 
acid was very low and the highest values were 
found with the longest periods and highest 
amounts of the administered methyl linoleate. 
The proport ion was higher in phospholipids than 
in triglycerides but  the differences were not 
very significant. The eicosatrienoic acid was a 
minor component in both classes of lipids, even 
in the fat-deficient rat. This is an important 
difference when compared to the phospholipids 
of liver or the pool of heart, kidney, lung and 
pancreas. In all these organs, as it is well 
known, the eicosa-5,8,11-trienoic acid was a 
major component in the fat-deficient rat  and 

was rapidly decreased by the administration of 
methyl linoleate (Tables V and VI) .  

The relative percentage of linoleic acid in 
phospholipids and triglycerides in all the tissues, 
depended on the amount of methyl linoleate 
administered in the diet. It  was generally high- 
er in the phospholipids than in the triglycerides 
for any tissue for doses of 100 mg and short 
periods, but  it was generally higher in trigly- 
cerides of all the tissues for doses of 400 mg 
(Table II  to VI) .  However, when the amount 
incorporated was expressed by weight per rat  
it was shown (Table VII)  that for depot tissues 
it was always significantly higher in trigly- 
cerides than in phospholipids. In  the other tis- 

T A B L E  IV 

Fat ty  Acid Composi t ion  of Phosphol ipids  and Triglycerides of Epi renal  Fa t  Depot  (per cent of to ta l )  

Animal  groups 

d b 0 d 100 d 200 d 100 d 400 d 400 
Fa t ty  a 2 2 3 4 5 6 
acids t 0 t 1 t 2 t 15 t 15 t 30 

Ph  e Tg a Ph  Tg Ph Tg Ph Tg Ph Tg Ph Tg 
16:0 e 27.2 28.7 32.8 29.7 33.7 30.1 33.1 28.4 32.0 29.4 31.6 28.0 
16:1 17.5 18.4 10.3 17.2 13.5 16.3 7.5 9.5 9.5 11.1 8.5 7.6 
18:0 2.5 3.0 6.9 3.2 3.9 3.8 5.4 3.3 4.9 4.0 5.8 3.4 
18:1 47.0 58.9 40.5 54.2 43.8 52.0 45.2 53.4 34.8 37.6 37.5 42.5 
18:2 1.0 0.7 2.1 0.8 1.1 1.7 4.6 2.4 8.4 11.5 11.6 16.1 
20:3 0.2 . . . .  0.4 . . . .  0.4 . . . .  0.7 . . . .  0.6 . . . . . . . . . . . .  
20:4 0.3 0.3 1.3 0.4 0.2 0.3 2.9 0.1 1.1 0.5 0.4 0.5 
22:50:6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~Minor  components not  tabula ted account for 100%. 

b d = m g  of methyl linoleate. 

t ~ d a y s  of administrat ion.  

e Ph=Phospho l ip id s .  

d Tg~Tr ig lyccr ides .  
eThe number  before the colon denotes number of carbon atoms and the number  after the colon, number  

of  double bonds;  the ~ denotes pos i t ion  of double bond  nearest to  the methyl  end. 
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TABLE V 

Fatty Acid Composition of Phospholipids and Triglycerides of Liver Lipids (per cent of total) 

Animal groups 

db 0 d 100 d 100 d 100 d 400 d 400 
Fatty ~ 1 2 3 4 5 6 
acids t 0 t t t 2 t 15 t 15 t 30 

phe TgO Ph Tg Ph Tg Ph Tg Ph Tg Ph Tg 
16:0 e 15.2 24.9 19.6 26.8 21.1 25.4 17.4 31.1 17.9 26.7 16.9 27.3 
16:1 6.0 14.6 3.7 13.7 4.2 9.5 2.9 8.1 2.5 10.2 1.6 5.1 
18:0 24.8 3.4 26.7 3.7 24.6 2.5 22.3 2.4 25.4 2.4 26.3 3.1 
18:1 25.0 49.2 24.2 47.7 19.6 50.1 19.0 42.5 8.9 34.8 8.2 30.6 
18:2 2.1 1.3 6.7 2.5 5.5 2.1 4.6 4.6 9.0 15.9 11.5 21.2 
20:3 11.3 0.6 8.6 0.5 7.9 0.3 1.8 . . . .  0.9 . . . .  0.3 . . . .  
20:4 7.4 . . . .  7.7 0.6 11.7 0.6 22.0 3.9 26.3 3.1 26.5 4.1 
22: 5~6 0.2 . . . .  0.3 . . . .  0.7 . . . .  2.5 . . . .  2.9 . . . .  3.5 . . . .  

aMinor components not tabulated account for 100%. 
b d ~ m g  of methyl linoleate. 

t ~ d a y s  of administration. 
e Ph~phospholipids. 
d Tg~Triglycerides. 
eThe number before the colon denotes number of carbon atoms and the number after the colon, number 

of double bonds; the ~0 denotes position of double bond nearest to the methyl end. 

sues it was generally slightly higher in phospho- 
lipids. In most cases this distribution might be 
partially considered as the result of the relative 
amounts of triglycerides and phospholipids in 
both kinds of tissues. 

The percentage of arachidonic acid was gen- 
erally higher in phospholipids than in trigly- 
cerides of all the tissues and it increased with 
the period of time and amount of methyl lino- 
leate administered. However, in the depot tis- 
sues the amount of arachidonic acid expressed 
per rat (Table VII I )  was generally higher in 
the triglycerides than in the phospholipids. A1- 

t h o u g h  th i s  d i s t r i b u t i o n  is u n d o u b t e d l y  a g a i n  

t h e  r e s u l t  o f  t h e  p r e p o n d e r a n t  a m o u n t  o f  t r i g l y -  

c e r i d e s  o v e r  p h o s p h o l i p i d s  i n  t h e  d e p o t  t i s s u e s ,  

i t  c a n  n o t  b e  e x p l a i n e d  as  a s i m p l e  p a r t i t i o n  

b e t w e e n  b o t h  l i p id s .  T h e  r e l a t i o n s h i p s  b e t w e e n  

T g  2 0 :  4 T g  

t h e  r a t i o  - -  i n  T a b l e  I a n d  t h e  r a t i o  

P h  2 0 : 4  P h  

in  T a b l e  V I I I  s h o w  a s i g n i f i c a n t  s e l e c t i v i t y  o f  

a r a c h i d o n i c  f o r  t h e  p h o s p h o l i p i d s .  

W h e n  t h e  t o t a l  a m o u n t  o f  l i n o l e i c ,  a r a c h i -  

d o n i c  a n d  e i c o s a t r i e n o i c  a c i d  i n c o r p o r a t e d  i n t o  

t h e  p h o s p h o l i p i d s  o f  a l l  t h e  t i s s u e s  a n a l y z e d  

TABLE VI 

Fatty Acid Composition of Phospholipids and Triglycerides of the Pool of Heart, Kidney, Lung and 
Pancreas (per cent of total) 

Animal groups 

d b 0 d 100 d 100 d 100 d 400 d 400 
Fatty a 1 2 3 4 5 6 
acids t 0 t 1 t 2 t 15 t 15 t 30 

16:00 
16:1 
18:0 
18:1 
18:2 
20:3 
20:4 
22:5~6 

Phc Tg d Ph Tg Ph Tg Ph Tg Ph Tg Ph Tg 
17.7 21.6 19.6 27.4 29.4 23.7 26.1 25.2 23.5 25.1 20.8 19.4 
3.7 20.2 4.0 6.3 3,9 8.5 3.7 9.1 2,9 9.2 3.0 9.2 

18.3 2.6 19.7 4.9 17.1 7.5 19.2 5.1 19.4 5.3 19.0 5.5 
16.3 46.1 21.2 51.0 19.3 44.1 14.1 48.5 12.3 48,0 12,0 48.9 
2.0 3.4 4.4 3.7 6.0 4.1 4.8 4.5 8.8 7.6 9.4 11.3 

12.7 0,6 11.0 . . . .  7.2 . . . .  2.2 . . . .  1.1 . . . .  0.4 . . . .  
10.9 0.3 12.4 0.5 9.5 2.7 19.7 1.0 21.0 1.0 23.6 0.8 
0.4 . . . .  0.5 . . . .  0.8 . . . .  1.1 . . . .  1.0 . . . .  1,4 . . . .  

aMinor components not tabulated account for 100%. 
b d = m g  of methyl linoleate 

t~days  of administration. 
c Ph~phospholipids. 
d Tg=Triglycerides. 
eThe number before the colon denotes number of carbon atoms and the number after the colon, number 

of double bonds; the ~ denotes position of double bond nearest to the methyl end. 
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TABLE VII  
Weight of Linoleic Acid Incorporated into the Phospholipids and Triglycerides of the Rat Tissue (rag per rat) 
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Animal Fat  depot Heart + kidney + lung 
groups Epididymal Epirenal Intestinal Liver +pancreas 

pha Tgb Ph Tg Ph Tg Ph Tg Ph Tg 
d 0e 

1 0.1 11.6 0.1 3.6 0.2 3.3 2.8 0.9 1.4 2.7 
t O  
d 100 

2 0.2 11.1 0.1 1.2 0.7 1.4 10.5 0.9 3.8 2.7 
t l  
d 100 

3 0.2 25.2 0.2 4.8 0.2 6.6 6.8 1.5 11.1 5.6 
t 2  
d I00 

4 1.4 32.7 0.9 35.1 0.4 12.5 6.3 6.4 6.7 9.5 
t 15 
d 400 

5 1.7 166.7 1.5 94.9 2.2 125.7 14.6 28.4 25.5 10.8 
t 15 
d 400 

6 3.6 202.6 1.6 174.2 13.6 86.2 39.5 33.1 21.5 9.9 
t 30 

a Ph=Phospholipids.  
b Tg~Triglycerides. 
e d = m g  of methyl linoleate; t~pe r iod  of adm!nistration in days. 

w a s  p l o t t e d  v e r s u s  t h e  a m o u n t  o f  p h o s p h o l i p i d s ,  

t y p i c a l  c u r v e s  w e r e  f o u n d  ( F i g .  1). T h e  a m o u n t  

o f  l i n o l e i c  a c i d  w a s  a l i n e a l  f u n c t i o n  o f  t h e  

a m o u n t  o f  p h o s p h o l i p i d s  i n d e p e n d e n t  f r o m  t i m e  
a n d  d o s e s .  T h e  e q u a t i o n  w a s  y - - - - 0 . 1 2 x - 4 2 . 5  

i n  w h i c h  y s t a n d s  f o r  m i l l i g r a m s  o f  l i n o l e i c  
a c i d  a n d  x t h e  m i l l i g r a m  o f  p h o s p h o l i p i d s .  O n  

t h e  c o n t r a r y  t h e  a m o u n t  o f  a r a c h i d o n i c  a c i d  

i n c o r p o r a t e d  s h o w e d  t w o  c u r v e s  w i t h  d i f f e r e n t  

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

l e i c  c u r v e .  T h e  e q u a t i o n  f o u n d  w a s  y '  ~ 0 .1  2 
x - 3 8 . 9  w h e r e  y '  s t a n d s  f o r  t h e  m i l l i g r a m s  o f  

a r a c h i d o n i c  a c i d  f o u n d  i n  p h o s p h o l i p i d s .  T h e  

TABLE VIII  
Weight of Arachidonic Acid Incorpo=ated into the Phospholipids and Triglycerides of the Rat Tissues 

(rag per rat) 

Animal Fat  depot Hear t+ kidney + lung 
groups Epididymal Epirenal Intestinal Liver +pancreas 

Ph a Tgb Ph Tg Ph Tg Ph Tg Ph Tg 
d 0e 

1 0.05 4.1 0.03 1.7 0.11 1.9 9.9 0.4 7.6 0.3 
t O  
d 100 

2 0.03 3.1 0.02 0.6 0.44 1.0 12.0 0.2 10.8 0.4 
t l  
d 100 

3 0.10 3.1 0.14 1.0 0.19 2.5 14.4 0.2 17.4 3.7 
t 2  
d 100 

4 0.16 12.7 0.55 2.1 0.14 1.3 30.2 5.5 27.6 2.2 
t 15 
d 400 

5 0.19 11.0 0.19 4.0 1.16 0.7 43.0 5.5 60.6 1.5 
t 15 
d 400 

6 1.01 14.4 0.06 5.1 5.42 1.1 90.7 6.5 54.3 0.7 
t 30 

a Ph=Phospholipids.  
b Tg=Triglycerides. 
e d ~ m g  of methyl linoleate; t=pe r iod  of administration in days. 
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PHOSPHOLIPIDS (m9~ 

Fro. I. Relationship between the amount of 
linoleic, arachidonic and eicosatrienoic acids in- 
corporated in tile phospholipids and the amount 
of phospholipids in the pool of tissues. 

second slope was steeper and showed a lineal 
equation of the form y' = 0.18 x -30.4.  A 
vertical jump was shown when the amount of 
phospholipids was of the order of 500 mg and 
corresponded to the 2- to 15-day period of 
linoleate administration. The vertical increase 
was coincident with a vertical decrease of 
eicosatrienoic acid. 

When the equations were calculated in a 
molar basis it was possible to show that a 
steady molar relation of 0.45 moles of arachi- 
donic acid per mole of phospholipid was at- 
tained as compared to 0.34 for linoleic acid. 
Both acids are mainly bound to the /3 position. 
Therefore both acids together esterify 80% of 
the /3 hydroxy group of phospholipids. These 
results corroborate our previous work (2).  

DISCUSSION 

The administration of methyl linoleate to fat- 
deficient rats evokes a series of changes in the 
fatty acid composition of the tissues. These 
changes are undoubtedly related to the nature 
of the carrier that transports the fatty acid, to 
the subsequent transformation that fatty acids 
may suffer in the different tissues and to the 
kind of lipids that constitute these tissues. The 
linoleate is transported by chylomicrons from 
the intestine to the different tissues. In the liver 
it is converted into arachidonic acid and other 
unsaturated acids following a series of oxida- 
tive desaturations and elongations. In Tables V 
and VII it is shown that dietary linoleic acid is 
immediately incorporated into the phospho- 
lipids of liver and it incl'eases before any change 
in the triglycerides is found. This effect may be 
attributed to a selective incorporation of linoleic 

acid in the phospholipids and not to a diluting 
effect. After  this short period of approximately 
48 hr for doses of 100 mg per rat, the linoleic 
acid incorporated by the phospholipids seems to 
reach an equilibrium, since the percentage com- 
position attained a relatively constant level. This 
is shown in Table V and in our previous works 
(1,2).  Then, the incorporation of linoleic acid 
into the triglycerides of these tissues starts in- 
creasing and accumulates markedly in trigly- 
cerides (Tables V and VII ) .  The amount of 
linoleic acid in the diet may, however, modify 
the conditions of equilibrium, and higher per- 
centages were found either in phospholipids or 
in triglycerides when higher doses were pro- 
vided. 

The incorporation of linoleic acid into the 
depot tissues followed another pattern and 
from the beginning the percentage in phospho- 
lipids did not differ very much from the per- 
centage in triglycerides (Tables II  to IV) .  How- 
ever, the incorporation was quantitatively high- 
er in triglycerides than in phospholipids (Table 
VII) .  

Generally, the total synthesis of phospho- 
lipids would be the preferable pathway for 
linoleic acid incorporation in comparison with 
direct transacylation (7). This hypothesis would 
be stressed by the practically lineal relationship 
found between the amount of phospholipid and 
the amount of linoleic acid incorporated into 
these lipids (Fig. 1 ). The step where linoleic 
acid is preferentially diverted to phospholipid 
in certain tissues can not be precisely identified 
for the moment. However, considering Ken- 
nedy's pathway of triglycerides and phospho- 
lipid synthesis, it may be that diglycerides con- 
taining linoleic acid are more selectively con- 
verted into phospholipids than into triglycerides. 
It is also possible that a superimposed transacy- 
lation reaction ~ would be responsible for such 
effect. 

Arachidonic acid synthesized from linoleic 
acid in the liver is principally incorporated 
into the fl position of phospholipids as shown 
in our previous work (2) .  It was found espe- 
cially in liver and in the pool of heart, kidney, 
lung and pancreas; but very little was found 
in phospholipids of adipose tissues. I t  was also 
very slightly incorporated into the triglycerides 
of all the tissues (Table VII I ) .  

For  the moment we have been unable to de- 
saturate linoleate into q,-linolenate using adi- 
pose tissue microsomes in vitro. 2 Therefore the 
measurable amount of arachidonic acid found 
in the triglycerides of the depot tissues, in spite 

2Peluffo, R. O. and R. R. Brenner, to be published. 
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o f  the low percentage found in these lipids, 
probably comes mainly from the liver. The 
high amount of triglycerides in adipose tissues 
undoubtedly decreases the percentage of the 
acid by dilution. However, the low percentage 
of arachidonic acid also found in the phospho- 
lipids of the same tissues requires an additional 
explanation. Whereas linoleic acid was mainly 
transported in the chylomicrons, arachidonic 
acid synthesized in the liver would be trans- 
ported in the phospholipids. Therefore the 
arachidonic acid available for adipose tissue 
may be quite limited in relation to the linoleic 
and other acids. 

In 1963 (4) we postulated that the arachi- 
donic acid might displace eicosa-5,8,11-trienoic 
acid from the /3 position of ethanolamine and 
choline phospholipids of fat-deficient rats 
through a direct transcylase reaction of the 
kind described by Lands and Merkle (7,8).  
The importance of this kind of reaction in 
phospholipid synthesis was stressed by the dis- 
covery of Van Deenen (9) that liver possesses 
a phospholipase able to deacylate either ~ or /3  
carbon of phospholipids. This hypothesis easily 
explained the existence of the correlative curves 
found in our previous work (2) beween the 
incorporation of arachidonic acid and the de- 
pletion of eicosa-5,8,11-trienoic from the /3 
position of the phospholipids of liver versus 
time when arachidonic acid was supplied to the 
diet of fat-deficient rats. I t  may also explain 
the similar curves found in heart  (1) when 
either linoleic or arachidonic acid were ad- 
ministered to the diet. However, when methyl 
linoleate was fed (2) no correlative curves 
were found in the liver for the arachidonic in- 
crease and eicosatrienoic acid decrease. At  that 
time this effect was explained by the existence 
of competitive reactions in the synthesis of 
arachidonic and eicosatrienoic acid. Nowadays 
this type of competition is confirmed by the 
discovery that linoleic and oleic acid compete 
in vitro for the same oxidative dehydrogenase 
which produces 2" linolenic and octadeca-6,9,- 
dienoic acid from the corresponding substrates 
(10).  However, when in the present experi- 
ment the amount of arachidonic and eicosatri- 
enoic acid incorporated into the phospholipids 
was plotted versus the amount of phospholipids 
two typical curves were found (Fig. 1). Al- 
though part  of the curves showed lineal func- 
tions between the arachidonic acid content and 
the amount of phospholipid, favoring the hypo- 
thesis of a total direct synthesis of phospho- 
lipids containing arachidonic acid molecules, 
the existence of a vertical increase in the arachi- 
donic acid content correlative to a vertical de- 

crease in eicosatrienoic acid without any change 
in the amount of phospholipid would corro- 
borate the other hypothesis according to which 
arachidonic acid could directly displace eico- 
satrienoic acid from phospholipids. It is inter- 
esting to remark in these curves that once the 
eicosatrienoic acid was eliminated, the arachi- 
donic acid increased again following a lineal 
function of the phospholipid content. 

In  consequence, gathering all these pieces of 
information, including either in vivo or in vitro 
experiments, we may postulate that the admin- 
istration of linoleic acid to fat-deficient rats 
immediately interrupts the synthesis of eicosa- 
5,8,11-trienoic acid from oleic acid by competi- 
tive inhibition at the level of the oxidative 
desaturation of oleic into octadeca-6,9-dienoic 
acid and very probably at other steps including 
elongation. 

Linoleic acid seems to be incorporated into 
the phospholipids mainly through the total 
synthesis of the lipids, but it does not displace 
eicosatrienoic acid. The direct displacement of 
eicosa-5,8,11-trienoic acid from the phospho- 
lipids would be evoked by the arachidonic acid 
either synthesized from linoleic acid or pro- 
vided in the diet. This effect would be inde- 
Pendent from the interruption of eicosatrienoic 
acid synthesis. A direct fl transacylase reaction 
of the type described by Lands and Merkle (7) 
may very probably be responsible for such a 
displacement. However, arachidonic acid in- 
corporation into phospholipids would also fol- 
low Kennedy's  pathway of total phospholipid 
synthesis. This would arise from the type of 
the curve of arachidonic acid (Fig. 1) once 
eicosatrienoic acid was eliminated from the 
lipids. 
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ABSTRACT 

The metabolism of 9,15-octadecadieno- 
ate, 1 2 , 1 5 - o c t a d e c a d i e n o a t e  and 7,13- 
eicosadienoate was investigated in the fat- 
deficient rat. The liver lecithins of those 
animals receiving 9,15- and 12,15-octa- 
decadienoate, as well as the animal remain- 
ing on the fat-deficient control, were iso- 
lated. The fatty acid distributional pattern 
was determined by the use of lecithinase A. 
All three of the experimental dienoic acids 
were incorporated into tissue lipids. None 
of the acids, however, was converted to 
longer chain polyunsaturated fatty acids. 
The 9,15-octadecadienoate was esterified 
almost exclusively to the fi-position of 
lecithin, whereas 12,15-octadecadienoate 
was about equally distributed between the 
~- and t-posit ions.  

INTRODUCTION 

T HE BIOSYNTHESIS of polyunsaturated fatty 
acids ( P U F A )  may be visualized as a se- 

quence of two carbon elongation and desatura- 
tion reactions. In pioneering work Mead and 
Howton (1) showed that linoleate (18:2(06) 
is converted to arachidonate (20 :406)  in the 
rat  via the following pathway: 18:2o6--~ 
18 : 306--->20: 3t06---~20: 4o6. Subsequent studies 
showing that the levels of 22:4to6 and 22:5(o6 
in tissue lipids are elevated when either 18:2t06 
or 20 :4o6  are fed to rats suggest that linoleate 
is likewise the initial precursor of these two 
acids (2) .  In a similar manner,  oleate, palmi- 
toteate and linolenate each serve as the initial 
unsaturated precursor for an independent 
family of P U F A  (3-6) .  Although the quantity 
of each family of P U F A  found in tissue lipids 
reflects the composition of the dietary lipid (7) ,  
there is no direct crossover in metabolism be- 
tween the four families of fatty acids (8).  For  
example, members of the o6  family are not 
converted to (o3 acids in animals. 

Although the pathways of P U F A  biosyn- 
thesis are quite firmly established, little is 
known about either the enzymes involved in 
these interconversions or the structural fea- 

tures in the fatty acid molecule that are es- 
sential for chain elongation and desaturation. 
In an attempt to gain further insight into the 
type of structure which can be converted to 
longer chain P U F A ,  we wish to report  our 
metabolic studies with rats on the following 
three unnatural dienoic acids: 9,15-octadecadi- 
enoate, 12,15-octadecadienoate and 7,13-eicos- 
adienoate. 

EXPERIMENTAL PROCEDURE 

Fatty Acid Esters 

The total synthesis of 7,13-eicosadiynoic acid 
used in this study was carried out independent- 
ly by Gunstone and Sykes (9) .  The diynoic 
acid was converted to the methyl ester with 
diazomethane (10).  The methyl 7,13-eicosadi- 
enoate so obtained was reduced to methyl 
7,13-eicosadienoate with L i n d l a r ' s  c a t a l y s t  
(11).  The resulting compound was pure as 
judged by gas-liquid chromatography (GLC)  
and contained 6.0% isolated trans double 
bonds as determined by the infrared spectrum. 

The selective reduc t ion  of methyl linolenate, 
followed by countercurrent fractionation of 
the resulting octadecadienoate isomers, has 
been described previously (12).  The 9,15- 
octadecadienoate was pure as judged by GLC 
and contained 5.5% isolated trans double 
bond. I t  was not possible to separate the 9,12- 
octadecadienoate from the 12,15-isomer. The 
mixture contained 65.5% of the 9,12-isomer 
and 34.5% of 12,15-octadecadienoate as de- 
termined by GLC. The mixture contained 
8.7% isolated trans double bond. 

Nutritional Study 

Twenty male weanling rats of the Sprague- 
Dawley strain were kept on a fat-deficient diet 
(13) for about 3 months. The animals were 
then subdivided into five groups of four ani- 
mals each. Each animal in groups 1-3 was 
fed by syringe 200 mg of one of the experi- 
mental esters each day for a period of 5 days. 
The fourth group was given an equal amount 
of methyl linoleate, and the fifth group was 
maintained on the fat-deficient control diet. 
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The amount required for feeding the 9,12-  
12,15 mixture was 530 mg in order that each 
animal receive 200 mg of the 12,15-octa- 
decadienoate each day. The mixture was fed in 
three equal aliquots each day, whereas those 
animals receiving 200 mg per day of other 
esters were given 100 mg twice daily. 

Lipid Extraction and Fatty Acid Analysis 

The animals were sacrificed by ether anes- 
thesia. The livers were quickly removed and 
immediately frozen in isotonic saline until 
they could be analyzed. The lipids from each 
liver were extracted with chloroform:methanol ,  
2:1, as described by Folch et al. (14). An 
aliquot of each extract was taken to dryness 
under nitrogen and interesterified with meth- 
anolic He1 as described by Stoffel et al. (15). 
The methyl esters were analyzed on a Barber- 
Colman model 10 GLC apparatus, which was 
equipped with an argon ionization detector us- 
ing a 210 cm glass column packed with 20% 
ethylene glycol succinate on Gas-Chrom P, 
80-100 mesh, and a flow rate of 60 ml of 
argon per minute at 185C. The individual 
methyl esters were identified by equivalent 
chain length (16) and with internal standards. 
Quantification was done by triangulation and 
data are reported as area percent. 

Isolation and Analysis of Lecithin 

Lecithin was isolated from the rat livers of 
only those animals fed methyl-9,15-octadecadi- 
enoate, the 9,12-12,15-octadecadienoate mix- 
ture and the fat-deficient control group. The 
chloroform:methanol  extract of the livers of 
the animals within each group was pooled and 
taken to dryness under reduced pressure. The 
lipids were dissolved in small volumes of 
chloroform:methanol ,  2:1, and streaked on 
preparative thin-layer plates. The plates were 
d e v e 1 o p e d with chloroform:  methanol:  water, 
65:25:4  ( v / v / v ) ,  after which the lipids were 
detected by spraying with 0.2% 2', 7'-dichloro- 
fluorescein in 95% ethanol. The fraction cor- 
responding to lecithin was scraped from the 
plate and extracted. A portion of the lecithin 
was interesterified, and another aliquot was 
treated with snake venom (Crotalus adaman- 
teus) as described by Long and Penny (17).  
The resulting lysolecithins and free fatty acids 
were separated by preparative thin-layer chro- 
matography (TLC) ,  scraped from the plate 
and immediately interesterified. The purity of 
lecithin isolated from the preparative TLC 
plates, as well as the completeness of the snake 
venom reaction, were monitored by TLC. 

RESULTS AND DISCUSSION 

~etabolism of Dienoic Acids 

It has generally been assumed that feeding 
studies must be carried out for 50 to 100 days 
in order to observe meaningful changes in the 
fatty acid composition of tissue lipids. Recently 
studies by Schlenk et al. (18) and also by 
Rahm and Holman (2,19) have shown that 
the tissue lipid fatty acid pattern of essential 
fatty acid ( E F A )  deficient rats responds to 
dietary fats within 5 days. 

The three experimental dienoic acids might 
be metabolized in one or more of the follow- 
ing three ways: 1) The three dienoic acids 
might be incorporated directly into tissue lipids 
without being chain elongated or desaturated. 
2) If  the rat  is able to insert a double bond 
into position 9 of 12,15-octadecadienoate or 
into position 12 of 9,15-octadecadienoate, the 
resulting acid would be linolenate. If  either of 
these desaturations occurred, the linolenate 
would enter the t03 metabolic pathway (4) and 
an increase in the levels of the ~3 fatty acids 
in the tissue lipids should be observed. In a 
similar manner, desaturation at position 10 of 
7,13-eicosadienoate would yield 20:3~7.  If  
this interconversion proceeded, an increase in 
the levels of the c07 fatty acids should result. 
3) Elongation of the fatty acid might be pos- 
sible without introduction of a double bond. 
The elongated acids could then be incorporated 
into tissue lipids or desaturated to give trienoic 
acids not containing the normal skipped un- 
saturation pattern. For  example, if this path- 
way were operative, 9,15-octadecadienoate 
would be first converted to 11,17-eicosadienoate 
and subsequently either incorporated directly 
into tissue lipids or desaturated to 8,11,17- 
eicosatrienoate and then incorporated. 

The averaged fatty acid compositions of the 
liver fatty acids and standard deviations are 
given in Table I. As is evident from the data, 
all three dienoic acids are incorporated into 
tissue lipids. However, their level of incorpora- 
tion is considerably lower than observed for 
linoleate when this acid was the dietary vari- 
able. In those animals receiving linoleate, the 
level of this acid in liver lipids was 7.6% of 
the total liver fatty acids. In contrast, when 
7,13-eicosadienoate and 9,15-octadecadienoate 
were the dietary variables, the respective per- 
centage in liver lipids was 2.3% and 2.7%. 
An even more striking difference was observed 
with the 9,12-12,15-octadecadienoate mixture. 
Although the ratio of the 9,12-isomer to the 
12,15-isomer in the diet was 65.5 to 35.5, or 
about 2 to 1, the ratio of the 9,12-isomer to 
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T A B L E  I 

Fat ty  Acid  Composi t ion  of  Liver  Lipids  
(Average area percentage by G L C ,  and standard deviat ion)  

Dietary component  

Fat-/ree 9,12 and 
Fatty  acid Control diet 9,12-18:2 12,15-18:2 9,15-18:2 7,13-20:2 

14:0 1.2 + 0.3 0.7 • 0.4 0.7 • 0.1 0.9 -4- 0.1 0.9 4- 0.1 
16:0 20.9 4- 2.0 21.0 • 1.1 16.9 4- 1.7 19.9 4- 1.7 21.2 4- 1.4 
16:1 13.3 4- 1.1 7.1 4- 1.0 6.1 4- 3.0 10.1 4- 0.6 I0.2 4- 0.5 
18:0 11.0 • 2.3 16.4 • 0.5 16.1 -+- 3.4 11.5 4- 0.3 13.5 4- 2.2 
18:1 36.4 4- 3.4 22.9 4- 3.2 21.2 4- 6.2 34.4 4- 1.7 32.8 4- 2.7 

9,12-18:2 1.5 4- 0.3 7.6 4- 0.8 10.7 4- 0.8 1.5 4- 0.5 1.5 4- 0.3 
9,15-18:2 . . . . . .  2.7 4- 0.1 - -  - -  
12,15-18:2 . . . .  2.2 4- 0.4 . . . .  

18:3w3 0.4 4- 0.3 0.4 4- 0.1 0.4 • 0.1 0.5 + 0.2 0.4 4- 0.1 
%13-20:2 . . . . . . . .  2.3 4- 0.4 

20:3w9 9.3 4- 1.8 3.7 • 1.0 2.9 4- 0.3 10.3 4- 0.3 10.6 4- L5 
20:30~6 1.0 4- 0.5 1.7 4- 0.1 1.6 4- 0.2 0.7 4- 0.2 0.7 4- 0.1 

20:4  2.7 4- 0.9 14.8 4- 0.9 16.3 4- 4.4 2.7 4- 0.3 3.3 4- 0.7 
20:5w3 0.3 4- 0.2 0.3 4- 0.2 0.2 4- 0.1 0.4 4- 0.t  0.3 4- 0.2 
22:4w6 0.4 4- 0.3 0.2 • 0.1 0.5 4- 0.3 0.6 • 0.2 0.3 4- 0.2 
22:50J6 0.4 4- 0.2 2.2 4- 0.3 2.2 4- 1.6 0.4 4- 0.3 0.5 4- 0.3 
22: 5o~3 Trace Trace Trace Trace Trace 
22:6o~3 I . I  4- 0.3 1.1 • 0.5 2.0 4- 0.3 3.6 4- 1.9 1.5 4- 0.3 

the 12,15-isomer in liver lipids was about 5 
to 1. 

As discussed in the second hypothesis, con- 
version of 9,15- and 12,15-octadecadienoate 
to linolenate should result in an increase in the 
levels of 18:3c03, 20:5t03, 22:5t03 and 
22:6t~3 compared with the fat-deficient control 
animals. The experimental results indicate that 
the level of 22:6to3 is slightly elevated when 
the animals received either 9,15- or 12,15- 
octadecadienoate. However, a corresponding 
elevation of 18:3(03, 20:5o)3 and 22:5co3 was 
not observed. If appreciable conversion to 
linolenate had occurred, the levels of these to3 
acids should have increased in a more dramatic 
fashion. For example, when fat-deficient rats 
received 100 mg of methyl linolenate per day 
for a period of 5 days, the respective levels 
of 22:5to3 and 22:6to3 rose about 20-  and 6-  
fold over deficient controls (2). When an 
animal is maintained on a fat-deficient diet, the 
principal P U F A  which increases is 20:3~9 
(20). The level of this acid is repressed when 
the animal is fed acids of either the ~03 or to6 
family. As shown in Table I, the content of 
20:3co9 remains at the same level as for the 
fat-deficient controls when the dietary acid 
was 9,15-octadecadienoate. In the 9,12-12,15- 
mixture, it is not possible to assess what con- 
tribution the 12,15-isomer had on lowering the 
level of 20:3t09, because the large amount of 
methyl linoleate in the mixture will, by itself, 
suppress the level of 20:3to9. 

In a previous study, the eicosatetraenoic acid 
in rats maintained on a fat-deficient diet was 
shown to be a mixture of 20:4to6 and 20:4o)7 
(13). If 7,13-eicosadienoate is converted to 
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20:3t07 by desaturation at position 10, an in- 
crease in both 20:3t07 and 20:40)7 should be 
expected. Under the conditions of GLC used in 
this study it is unlikely that 20:3c07 would be 
resolved from 20:30~9. However, failure to 
observe an increase in the level of eicosatrieno- 
ate, or 20.4 compared with the fat-deficient 
controls, suggests that little, if any, of the 7,13- 
eicosadienoate was converted to 20:3to7 or to 
20:4c07. The possibility remains, however, 
that this transformation occurs but that the 
resulting 20:3(o7 and 20:4~o7 have such a 
rapid turnover that they do not accumulate to 
any significant extent in tissue lipids. If this is 
true, an unequivocal answer concerning the 
extent of conversion could be obtained only 
through the use of 7,13-eicosadienoate labeled 
with either 14C or tritium. 

If the three experimental dienoic acids are 
metabolized according to the third hypothesis, 
unusual fatty acids having GLC retention times 
other than those of acids found in the fat- 
deficient control animals should be observed. 
Failure to detect any PUFA with a retention 
time different from the fat-deficient controls 
indicates that this proposed metabolic path- 
way is unlikely. 

Several investigations have been reported in 
which attempts have been made to establish 
what type of fatty acid can serve as a pre- 
cursor for PUFA. In a detailed study Klenk 
(21) reported that the isomer of linoleate, 
10,13-octadecadienoate (18:2to5), was not 
converted to longer chain PUFA's.  Likewise 
the isomer of linolenate, 8,11,14-octadeca- 
trienoate (18:3~4) ,  was not converted to any 
significant extent to longer chain PUFA. Ex- 
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per iments  at The  H orme l  Inst i tute have shown  
that  17:2r and 19:2to6, in which the double  
b o n d  system at the methyl  end of  the molecule  
is the same as for  linoleate, but  in which  the 
proximal  end is odd, are no t  e longated (2 ,22) .  
Schlenk et al. (23)  have shown,  however ,  that  
the odd-cha in  acids, 9 ,12-haptadecadienoate  
( 17 : 2 to 5 ) a n d  6 , 9 , 1 2 - h e p t a d e c a t r i e n o a t e ,  
(17:3c05) are conver ted  to longer  chain P U F A .  
These  two acids resemble  t inoleate and y-lino- 
lenate in tha t  the double  b o n d  system is lo- 
cated the same distance f r o m  the carboxyl  
group. The  amoun t  of longer  odd-cha in  P U F A  
fo rmed  when  these acids were  fed to fat-de- 
ficient rats co r re sponded  closely with the in- 
crease in longer  chain t~6 acids when  l inoleate 
and y-linoleate were  the dietary variables. 

Klenk  (21)  has shown that  bo th  16:3c03 and 
16:4t03 enter  the t03 metabol ic  pathway.  The  
isomeric c o m p o u n d  16:4c01 is, however ,  
metabol ical ly  inactive. Accord ing  to Reiser 
et  al. (24)  8:1t~6 is conver ted  to l inoleate by 
the chicken. The  same convers ion  does not  
occur  in the rat  (25) .  

In the studies descr ibed here,  it is some- 
what  surprising that  12,15 oc tadecadienoate  
was not  conver ted  to linolenate. The  desatura-  
tion at posi t ion 9 might  be expected since 

stearate and palmita te  are conver ted  respect-  
ively to oleate and palmitoleate  by  desatura t ion 
at posi t ion 9. This observat ion  is even  m o r e  
puzzling in view of  the recen t  r epor t  by Takagi  
(26) that  the rat  is able to in t roduce  a double  
bond  into posi t ion 8 of  5 ,11 ,14-e icosa t r ienoate  
to yield arachidonate .  

Incorporation of Fatty Acids Into Lecithin 

The  enzyme systems which  incorpora te  fat ty 
acids into leci thin exhibit  a h igh degree of  
specificity, for  the fl posi t ion of  leci thin con- 
tains p redominan t ly  unsa tura ted  acids, whereas  
the e posi t ion contains  pr imari ly  sa tura ted 
acids (27 ,28) .  In  view of  the low level of  in- 
corpora t ion  of  the exper imenta l  dienoic acids 
into tissue lipids, it was of  interest  to establish 
whe the r  these componen t s  were  incorpora ted  
into leci thin and, if they are incorpora ted ,  
whe ther  they were  in the e or fl position. 

The  fa t ty  acid composi t ions  of  lecithin, 
lysoleci thin and the fa t ty  acid which  were  
l iberated f r o m  the fl posi t ion of  those animals 
fed  9 ,15-octadecadienoate ,  the 9 , 1 2 - 1 2 , 1 5 -  
oc tadienoate  mixture  or a fat-free diet are pre- 
sented in Table  II. The  distr ibution of  fatty 
acids on the lecithin isolated f r o m  the fat- 

TABLE If 
Positional Distribution of Fatty Acids in Liver Lecithin 

(Area Percentage of GLC) 

Untreated Liberated Distribution 
Fatty acid lecithin Lysolecithin fatty acid on Lecithin 

A. Rats on fat-free control diet a fl 
16:0 22.3 35.0 8.7 80 20 
16:1 6.2 4.9 6.1 45 55 
18:0 22.2 43.8 1.8 96 4 
18:1 27.1 ]4.9 39.8 27 73 

9,12-18:2 1.3 0.4 1.8 17 83 
20:3~c9 17.7 1.2 35.2 3 97 
20: 3606 Tr ace - -  - -  
20:4 3.3 Trace 6.6 0 100 

B. Rats fed 9,15 18:2 
16:0 31.2 55.0 3.2 81 19 
16:1 10.4 5.4 17;5 24 76 
18:0" 11.0 28.6 0.8 97 3 
18:1 30.1 10.1 50.2 17 83 

9,12-18:2 2.1 0.4 3.2 10 90 
9,15-18:2 1.5 0.4 3.1 12 88 

20:3609 11.6 0.5 18.8 3 97 
20: 3606 Tr ace - -  - -  
20:4 2.3 Trace 3.4 0 100 

C. Rats fed 9,12 and 12,15-18:2 
16:0 22.7 43.2 4.3 90 10 
16:1 4.3 4.8 8.0 38 62 
18:0 20.0 35.2 1.5 96 4 
18:1 17.4 9.7 28.7 26 74 

9,12-18:2 11.6 2.6 24.0 10 90 
12,15 18:2 1.6 2.0 1.6 56 44 

20:3609 5.0 0.8 6.7 10 90 
20:3606 2.4 0.t 4.9 3 97 
20:4 14.9 1.6 20.4 8 92 
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de f i c i en t  a n i m a l s  is s i m i l a r  to  t h a t  r e p o r t e d  b y  
J o h n s o n  a n d  I to  ( 2 9 ) .  T h e  s a t u r a t e d  ac ids  a r e  
es te r i f i ed  p r i m a r i l y  to  t h e  c~ p o s i t i o n ,  w h e r e a s  
t h e  u n s a t u r a t e s  a r e  l o c a t e d  in  t h e  /3 pos i t i on .  
T h e  20:30~9 b e h a v e s  as a t yp i ca l  u n s a t u r a t e d  
ac id  in t h a t  9 7 %  o f  it  is /3. A l t h o u g h  t h e  
f a t t y  a c i d  c o m p o s i t i o n s  o f  t h e  t h r e e  d i f f e r e n t  
l e c i t h in  s a m p l e s  d i f fer  s o m e w h a t ,  t h e  d i s t r i b u -  
t i on  o f  a n y  g i v e n  c o m p o n e n t  is a p p r o x i m a t e l y  
t h e  s a m e  f o r  t h e  t h ree .  T h e  o n l y  s i g n i f i c a n t  
e x c e p t i o n  is p a l m i t o l e a t e ;  t h e  a m o u n t  o f  th i s  
c o m p o n e n t  es te r i f i ed  to  t h e  ~ p o s i t i o n  v a r i e d  
f r o m  24  to  4 5 % .  

I n  t h o s e  a n i m a l s  r e c e i v i n g  9 , 1 5 - o c t a d e c a -  
d i e n o a t e ,  t h e  a m o u n t  i n c o r p o r a t e d  i n t o  l e c i t h i n  
r e p r e s e n t s  a b o u t  1 . 5 %  o f  t h e  to t a l  l e c i t h i n  f a t t y  
ac ids .  T h e  a c i d  is d i s t r i b u t e d  o n  t h e  ~ a n d  /3 
p o s i t i o n s  in  a m a n n e r  s i m i l a r  to  t h e  l i n o l e a t e  
r e m a i n i n g  in  t h e  f a t - d e f i c i e n t  c o n t r o l  a n i m a l s .  
C o n v e r s e l y ,  t h e  d i s t r i b u t i o n a l  p a t t e r n  o f  1 2 , 1 5 -  
o c t a d e c a d i e n o a t e  d i f fers  m a r k e d l y  f r o m  e i t h e r  
l i n o l e a t e  o r  9 , 15  o c t a d e c a d i e n o a t e ,  w h e r e a s  
a b o u t  9 0 %  o f  t h e  9 , 1 2 -  o r  9 , 1 5 - o c t a d e c a -  
d i e n o a t e  is l o c a t e d  in  t h e / 3  p o s i t i o n ,  o n l y  4 4 %  
o f  t h e  12 ,15  i s o m e r  is e s t e r i f i ed  to  t h e  /3 pos i -  
t ion .  T h e  d i f f e r e n c e  o b s e r v e d  in t h e  i n c o r p o r a -  
t i ons  o f  9 , 1 5 -  a n d  1 2 , 1 5 - o c t a d e c a d i e n o a t e  
p r o b a b l y  is d u e  to  t h e  l o c a t i o n  o f  t h e  d o u b l e  
b o n d  s y s t e m  w i t h i n  t h e  m o l e c u l e .  I n  t h e  9 , 1 5 -  
i s o m e r  t h e  d o u b l e  b o n d s  a r e  w i d e l y  s e p a r a t e d  
in  c o n t r a s t  to  t h e  d o u b l e  b o n d s  in  t h e  1 2 , 1 5 -  
i s o m e r ,  w h i c h  a r e  l o c a l i z e d  n e a r  t h e  m e t h y l  e n d  
o f  t h e  m o l e c u l e .  T h e  p r o x i m a l  e n d  o f  t h e  
l a t t e r  m o l e c u l e ,  i.e., t h e  f i rs t  12 c a r b o n  a t o m s ,  
i m p a r t s  a h i g h e r  d e g r e e  o f  t h o s e  p r o p e r t i e s  
c h a r a c t e r i s t i c  o f  s a t u r a t e d  f a t t y  ac ids  a n d  
c a u s e s  t h e  1 2 , 1 5 - i s o m e r  to  be  d i s t r i b u t e d  in 
l ive r  l e c i t h i n  as if  it w e r e  a h y b r i d  o f  s a t u -  
r a t e d  a n d  u n s a t u r a t e d  ac ids .  
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Pentacyclic Triterpenes of Jurinea anatolica Boiss. and 
Jurinea consanguinea DC. Fruit 

K. L. MIKOLAJCZAK and C. R. SMITH, JR., Northern Regional Research 
Laboratory, 1 Peoria, Illinois 

A B S T R A C T  

Pentacyclic triterpene alcohols, together 
with their acetate, myristate, and palmitate 
esters, comprise about 40% of the petrol- 
eum ether extract of the fruit (seed and 
pericarp) of two Jurinea species. All  the 
triterpene esters and a portion of the free 
triterpene alcohols in the ]. anatolica 
extract are derived from the pericarp por- 
tion of the fruit. The triterpene alcohol 
moieties and their approximate percent- 
age of the hydrolyzed extract of J. ana- 
tolica fruit are ~-amyrin, 5%;  fl-amyrin, 
6%;  lupeol, 6%;  and +-taraxasterol plus 
taraxasterol, 16%. J. consanguinea fruit 
extract yields essentially the same amount 
of the same five triterpene alcohols on 
hydrolysis. These concentrations of tri- 
terpenoid materials are believed to be the 
largest found in plant tissues. 

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

J URINEA PLANTS are biennials or perennials 
of the Compositae native to central and 

southern Europe and central Asia. The plants 
apparently are not cultivated and no descrip- 
tion of their chemical constituents has been 
found. ]urinea fruits (seed and pericarp) were 
analyzed in our laboratory as part  of a screen- 
ing program directed toward findings new plant 
sources of useful chemical materials. 

Preliminary results indicated that the oils 

1No. Utiliz. Res. Dev. Div., ARS, USDA. 

c~-Amyrin 

HoS 
B-Amyrin 

contained a large amount of material that was 
not the normally expected triglyceride. We 
have shown that this material is comprised of 
the triterpenes e-amyrin, fl-amyrin, lupeol, 
taraxasterol, and @taraxasterol primarily in 
the form of their acetate, myristate, and palmi- 
tate esters (Scheme 1). Smaller amounts of free 
triterpene alcohols are also present. The gly- 
ceride portion of the Jurinea fruit extract con- 
tained crepenynic acid ( l )  in addition to the 
acids which are common to most seed lipids. 

Pentacyclic triterpenes are widely distributed 
in plant materials (2 -4 ) ,  especially the five 
triterpene alcohols we describe. The most fre- 
quent sources appear to be plant tissues other 
than seeds. However, recent examples show 
that three of the five triterpene alcohols [lupeol 
(5) and ~- and fl-amyrin (6 ,7)]  have been 
isolated from fruit extracts. While not general- 
ly as widespread as lupeol or the amyrins, 
taraxasterol and @taraxasterol occur quite 
frequently (8-10)  but not exclusively (11) in 
Compositae plants. Lupeol and fl-amyrin are 
also found in Compositae plants [cf. K. V. Rao 
(12) ],  but to our knowledge no single source 
was previously shown to yield all five of these 
alcohols. The richest sources of triterpene 
esters previously described are a crude latex 
containing 15 % of lupeol esters (13) and an- 
other latex containing 44% of triterpene ace- 
tates (14).  The quantity of triterpenoid ma- 
terial usually found in plant tissue, however, 
is small by comparison with the large amounts 
of triterpene alcohols we have isolated from 
the petroleum ether extracts of Jurinea fruit. 

"y 

Lupeol 

, .  . . .  

Hoj 
Taraxasterol ~.Taraxasterol 

SCHEM~ I 
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B a 
38% 

C 
25% 

32% 18% 45~o 

Time, rain. 
FIG. 1. G L C  of  J. anatol ica t r i terpene acetates 

prepared (a) from acid-hydrolyzed oil; (b) from 
alkali-hydrolyzed oil (See Materials and Methods 
for analytical details). Peaks are identified by 
letters corresponding to the TLC spots shown in 
Fig. 2, samples 1 and 3. Key to peaks: A-l, 8- 
amyrin; A-2, ~-amyrin; B, ~-taraxasterol; C, 
lupeol; and D, taraxasterol. 

PROCEDURES AND DATA 
Materials znd Methods 

Melting points were determined with a 
Fisher-Johns block and are uncorrected. Infra- 
red (IR) spectra were obtained from 1% 
solutions in CS 2 or CCI~ with a Perkin-Elmer 
lnfracord, model 137. Nuclear magnetic reson- 
ance (NMR) spectra were determined with a 
Varian A-60 soectrometer with deuterochloro- 
form as solvent and tetramethylsilane as the 
internal reference, e-Amyrin and fi-amyrin 
were purchased from K & K Chemical Co. 

Transesterification reactions were carried out 
in 1% H2SO4 in MeOH (v/v)  at reflux for 3 
or 4 hr. The solution was diluted with water 
and the products were extracted with diethyl 
ether. 

Saponiflcations were done with 4 or 5% 
KOH in MeOH at reflux for 2-4 hr. The solu- 
tion was diluted with 2 volumes of water and 
extracted thoroughly (6 times) with redistilled 
hexane. In some saponifications the rather ex- 
tended reflux periods were necessary to effect 
complete solution of the sample. 

The acetylations were achieved by allowing 
the alcohols to stand overnight at room tem- 
perature in a solution of pyridine:acetic anhy- 
dride (1:1) .  Crushed ice was added to the re- 
action mixture until heat evolution ceased. 
Then the mixture was diluted further with 
water and the products were extracted with 
diethyl ether. The extracts from all three of 
these reactions were washed with water be- 
fore the solvent was removed. 

Analysis of the extracted oil by gas-liquid 
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chromatography (GLC) was done on a 19.75 
X 0.125 in. O.D. stainless steel column packed 
with 3% JXR (15) on 100-120 mesh Gas- 
Chrom Q (Applied Science Laboratories, Inc.). 
The analysis was begun at 200C and the col- 
umn temperature was programmed at 4C/min.  
Helium was the carrier gas and a hydrogen 
flame ionization detector was used. All analyses 
of the triterpene acetates (Fig. 1 ) were done 
on a 39.50 "~ 0.125 in. O.D. stainless steel col- 
umn packed with 10% phosphoric acid-stabil- 
ized DEGS (diethylene glycol succinate poly- 
ester) on 120-140 mesh Chromsorb W (Ana- 
labs). This column was run isothermally at 
233C with helium as the carrier gas. A hydro- 
gen flame ionization detector was used. 
Samples were injected as 10% solutions in 
CHC13, and the resulting peaks were identified 
by comparison of their retention characteristics 
with those of known compounds. These two 
columns were used in an F & M Model 810 
Research Chromatograph. 

All methyl ester samples as well as acetic 
acid were analyzed with a Burrell Kromo-Tog 
K-5 (thermal conductivity detector) instru- 
ment equipped with a 6 ft. X 0.25 in. I.D. glass 
column packed with 20% LAC-2 R-446 poly- 
ester on 60-80 mesh celite. The analyses were 
carried out isothermally at 195C with helium 
as the carrier gas. All reported percentages 
from GLC are area percentages. 

Routine analyses of the triterpene acetates by 
thin-layer chromatography (TLC) were done 
on 250 /x layers of Silica Gel G impregnated 
with 20% AgNO,~. The solvent was benzene: 
hexane (40:60) and the spots were visualized 
by charring at 110C after the plate had been 
sprayed with a 10% solution of CrO a in 
aqueous 50% H2SO 4. TLC analyses of the 
crude extracts were done on plain Silica Gel 
G using ether:petroleum ether (10 90). The 
spots were visualized in the same manner as 
those on AgNO 3 plates. 

Preparative TLC separations were accomp- 
lished similarly except the layers were 1 mm 
thick and the sample bands were located by 
viewing the plates under ultraviolet light after 
they had been sprayed with an ethanolic solu- 
tion of 2,7-dichlorofluorescein. The portions 
of the layer containing sample were marked, 
removed from the plate with a glass vacuum 
apparatus, and extracted repeatedly with ben- 
zene. The maximum loading that could be 
used and still have adequate separation was 
20 /zl of a 5% solution (1 mg) of the sample 
in CHC13 per spot. With this technique, each 
plate had a capacity of about 40 mg of sample 
applied as 40 separate spots. 
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Preparation and Analysis of Jurinea anatolica Oil 

Ground J. anatolica Boiss. fruit (38 g) was 
extracted overnight with petroleum ether (bp 
30-60C) in a Soxhlet apoaratus; yield of oil, 
7.7 g or 20.2%. The IR spectrum, 1% in 
CCI., showed a strong absorption maximum at 
1230 cm -1 ( -OAc) .  GLC of the oil indicated 
that 76% of the triterpene esters were acetates, 
16% were palmitates, and 8% were myristates. 
These values should be considered approximate 
because detector response variations for these 
esters were not known. 

A portion of the oil (2.0 g) was chromato- 
graphed o n  a Silica Gel G column (1.4 X 30 
era) with benzene. Fractions of 5 ml each 
were collected and monitored by TLC. Pure 
triterpene esters were the first to come off the 
column, followed by the bulk of the sample, 
which was still a mixture. The last fractions 
contained only triglycerides. The triterpene 
ester fraction and the triglyceride fraction each 
amounted to about 5% of the weight of oil 
put on the column. The triterpene ester frac- 
tion was saponified and the alkaline solution 
evaporated to dryness in vacuo. The residue 
was cooled in an ice bath, covered with a layer 
of ether, and acidified with concentrated HC1. 
The acidified mixture was shaken thoroughly 
and the ether layer removed and analyzed by 
GLC. Acetic acid was the only constituent 
detected, but the analysis was not continued 
long enough to detect acids longer than 10 
carbons. However, GLC of the methyl esters 
resulting from treatment of the remaining ethe- 
real extract with diazomethane, indicated that 
methyl palmitate and methyl myristate were 
present in a ratio of 2:1, and that other com- 
ponents in the range C~; to Cz._, were absent. 

I~o'at'on and Analysis of Triterpene Acetate M;xture 

A 5.90g sample of J. a ,a to l i ca  oil was t-ans- 
esterified and the products were recovered; 
yie!d. 4.95 g. These products (4.88 g) were 
separated on a 2.1 K 36 cm column of 100- 
140 mesh Absorbosil CAB (Applied Science 
Laboratories, Inc.) by eluting with increasing 
amounts (5% to 40%, v /v )  of diethyl ether 
in petroleum ether (bp 30-60C). Fractions of 
10 ml each were collected and analyzed by 
TLC. The fractions containing normal methyl 
esters -were combined and the combined sam- 
ple was analyzed by GLC which gave the 
following composition: myristate, 2%; palmi- 
tate, 11%; stearate, 3%; oleate, 21%; lino!- 
eate, 44%; and crepenynate, 15%. Those 
fractions containing only triterpene alcohols 
were combined; total yield, 1.65 g or 34% of 
the total ester mixture. Total recovery of ma- 

Front-~,~ 

| | 000 
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@o000 

L.." "_." . . . . . . .  
Origin j 

1 2 3 4 5 6 7 8 9 10 
Sample No. 

FIG. 2. TLC of triterpene acetates (see Mater- 
ials and Methods for details). Key to samples: I, 
mixture prepared from acid-hydrolyzed J. anatol- 
ica oil; 2, mixture of samples 5, 7, and 10; 3, 
mixture prepared from alkali-hydrolyzed J. ana- 
tolica oil; 4, lupeol (from J. anatolica); 5, lupeol; 
6, p-amyrin (from J. anatolica); 7, /3-amyrin; 8, 
c~-amyrin; 9, r (from J. anatolica); 
and 10, ~-taraxasterol. 

terial from the column was 99%. The IR 
spectrum of the triterpene alcohols, 1% in 
CC14, showed maxima at 3630 cm -1 ( -OH)  
and 885 cm -1 (=CH2) .  Acetylation gave the 
triterpene acetate mixture, which had IR max- 
ima (1%, CS2) at 1230 cm -1 ( -OAc)  and 
~ 5  cm-L Hydroxyl absorption was absent. 
GLC analysis of these acetates (Fig. la)  indi- 
cated four major components in the percent- 
ages shown and TLC analysis showed three 
major spots (Fig. 2, sample 1). 

I~o'at=on and Ide~t'fication of Triterpene 
/~.c~tztes A-l, B, and C 

Preparative TLC on AgNO~-impregnated 
Silica Gel G enabled separation of the triter- 
pene acetates into three fractions, A, B, and 
C. Fraction A (34% of mixture) was crys- 
tallized from CHCL:MeOH (1:4) at -18C. 
The crystals obtained were recrystallized a 
number of times to give component A- l ,  /?- 
amyrin acetate, mp 236-241C, laID 25 + 8 4  ~ 
(c = 2.65, CHC13), and mixed melting point 
with authentic /?-amyrin acetate, 237-241C. 
Authentic fi-amyrin acetate and component 
A-1 gave superimposable IR and NMR spectra 
and were identical according to GLC. Fig. 2, 
samples 6 and 7, shows that the TLC Rf values 
of component A-1 and fl-amyrin acetate are 
the same. Saponification of A-1 gave /3-amy- 
rin, mp and mixed mp with an authentic sam- 
p'e, 198-199C. 
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After  numerous crystalizations from CHCL~: 
MeOH (1:4)  at -18C,  fraction B ( 4 8 % )  
gave component B (Fig. l a ) ,  mp 238-240C, 
[e]D 25 + 5 6  ~ (c ---- 5.46, CHCIa),  and mixed 
mp with authentic ~-taraxasterol acetate 237- 
239C. Component  B and @taraxasterol ace- 
tate gave superimposable IR and N M R  spectra 
and identical retention characteristics by GLC. 
The difference shown on TLC analysis (Fig. 
2, samples 9 and 10) is attributable to a dif- 
ference in the amount of sample spotted on the 
plate. Saponification of B gave ~-taraxasterol, 
mp 220-221C, and mixed melting point with 
authentic +-taraxasterol, 220-221C. 

Repeated crystallization of fraction C ( 18 % ) 
from C H C L : M e O H  (1:4)  gave component C, 
mp 219-220C, [ ~ D  ~5 + 4 4  ~ (c = 2.85, 
CHCL) ,  and mixed melting point with au- 
thentic lupeol acetate, 219-220C. Component  
C and lupeol acetate gave superimposable IR 
and N M R  spectra and identical retention char- 
acteristics by GLC. The characteristic feature 
of the IR spectrum (1% in CCI,) was a 
strong band at 885 cm -a ( = C H ? ) .  The differ- 
ence indicated by TLC between C and lupeol 
acetate (Fig. 2, samples 4 and 5) is again 
caused by different sample loadings. Saponifi- 
cation of component C gave lupeol, mp 217- 
218C, and mixed me!ting point with authentic 
lupeol, 217-218C. 

Isolation and Identification of Triterpene Acetate D 

A 0.812 g sample of J. anatolica oil was 
saponified and the unsaponifiable portion 
(41%)  was recovered and acetylated. Analy- 
sis of the product by TLC (Fig. 2, sample 3) 
and GLC (Fig. l b )  showed an additional com- 
ponent (D) which did not appear in the tri- 
terpene mixture resulting from acid transes- 
terification of J. anatoIica oil. The resolution 
of component D from d?-taraxasterol acetate 
on preparative TLC was poor, but an accept- 
ably pure specimen was isolated by removin~ 
only the lower half of the spot, which had 
minimal contamination by ~-taraxasterol ace- 
tate. Component  D corresponded to the shoul- 
der observed on the GLC peak for ~-taraxas- 
terol acetate. Its IR spectrum (1% in CCL) 
had a maximum at 879 cm -1 ( = C H 2 ) ,  which 
is slightly different from the corresponding 
maximum (885 cm -~) in the lupeol acetate 
spectrum. Numerous crystallizations of D 
from CHC13:MeOH (1 :4) ,  and finally from 
ethyl acetate at -18C,  gave a product with my 
246-250C [literature value for taraxasterol ace- 
tate 251-252C (8) ]. Taraxasterol acetate 
(component  D) was refluxed 4 hr with 1% 
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H, SO, in MeOH and the resulting alcohol, mp 
217-220C, did not depress the melting point 
of ~-taraxasterol and had no = C H o  absorption 
in the IR, Reacetylation of this alcohol gave 
+-taraxasterol acetate, identical with that iso- 
lated earlier. Saponification of D gave an al- 
cohol that had an IR maximum at 879 cm -1 
and mp 223-226C, in agreement with the melt- 
ing point reported for taraxasterol (9).  An 
admixture with lupeol (which also contains a 
=CH~ grouping) melted at 175-184C. Un- 
fortunately, an authentic specimen of taraxas- 
terol was not available for direct comparison. 

IsM~tien and Ident!ficaticn of Triterpene Acetate A-2 

Fraction A (Fig. 2, sample 3), resulting 
from the preparative TLC separation o f  the 
acetate mixture derived by alkaline hydrolysis 
of J. anatolica oil, was crystallized from a 30% 
solution in CHC13:MeOH (1:8) .  The liquor 
was concentrated and crystallized again to re- 
move essentially all the /?-amyrin acetate (A- 
l ). The residue obtained from the liquor after 
this second crystallization was dissolved in 
C H C L : M e O H  (1:4)  and recrystallized four 
times from this solvent. The final product 
(A-2) ,  mp 220-222C, was identical with e- 
amyrin acetate according to IR, GLC, TLC, 
and mixed me!ring point methods  Saponifica- 
tion of A-2 gave ~z-amyrin, melting point and 
mixed melting point with authentic e-amyrin, 
180-182C. 

Comoosit;on cf Jurinea anatolica Pericarp 
~nd Seed Fractions 

J. anatolica fruit was dissected by hand and 
separated with the aid of a microscope into 
pericarp (35%)  and seed (65%)  fractions. 
Each fraction was ground and was extracted 
6 hr in a Butt apnaratus with petroleum ether  
(bp 30-60C). The pericarp extract (21%)  
was shown by TLC on Silica Gel G to consist 
almost exclusively of triterpene alcohol esters 
and free triterpene alcohols. Only a trace of 
triglyceride material was present. The seed 
extract contained triglycerides and about 12% 
free triterpene alcohols but no triterpene esters 
(by TLC) .  Analysis of the extracts by IR in- 
dicated strong acetate absorption (1230 cm -1) 
in the pericarp extract, but t one  in the seed 
extract. 

Composition of Jurinea eonsanguinea Fruit Extract 

Ground J. consanguinea DC. fruit was ex- 
tracted for 6 hr in a Butt apparatus with pe- 
troleum ether (bp 30-60C); yield of oil = 
20.0%. The IR, TLC, and GLC analyses of 
this oil gave essentially the same results de- 
scribed for J. anatolica oil. Saponification of 
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J. consanguinea oil and recovery of the prod- 
ucts as described above yielded 45% of un- 
saponifiable material. TLC analysis of the 
acetylated unsaponifiables gave the same pat- 
tern shown in Fig. 2, sample 3. Analysis of 
this acetate mixture by G L C  gave the follow- 
ing results: ~-amyrin, 13 % ; fl-amyrin, 18 % ; 
lupeol, 24%;  and r plus taraxas- 
terol, 43%. Esterification of the fatty acid 
fraction resulting from saponification of the 
oil gave a mixture of methyl esters comprised 
of: myristate, 5%;  palmitate, 17%; stearate, 
3% ; oleate, 24% ; linoleate, 38%; linolenate, 
0.5% ; arachidate, 1% ; and crepenynate, 11%. 
This analysis excludes acetic acid which was 
volatilized during workup of the ester mixture. 

DISCUSSION 

The identification of acetic, myristic, and 
palmitic acids as products from saoonification 
of the triteroene esters (from column chroma- 
tography of 1. anatol&a oil) indicates that 
these are the only acids esterified with the tri- 
terpene alcohols. Since acetoglycerides, which 
are known to occur naturally (16),  are not 
present in this oil (by G L C ) ,  all of the acetate 
absorption observed in the IR spectrum (1230 
cm -a) is associated with the triterpene ester 
portion. 

The triterpene alcohol mixture isolated by 
column chromatography from the acid-cata- 
lyzed transesterification products could not be 
separated by TLC on either Silica Gel G or 
silver nitrate-impregnated Silica Gel G (17).  
Some de~ree of separation was obtained by 
temperature-t~rogrammed GLC analysis but it 
was not sufficient for identification purposes. 
After the alcohols were converted to acetates, 
however, excellent seoaration of the compon- 
ents was achieved with both silver nitrate TLC 
(Fig. 2, sample 1) and GLC (Fig. l a ) .  The 
identification of peaks shown in Fig. l a and 
l b is based on analyses of the known acetates 
individually and as a mixture. Similarly, the 
thre spots appearing in Fig. 2, sample 1 cor- 
respond to spots obtained by analysis of the 
individual known acetates and of a mixture of 
the known compounds. 

Preparative silver nitrate TLC was the 
method chosen to isolate the individual tri- 
terpene acetates because we felt the degree of 
separation observed on the TLC plates would 
not offset the loss of resolution one might ex- 
pect when changin~ to a column chromato- 
graphic method. This would result in lower 
yields and less pure fractions due to overlap. 
GLC analyses of the fractions obtained by 
preparative TLC (fractions A, B, and C, cor- 

responding to the spots shown in Fig. 2, sam- 
ple 1) indicated they were quite pure. Frac-  
tion A contained both ~- and fl-amyrin ace- 
tates as expected but no other impurities. 

Fraction A accounted for 34% of the acetate 
mixture; fraction B, 48%;  and fraction C, 
18%. The discrepancy between these values 
and those shown in Fig. l a is caused by a 
minor component of the mixture. The shoulder 
on GLC peak C is included in the 25% indi- 
cated, but on TLC this minor component mi- 
grates with component B and therefore is in- 
cluded in the weight percentage of component 
B. This behavior accounts for the 10% differ- 
ence between the GLC and TLC values for 
component B. Other minor components in the 
mixture total 5%.  

Components A- l ,  B, and C were quite read- 
ily obtained in pure form by the crystallization 
procedures already described. N M R  (18,19) 
and IR spectra were obtained for each of these 
acetates and they were identical with those of 
pure samples of acetates of fi-amyrin, b-tar- 
axasterol, and lupeol (A-I ,  B, and C, respec- 
tively). All  other analytical data from analysis 
of these three components agreed with data 
resulting from analysis of the corresponding 
known compounds. Alkaline hydrolysis of A- l ,  
B, and C to free triterpene alcohols and com- 
parison of these alcohols with known materials 
provided further proof  of structure. The ident- 
ity of component A-2, which we could not 
purify by crystallization of fraction A, will be 
discussed below. 

The triterpene alcohols from alkaline hy- 
drolysis of J. anatolica oil were converted to 
acetates by the usual method and were ana- 
lyzed by TLC and GLC. Four  of the triterpene 
acetates in this mixture were the same as those 
in the acid-hydrolysis preparation, but  an ad- 
ditional component (D) was detected by TLC 
(Fig. 2, sample 3) and confirmed by GLC 
data shown in Fig. lb.  

Component  D was isolated by preparative 
silver nitrate TLC, and strong terminal methyl- 
ene absorption was the distinguishing feature 
of its IR spectrum. Though extremely difficult 
to purify without excessive losses, a product 
was obtained which was identified as taraxas- 
terol acetate. The acid-catalyzed rearrangement 
of taraxasterol to t~-taraxasterol is well docu- 
mented (20,21),  although the reaction usually 
has been carried out under slightly different 
conditions than reported here. It is not sur- 
prising, therefore, that taraxasterol was not 
detected in the triterpene mixture isolated by 
acid hydrolysis (Fig. l a )  of the oil. However, 
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T A B L E  I 

Physica l  Constants  o f  Tr i te rpene  Alcohols  and  Aceta tes  

F r o m  Jurinea anatoIica frui t  extract  

mixed 2~ 
Compound  rap, C rap, C [alp , C H C h  

Li tera ture-values  

nap, C - [alp 

a -Amyr in  180-182 180-182 - -  
c -Amyr in  acetate 220-222 220-222 - -  
/?-Amyrin 198-199 198-199 - -  
B-Amyr in  acetate 236-241 237-241 + 8 4  ~ 
Lupeol  217-218 217-218 - -  
Lupeol  acetate 219-220 219-220 + 4 4  ~ 
%Tar axas t e r o l  220-221 220-221 - -  
"I ' -Taraxasterol acetate  238-240 237-239 + 5 6  ~ 
Taraxas te ro l  223-226 - -  - -  
Taraxas te ro l  acetate  246-250 - -  - -  

182-184 + 8 0  ~ (6) 
220-222 + 8 2  ~ (6) 
199-200 + 8 8  ~ (3) 
240-242 + 9 0  ~ (6) 
216-217 + 3 3 ~  
220 + 4 7  ~ (3) 
220-221 + 5 0  ~ (3) 
240-241 + 5 3  ~ (3) 
222-225 + 9 3  ~ (9) 
251-252 + 1 0 0  ~ (8)  

Fig. lb  shows that ~-taraxasterol (in addition 
to taraxasterol) is present in the alkaline hy- 
drolysis mixture. This indicates that a sub- 
stantial portion of the ~-taraxasterol isolated 
from the acid hydrolysis mixture was actually 
present in the original extract and was not all 
derived by acid rearrangement of taraxasterol. 
Both of these alcohols are stable to alkali. 

We were successful in isolating component 
A-2 from fraction A of the triterpene acetate 
mixture derived via alkaline hydrolysis of the 
oil, whereas we could not isolate it pure from 
the co-resoonding acid hydrolysis preparation. 
GI  C TLC, and mp data prove comlgonent 
A-2 is e-amyrin acetate. NMR spectra and 
optical rotations were not obtained for e- 
amyrin acetate and taraxasterol acetate because 
of insufficient pure material. 

The t~hysical constants of the triterpene ma- 
terials isolated from J. anatolica fruit extract 
are shown in Table I along with selected litera- 
ture values. 

The fruit extract of another species, J. con- 
sanguinea, also contained a large amount of 
triterpenes which were isolated via the alkaline 
hydrolysis method and acetylated by the usual 
procedure. TLC analysis of these acetates on 
silver nitrate-impregnated Silica Gel G gave 
a pattern the same as that shown in Fig. 2, 
sample 3, and GLC analysis of this acetate 
mixture indicated that the same five triteroenes 
in J. anatolica oil were also in this mixture 
with only minor variations in percentages. An- 
alysis of the fatty acid methyl esters from J. 
consanguinea oil by GLC gave essentially the 
same composition as did those from J. anatol- 
ica oil. The fruit extract composition for these 
two species was so similar that no isolation 
of individual components was done on the J. 
consanguinea extract. 
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Autoxidation of Tissue Lipids. I. Incorporation of Dietary Fatty 
Acids and Formation of Monocarbonyl Compounds in Adipose 
Tissue Lipids of the Vitamin E-Deficient Rat 

NANCY M. DERRICK and LAWRENCE A. WISHNER, Department of Chemistry, 
Mary Washington College of the University of Virginia, Fredericksburg, Virginia 

ABSTRACT 

Male weanling rats were fed vitamin E- 
deficient and vitamin E-supplemented diets 
containing 5% corn oil or cod-liver oil for 
16 weeks, after which their adipose tissue 
lipids were  extracted and analyzed in a 
nitrogen atmosphere for carbonyl com- 
pounds and fatty acids. 

The vitamin E-deficie-t cod-liver oil-fed 
rats, exhibiting incisor deDigmentation and 
darkened adipose tissue, yielded lipids 
which had a lower iodine value, contained 
le;s polyunsaturated fatty acids, and con- 
tained more carbony! compounds, Darticu- 
larTy a!W,a~als and alk-2-enals, than the ligids 
from the ani~!als fed the vitamin E-sup- 
plemented cod-liver oil diet. The tissues of 
the vitamin E-deficient corn oil-fed rats 
contained less linoleate and more mono- 
carbonyl compounds than those of the vita- 
min E-supplemented corn oil-fed animals. 

The results indicate that vitamin E pro- 
tection is necessary for the incorporation 
of C~0 and C._,~ fatty acids into the tissues 
from the diet and that in the deficiency of 
vitamin E, a low level of autoxidation 
occurs in the tissues. 

INTRODUCTION 

T HE TERM "peroxidation" has largely re- 
placed "autoxidation" in describing the 

phenomenon that occurs in vitamin E-deficient 
animal tissues, because of the empirical nature 
of the analyses on which the description is 
based. The principal source of evidence, the 
2-thiobarbituric acid (TBA) test, apparently 
detects a number of unknown compounds that 
are undoubtedly related in some way to classi- 
cal autoxidation (1).  The expression of the 
results of the test in terms of malonaldehyde is 
only a matter of convenience since other sub- 
stances can be responsible (1) and since malon- 
aldehyde could not be isolated from autoxidized 
methyl linoleate that h a d  a significant TBA 
value (2,3). Other studies indicate that au- 
toxidized methyl linoleate should not even 
exhibit a TBA value (4).  In spite of these 

criticisms, it is evident that the TBA test is of 
great value in the assessment of the vitamin E 
status of tissues. 

The second source of evidence, the peroxide 
determination, is only somewhat less empirical 
with respect to autoxidation and several studies 
have recently shown that if air is carefully ex- 
cluded from the reaction, peroxides are not 
found in vitamin E-deficient tissues (5,6).  

Since monocarbonyl compounds have been 
shown to be reliable secondary products of the 
autoxidation of lipids and their component fatty 
acids, and since the carbonyl patterns are spe- 
cific for the fatty acids involved (7-10),  this 
experiment was designed to isolate any carbonyl 
compounds that may be present in the tissues 
of vitamin E-deficient animals and to observe 
the pattern of these compounds in comparison 
with the patterns which arise during the autoxi- 
dation of other fats and fatty acids. 

EXPERIMENTAL 

Treatment of Animals 

Both corn oil and cod-liver oil were used in 
this study because of the simple composition 
of the former and the complex composition of 
the latter. Cod-liver oil produces classical vita- 
min E deficiency symptoms rapidly (11) and 
contains major quantities of polyunsaturated 
fatty acids of the linolenate family not nor- 
mally found in tissues and which should pro- 
duce a typical carbonyl pattern if incorporated 
into the tissues and oxidized. 

Four  groups of six male weanling rats 
(Charles River strain) were fed purified vitamin 
E-deficient and -supplemented diets containing 
5% stripped corn oil (Distillation Products In- 
dustries) or cod-liver oil (General  Biochemicals 
Corp.) for 16 weeks. The diets consisted of 
20% vitamin-free test casein, 4% Wesson- 
modified salt mixture, 5% vitamin B complex 
mixture (all from General  Biochemicals Corp.), 
and 60% sucrose. All diets were supplemented 
with 0.4 mg vitamin K per 100 g of diet; the 
corn oil diets were supplemented with 22.4 
U.S.P. units of Vitamin A (palmitate) and 
2.1 U.S.P. units of Vitamin D per g of diet to 
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simulate the vitamin A and D status of the cod- 
liver oil; and the control diets were supple- 
mented with 200 mg D,L-~-tocopherol acetate 
per kg of diet. The diets were prepared every 
four days and feedings were daily in ad lib. 
quantities with refrigerator storage between 
feedings. The oils were stored in the freezer 
under nitrogen between preparations. 

After 16 weeks, the average weight of the 
vitamin E-deficient cod-liver oil fed animals 
was 257 g. These animals showed incisor de- 
pigmentation and darkened adipose tissue. The 
average weight of the other three groups was 
between 402 and 439 g and no vitamin E 
deficiency symptoms were evident. 
Lipid Analysis 

Isolation o/Lipids. After 16 weeks, the ani- 
mals were chloroformed and placed in a poly- 
ethylene glove bag (Instruments for Research 
& Industry, Cheltenham, Pa.) under positive 
nitrogen pressure. All solvents had been purged 
with nitrogen for 5 min before introduction 
into the glove bag with the other equipment. 
The perirenal and epididymal fat pads were 
remo;~ed rapidly, weighed, and extracted in a 
blender with chloroform-methanol (12).  The 
extract was dried on a rotary film evaporator 
(Buchler Instruments, For t  Lee, N. J.) under 
aspirator vacuum at 40C without exposure 
to the atmosphere. The evaporator was vented 
with nitrogen and the dried extract returned 
to the glove bag and weighed before a 2 mg 
sample was taken for gas liquid chromatography 
(GLC) and the remainder subjected to car- 
bonyl analysis. 

Fatty Acid Analysis. Methanolysis was ac- 
complished by the recently recommended 
AOCS procedure (13) followed by immediate 
GLC using a dual column instrument equipped 
with a differential hydrogen flame ionization 
detector. Two 6-ft, 1/8 in. stainless stee! 
columns were packed with 8% polybutandiol 
succinate (BDS) on 80-100 mesh hexamethyl- 
disilazane treated (HMDS)  Chromosorb W. 
Analyses were obtained with a flow rate of 18 
ml per min at STP, injector at 275C, detector 
at 225C, and columns at 180C or 210C. Sam- 
ple size was 1 td of a 10% hexane solution. 
The chromatograms were recorded on a 10-in. 
recorder at 30 in. per hour. 

The methyl esters were identified by their 
stearate retention time ratios with reference to 
those of standards (Hormel  Foundat ion and 
NIH)  and values from the literature (14,15).  
Fat ty  acid compositions were calculated as per 
cent of total methyl esters by triangulation. 
Quantitative results with the Hormel  Founda-  
tion's standard methyl ester mixtures No. 1, 2, 

5, and 9 agreed with the stated composition 
data with relative errors of less than 5%.  The 
results of the analyses are presented in Table I. 

Monocarbonyl Analysis. The extracted lipid 
was dissolved in 800 ml of hexane and allowed 
to flow through a 10 g cel i te /H~POJ2,4-dini-  
trophenylhydrazine reaction column (17,18) 
causing the quantitative conversion of carbonyl 
compounds to derivatives. After  this point 
further isolation from the atmosphere was not 
necessary and the eluate from the column was 
removed from the glove bag. Total  carbonyls 
were then estimated by measuring the absorb- 
ance of this solution at a wavelength of 340 
m/z with a Beckman DU-2 spectrophotometer 
using a molar absorptivity of 22,500 (19).  The 
monocarbonyl derivatives were isolated by 
chromatography on activated magnesia and hy- 
drated alumina (17) and separated into c lasses  
on magnesia (20).  The classes were then 
separated into their individual components by 
means of liquid-liquid partition chromatography 
between hexane and acetonitrile (21).  This 
step was accomplished with the aid of an ultra- 
violet flow analysis system consisting of a 
Bausch & Lomb 505 spectrophotometer 
equipped with a time-rate accessory and a Sar- 
gent SRL recorder, and an LKB automatic 
fraction collector equipped with an event mark- 
er. In this way, absorbance at the wavelength 
of maximum absorption for the class was 
recorded against time with the passage of each 
fraction recorded by the event marker. The 
chromatographic columns were attached to the 
system by means of polyethylene tubing and a 
1 cm silica flow-through cuvette. Five milli- 
liter fractions were collected. 

The identifications of the monocarbonyl de- 
rivatives were made on the basis of partition 
chromatographic peak volumes, class separa- 
tion chromatographic mobilities, and ultraviolet 
spectra. Only the alkanal and alk-2-enal frac- 
tions from the class separation were parti- 
tioned. Quantitative data were obtained spec- 
trophotometrically using the Beckman DU-2 
on the pooled fractions comprising a chroma- 
tographic peak. Molar  absorptivities of 22,500 
and 27,500 were used for the alkanal and alk- 
2-enal derivatives respectively (19).  The re- 
suits are in Table II. After carbonyl removal, 
the iodine values of the lipids were obtained 
by the AOCS method (22) and are included 
in Table I. 

DISCUSSION 

Fatty Acid Compositions 

The influence of vitamin E deficiency on 
the fatty acid composition of the adipose tissue 
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A U T O X I D A T I O N  OF T I S S U E  LIPIDS.  I 

T A B L E  I 

Fa t t y  Acid  Compos i t ions  of  D ie t a ry  F a t s  and  Tissue  Lipidsa  
(Weigh t  per  cent  to ta l  methyl  esters  • SE)b  

135 

Die ta ry  fa ts  T issue  l ipids f r o m  rats  fed  diets conta in ing:  

Fa t ty  Cod  l iver  C o r n  oil Codq ive r  Cod-l iver  C o m m e r c i a l  
acide Corn  oil oil + vit .  E Corn  oil oil + vit.  E oil ra t ion  

14:0 t race 4.01 ~ 0.04 
16:0 12.7 • 0.40 13.8 ~ 0.17 
16:1 10.5 ~ 0 . i 0  
16"2 2.55 • 0.14 
18:0  2.54 • 0.16 2.96 _ 0.05 
18:1 29.2 • 0.50 27.6 ~+_ 0.57 
18:2 r 6 54.9 + 0.76 1.28 • 0.05 
18:4 ~ 3 2.13 • 0.17 
20:1 6.94 _+ 0.26 
20:5  r 3 11.5 --4- 0:44 
22 i l  3.70 ~ 0.13 
22:5 t0 3 1.11 • 0.04 
22:6  0~ 3 8.73__+ 0.30 
Iodine  Value  122 162 

1.81 ~__ 0.14 2.03 __+ 0.06 3.44 • 0.18 2.97 + 0.43 2.81 + 0.12 
24.3 ~+ 0.58 25.9 -+" 0.76 28,0 • 1.00 28.4 • 0.93 31.1 + 1.10 

8.68 ~ 0.09 9.87 • 0.48 13,6 • 0.28 14.2 --+~ 0.55 6.58 • 0.20 
0.39 ~ 0.06 0.45 -I- 0.04 0.91 • 0.13 0.68 • 0.04 
2.86 ~ 0.06 2.40 -4- 0.08 2.77 • 0.30 2.19 ~__ 0.21 6.75 + 0.30 

38.4 ~ 0.18 38.8 + 1.93 38 .8  d +_ 1.48 42.4d ! - 0 . 6 7  38.0 + 0.65 
21.6 e +~ 0.22 19.5 e • 0.68 1 .70o•  0.13 1.24a+~ 0.10 14.8 + 0.32 

0,52d+_ 0.05 0.26a _ 0.02 
t race t race 2 ,98d•  0.09 2 .35d•  0.20 

1 .52d+ 0.06 0.70d__+ 0.07 
t race  t race  

0 .95a+  0.06 0 . 5 0 a +  0.05 
2,17a _+ 0.10 1 .22a•  0.12 

80.8 80.2 71.8 68.0 68.6 

a M a j o r  components ,  > 1% of  one of  the  fats .  
b Average  of  six analyses.  

e Cha in  length, n u m b e r  of  double bonds.  N u m b e r  af ter  oJ indicates  posi t ion of  double b o n d  closest to 
t e rmina l  methyl  group.  

d Difference  be tween  contro l  and  exper imenta l  g roups  signif icant  at 0.001 probabi l i ty  level (16) .  

Dif ference  be tween  control  and exper imenta l  g roups  significant  at 0.01 probabi l i ty  level (16) ,  

of rabbits has been shown to be minor or 
nonexistent (23,24),  whereas it has been sug- 
gested that the conversion of 20:4 to 6 to 22:5 
to 6 is inhibited in the testis of the vitamin E- 
deficient rat  (25). It is interesting to compare 
the reported increase in arachidonate in the 
liver lipids of rats (29,30) with the reported 
decrease in docosahexaenoate in the muscle 
phospholipids of the same animal (31) under 
conditions of vitamin E deficiency. 

A glance at Table I will indicate the extent 
of the incorporation of the dietary fatty acids 
into the tissue lipids. There was, however, an 
obvious decrease in the polyunsaturated fatty 
acids of the vitamin E-deficient as compared 
with the vitamin E-supplemented groups. The 
iodine values of the lipids from the cod-liver 
oil-fed animals reflect this decrease which is 
accompanied by an increase in oleate. In view 
of the increase in oteate, it can be concluded 
that since the C20 and C2z fatty acids arose 
from the diet, the decrease in eicosaenoate, 
which is much less susceptible to autoxidation 
than the polyunsaturated fatty acids, indicates 
that in the deficiency of vitamin E, there was 
less efficient incorporation of the C2o and Cz2 
fatty acids into the tissues from the diet. Had 
the decrease resulted from in vivo autoxidation, 
the monoene would not have been affected as 
is the case when cod-liver oil is allowed to 
autoxidize in vitro to  a high peroxide value 
(26). 

Carbonyl Pattern 

Table II  reveals that the total carbonyl values 
are approximately equal for both corn oil-fed 
groups and the cod-liver oil-fed control, but  
somewhat higher for the vitamin E-deficient 
cod-liver oil-fed group. The alkanals and the 
alk-2-enals were the only classes that were 
further fractionated. There were no alk-2,4- 

T A B L E  I I  

Concentra t ions  of  Carbony l  C o m p o u n d s  Isolated 
f r o m  Tissue  Lipids  

Concen t ra t ion  (moles  X 101~ per  g l ipid)  
f r o m  ra t s  fed  diets conta in ing :  

Corn  oil Cod-l iver  oil Cod-l iver  
+ vit .  E Corn  oil + vit.  E oil 

C o m p o u n d  (95.5 g ) a  (72.5 g ) a  (89.4 g ) a  (28.3 g ) a  

Alkana ls  
C10 5.05 11.7 
C9 5.00 46.9 
Cs 2.01 6.50 
C~ 4.67 6.52 60.8 
C~ 11.8 6.07 18.7 
C5 81,5 56.3 22.1 
C4 83.4 849 
C~ 12,3 
C~ 35.2 

To ta l  105 99.9 129 992 

Alk-2-enals  
Co 12.3 30.5 
C7 1.90 
Ca 14.7 
C~ 38.9 

Total 14.2 84.1 

To ta l  Car -  
bonyls  22000 21000 20400 25800 

a Quant i ty  of  fa t  analyzed.  
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dienals present in any group, There was 7 to 
8 times as much saturated aldehyde and 6 times 
as much alk-2-enal in the tissues of the vitamin 
E-deficient cod-liver oil-fed animals than in 
the tissues of the control animals. The major 
aldehyde was butanal which showed a tenfold 
increase. The major alk-2-enal was 2-pentenal. 
There was no significant difference between the 
two groups fed corn oil. The alk-2-enals were 
not found in either of these groups. 

Since the C,,~ and C~2 polyunsaturated fatty 
acids were incoroorated into the tissues from 
a fish oil diet, they were found to belong to 
the linolenate family with the double bond 
closest to the terminal methyl group located 
on the third carbon (Table I) .  According to 
the classical mechanism for the decomposition 
of hydroperoxides (7-10) the two major autoxi- 
dation products from this system should be 2- 
pentenal, as observed, and propanal. That bu- 
tanal was the major aldehyde formed in autox- 
idized cod-liver oil with a low peroxide value 
(26) as well as in these tissues is enigmatic. 
Mechanisms are available to explain its forma- 
tion (27), but they do not explain the absence 
of propanal. Possibly, in these very early 
stages of autoxidation the mechanism is 
atypical. This is currently under investigatio,t 
with cod-liver oil and pure methyl esters of 
fatty acids from cod-liver oil. 

The absence of alk-2,4-dienals is not unex- 
pected since the autoxidation of polyenoic sys- 
tems is generally confined in the early stages 
to the double bond in the methyl terminal part 
of the molecule (28). 

In conclusion, considering the concentra- 
tions of the carbonyl compounds present in 
these tissues, it is not remarkable that per- 
oxides at an equivalent level have escaped 
detection. The utility of the more sensitive 
carbonyl analysis in the study of in vivo autox- 
idation is evident. 
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Mechanism of Suckling-Rat Hypercholesteremia. 
II. Cholesterol Biosynthesis and Cholic Acid Turnover Studies 1'2 

R. A. HARRIS, 3 E. R. RIVERA, C. L. VILLEMEZ, JR. 4 and F. W. O.UACKENBUSH, 
Department of Biochemistry, Purdue University, Lafayette, Indiana 

ABSTRACT 

Cholesterol biosynthesis from acetate- 
2-14C by the livers of suckling rats, which 
is known to be relatively slow, was in- 
creased 2- 3-fold within 24 hours after 
severing the bile duct. Cholesterol syn- 
thesis by sham-operated litter mates 
showed no change under similar treat- 
ment. Mevalonate biosynthesis from ace- 
tate-2-r4C in vitro by recombined liver 
mi-r~somal su~ernatant ( 1 0 5 , 0 0 0 ) <  g) 
fractions from suckling rats also was only 
10% of, that of comparable recombined 
fractions from normal controls (young 
adult rats which were consuming colony 
diet) .  Activity was not improved by com- 
bining either the microsomal or super- 
natant fraction from suckling rat livers 
with the complementary fraction from 
normal adult livers. On the other hand, 
activity was restored to 100% when 
microsomes from livers of duct-severed 
suckling rats were combined with the 
supernatant fraction from normal controls. 
Likewise, recombined liver fractions pre- 
pared from adult rats fed synthetic diets 
exhibited low activity for mevalonate bio- 
synthesis. Activity was restored by bile 
duct cannulation, but inhibited when 
cholic acid was infused into the cannu- 
lated animal. Therefore, surgical pro- 
cedures which interrupt the enterohepatic 
recirculation of bile components lead to a 
restoration of cholesterol biosynthesis, 
and, at least in the adult animal where 
cannulation studies are practicable, this 
effect can be reversed readily by bile acid 
infusion. 

A slow rate of fecal excretion of 14C- 
cholic acid was observed in suckling rats 
and rats fed synthetic diets, apparently 
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reflecting an efficient enterohepatic re- 
circulation of bile salts. The data suggest 
that under these dietary conditions bile 
salt retention either directly or indirectly 
influences hepatic synthesis of cholesterol. 

INTRODUCTION 

T HE SUCKLING RAT is c h a r a c t e r i s t i c a l l y  
hypercholesteremic (1-3),  has slightly 

elevated hepatic cholesterol levels (1,2) and 
fails to respond to most hypocholesteremic 
agents (2,3).  Rat milk provides only small 
amounts of cholesterol (1) and its high fat 
content appears to be the most important  fac- 
tor in maintaining suckling-rat hypercho!ester- 
emia (2) .  In hepatic tissue from suckling rats 
cholesterol biosysthesis from acetate proceeds 
at a low rate while synthesis from mevalonate 
is normal (1).  A mechanism is thus provided 
for minimizing the severity of the hyper- 
cholesteremia produced by the high fat diet 
of the suckling rat. Inhibition may be a result 
of "feedback" control by the slight increase in 
hepatic cholesterol levels or another mech- 
anism may be involved. In  the present com- 
munication a defect in the hepatic synthesis 
of mevalonate from labeled acetate is demon- 
strated. Synthesis is shown to be restored by 
ipterruption of the enterohepatic recirculation 
of bile components. An  observed slow rate of 
cholic acid elimination is suggested to play a 
role, although perhaps indirect, in producing 
conditions unfavorable for mevalonate syn- 
thesis in the suckling and synthetic-diet-fed 
rat. 

EXPERIMENTAL 

Materials and General Methods 

Compounds were purchased as follows: 
acetate-2-!4C, 20.5 me/ raM (Calbiochem, Los 
Angeles);  cholic acid-24-~4C, 1.35 me/raM 
(Tracerlab, Waltham, Mass.);  cholesterol-U- 
3H, 1060 mc /mM (Nuclear-Chicago, Chicago);  
glucose-l-phosphate,  DL-mevalonic acid lactone, 
sodium taurocholate, and cholic acid (Nutri- 
tional Biochemical Corporation, Cleveland);  
nicotinamide adenine dinucleotide phosphate 
( N A D P ) ,  coenzyme A ( C o A )  and adenosine 
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TABLE I 
Synthesis in Vivo of Hepatic Cholesterol from 

Acetate-2-~4C by Sham-Operated or Duct-Severed 
Suckling Rats 

Cholesterol synthesis a Number 
Exper'nt Treatment of rats Mean Range 

c p m x  10 -a c p m x  10 -3 
I Sham 3 55 15-103 

Duet~evered 2 167 144-189 
I I  Sham 5 70 22-121 

Ducbsevered 4 154 84-280 

�9 Tota l  cpm per liver recovered after digitonide purifica- 
tion of cholesterol 

triphosphate (ATP)  (Calbiochem, Los An- 
geles). 

Radioactivity was estimated (Packard Tri- 
Carb)  with either dioxane or toluene scintilla- 
tion fluid (2).  Corrections for quenching were 
made with internal standards when necessary. 
The radioactivity data are subject to a •  
counting error. 

Rats of the Wistar strain were used in all 
experiments. The basic composition of the 
colony diet and semipurified diets has been 
described in detail previously (2,4).  Diet C 
was the colony diet; Diet G was semipurified, 
contained 2% fat and no cholesterol; Diet 
M-47, designed to simulate the composition of 
rat  milk, contained 47% of hydrogenated 
coconut oil; and Diet M-I ,  isocaloric with 
M-47, contained 1% of hydrogenated coconut 
oil. 

Bile Duct Surgery 

Bile ducts of suckling rats (35-45 g) were 
exposed under ether anesthesia and ligated 
close to the small intestine. The ducts were 

TABLE I I  
Synthesis in Vitro of Mevalonate from Acetate-2-14C 

by Reeombined Fractions of Rat Liver 

Mevalonate 
Soluble fractionsa Microsomesb synthesisc 

Series A 
Normal  adult 
Suckling 
Normal  adult 
Normal  adult 
Normal  adult 
Suckling 
Suckling 

Series B 
Normal  adult 
Normal  adult 
Normal  adult 

mean cpm 
Normal  adult 10,760 
Suckling 990 
Suckling 1,800 
Suckling 1,450 
None 1,500 
Normal adult 1,033 
None 956 

Normal  adult 6,860 
Sham-operated suckling 1,080 
Duet-severed suckling 7,540 

a 105,000 x g supernatant, equivalent to 0.5 g of fresh 
liver from a bomogenate of 4 normal adult rat livers or 
18 suckling rat livers. 

b 105,000 X g pellet, equivalent to 1.0 g of liver from 
either normal or suckling rats. 

c Mean values of duplicates. 
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then severed between the liver and the point 
of the Iigation; bile flowed into the peritoneal 
cavity. In the sham-operated litter mates the 
bile duct was exposed but not  ligated nor cut. 
After  closure of the incisions, the suckling rats 
were returned to the dams for 24 hr before 
assay for synthesis of either mevalonate or 
cholesterol. Cannulation of the bile duct of 
the suckling rat, employed in preliminary ef- 
forts, presented several technical problems, e.g. 
immobilization; discontinuous flow; and in- 
adequate nourishment. Therefore, severance 
of the duct was employed to interrupt normal 
enterohepatic recirculation. 

Bile ducts of adult rats were cannulated to 
provide exterior drainage and to permit in- 
fusions. The duct was exposed and an in- 
cision made at the mid-duct to allow insertion 
of a size P10 polyethylene cannula which 
served as a drainage tube leading f r o m t h e  liver 
to the exterior. For  infusion studies, a second 
cannula was inserted into the bile dult afferent 
to the intestine. Thereafter,  animals were main- 
tained in restraining cages with access to food 
and water. 

Assay for Cholesterol Biosynthesis in Vivo 

Suckling rats were injected intraperitoneally 
with acetate-2-14C (2 X 10 r cpm) in 0.15 ml 
of saline solution and placed in cages equipped 
to trap 14CO0. One hour later the rats were 
decapitated, livers were removed and extracted 
with hexane-ethanol (75:10, v / v ) .  Extracts 
were analyzed for total cholesterol, purified as 
the digitonide (2).  Further purification of 
cholesterol recovered from the digitonide was 
performed as follows: addition of carrier 
cholesterol plus uniformly labeled cholesterol- 
all;  thin-layer chromatography (TLC) on 
Silica Gel G with hexane-ether-acetic acid 
(70:30:1,  v / v )  as solvent system; acetylation 
with acetic anhydride-pyridine (2:1, v / v ) ;  and 
subjection of the resulting derivative to TLC 
on 3% silver nitrate-Silica Gel G with a 
benzene-ethyl acetate (9:1, v / v )  solvent sys- 
tem. 

Assay for Mevalonate and Fatty Acid Biosynthesis 
in Vitro 

Livers were removed from decapitated rats, 
cut into pieces, rinsed in ice-cold 0.25 M 
sucrose, and passed through a tissue press 
(Harvard)  into 3 volumes of ice-cold medium, 
pH 7.0, containing 0.05 M potassium phos- 
phate, 0.15 M KC1, 0.25 M sucrose, 7.5 mM 
MgC12, 1.5 mM glutathione, and 0.03 M 
nicotinamide per liter. The suspension was 
homogenized by 6-8 passes with a motor- 
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driven, loose-fitting Teflon pestle in a plain 
glass test tube. The homogenate was cen- 
trifuged for 15 min at  800 X g, followed by 
30 rain at 8,000 X g. The resulting super- 
natant  fraction was filtered through glass wool 
to remove floating fat particles, and centri- 
fuged at 105,000 X g for 1 hr to obtain the 
microsomal and soluble fractions. The fat 
layer was removed from the soluble fraction 
and the microsomes were suspended in homog- 
enizing medium without sucrose. The pro- 
cedures for incubation and isolation of me- 
valonate were similar to those of Fimognari  
and Rodwell (5) .  Soluble fraction (equivalent 
to 0.5 g of fresh liver) and microsomes 
(equivalent to 1 g) were incubated for 2 hr  
with 6 ttrnoles of acetate-2-14C (1.4 X l0  t 
cpm/~mole ) ,  4/~moles ATP,  0.2 ttmoles CoA, 
9pmoles glucose-l-phosphate, 2 ~moles NADP, 
2.5 /zmoles glutathione, and 10 /xmoles of 
potassium DL-mevalonate. When microsomes 
or soluble fractions from various treatments 
were cross-combined and compared for activity, 
protein was determined by the method of 
Lowry et al. (6) to establish that similar 
amounts of complementary fractions had been 
used in each incubation flask. Incubations were 
stopped by heating at 80C for 3 min. De- 
natured protein was removed by centrifugation 
and washed once with distilled water. The 
extracts were treated to transform mevalonate 
into the lactone (7) and the latter was ex- 
tracted and isolated by Celite chromatography 
(5,8).  Samples analyzed for isotope incorpora- 
tion into fatty acids were saponified with 10% 
methanolic KOH, acidified, and extracted with 
hexane. Methyl esters were prepared with 
diazomethane (9) and purified by TLC on 
silica gel G with hexane-ether-acetic acid (70: 
30:1, v / v )  as solvent system. Corrections for 
losses during purification were provided by a 
radioactive internal standard as described for 
cholesterol purification. 

Cholic Acid-24-"C Excretion Studies 

Litters of suckling rats, 7 days old, were kept 
with nursing females in metal cages with corn  
cob litter. Diet C in suspended feed cups was 
consumed ad libitum by the dams. Aqueous 
cholic acid-24-14C (170,000 cpm) was force- 
fed to each suckling rat with a special syringe. 
Each day a pup was killed and the alcohol- 
extractable radioactivity of the entire carcass 
was obtained by grinding thoroughly in a 
homogenizer (Virtis) and extraction for 24 
hr in a soxhlet apparatus. In one experiment, 
5 suckling rats force-fed the labeled cholic acid 
were kept in a screen-bottomed cage without 
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FIG. 1. Fecal excretion of isotope by suckling 
rats and normal adult rats consuming the colony 
diet (Diet C) ad libitum. Each was force-fed a 
single dose of cholic acid-24-14C. The cholic 
acid-24-14C cochromatographed with authentic 
cholic acid (TLC: Silica Gel G, ethyl acetate- 
acetic acid, 24:1 v/v).  

feed cups. Feces collected f r o m  the group 
were extracted with boiling 80% ethanol for 
assay of radioactivity. Two lactating females 
alternated every 6 hr to provide milk. In 
similar experiments, the appearance of label 
in the fecal material was used to estimate the 
rate of cholic acid elimination for rats fed 
various diets for two months from weaning age. 

RESULTS 

I_n vivo incorporation of acetate-2-14C into 
hepatic cholesterol of  suckling rats 24 hr after 
severing the bile duct was 2- 3-fold that of 
sham-operated litter mates (Table I ) .  The 
cholesterol samples, purified as the digitonides 
in the first experiment, subsequently lost 5-8% 
of their activity when further purified by TLC 
with an internal standard of tritiated choles- 
terol. I t  was evident, therefore, that digitonide 
purification of cholesterol in the present study 
was adequate and also that the sterol synthe- 
sized was indeed cholesterol. 
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FIG. 2. Effects of dietary changes on fecal ex- 
cretion of isotope by young rats which received a 
single dose of cholic acid-24-14C. Suckling rats 
(broken lines) were weaned and fed colony diet 
(Diet C) for 2 days, then returned to suckling 
status. Litter mates (solid line), weaned and fed 
Diet M-47 which simulated rat's milk, also were 
shifted to colony diet for the same 2-day period. 
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FIG. 3. Effects of continuous feeding of different 
diets on fecal excretion of isotope by growing rats 
which received a single dose of cholic acid-24-14C. 
Diet C was the colony diet; Diet G, a synthetic 
diet, contained 2% of hydrogenated coconut oil 
(HCO) or 2% of ethyl linoleate (EL). 

DIET G-HCO 

Incorporation of acetate-2-~4C into mevalon- 
ate in vitro by recombined soluble (105,000)< 
g supernatant) plus microsomal fractions from 
normal rat liver was far superior to that of re- 
combined fractions from suckling rat liver 
(Table II) .  Soluble fractions or microsomes 
from suckling rat liver combined with the 
complementary fraction from normal liver 
were not more active than the soluble fractions 
without microsomes. However, when liver 
microsomes from duct-severed suckling rats 
were combined with soluble fraction from 
normal rats the system incorporated acetate-2- 
14C into mevalonate satisfactorily (Series B, 
Table II) .  Microsomes from sham-operated 
litter mates combined with soluble fraction 
from normal rat liver produced relative!y little 
incorporation. 

The rate of the cholic acid excretion of the 
suckling rat was much slower than that of the 
normal adult rat fed Diet C (Fig. 1). A sharp 
contrast was also observed in the excretion 
patterns of cholic acid-24-14C for rats newly 
weaned with colony diet and for litter mates 
either still suckling or weaned with Diet M-47 

(Fig. 2). Excretion rates, which were rela- 
tively slow for 4 days, accelerated in both 
groups when the animals were changed to Diet 
C for 2 days; finally, rates retarded again when 
each was returned to the former diet for 5 
days. 

Adult rats when fed a semipurified diet (Diet 
G) also excreted labeled cholic acid slowly 
in comparison to those fed Diet C (Fig. 3). 
Liver microsomes from rats fed Diet G when 
combined with soluble fraction from rats fed 
Diet C or Diet G did not provide the activity 
for acetate-2-14C incorporation which was ob- 
tained with soluble plus microsomal fractions 
from normal rats (Table I I I ) .  As with bile 
duct severing in the suckling rat, bile duct can- 
nulation of rats fed Diet G significantly im- 
proved the ability to incorporate labeled ace- 
tate. However, when Diet G rats with bile 
duct cannulas to the exterior were infused with 
10 mg of cholic acid per hour for 24-30 hr 
through an additional cannula leading to the 
duodenum, mevalonate synthesis by their re- 
combined liver fractions was markedly de- 
pressed (Series B, Table I I I ) .  

LIPIDS, VOL. 2, No. 2 
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TABLE III 
Effect of Diet, Bile Duct Cannulation and Bile 
Acid Infusion upon the Synthesis of Mevalonate 

from Acetate-2-14C by Recombined Liver Fractious 

Meva lona t e  
Soluble  f rac t ion  a Microsomesb synthesise 

Serie$ A 
Diet C 
Diet G 
Diet C 
Diet C 
Diet G, cannula a 
Diet G 
Diet G, carmula a 

Series B 
Diet G, carmula a 
Diet G, cannula + 

infusede 

cpm 
Die t  C 20,500 
Die t  G 1,320 
Die t  G 3,110 
Die t  G, cannula  r 13,600 
Die t  G, cannu la  ~ 6,220 
Die t  C 14,910 
Die t  C 14,240 

Diet G, cannula a 64,600 
Diet G, cannula + 

infusede 2,777 

a 105.000 x g superna tan t  equiva lent  to 0.5 g of fresh 
l iver  f rom a homogena te  of 2 or  more  l ivers f rom rats  
fed Die t  C or  D ie t  G as indicated.  

b 105,000 x g pellet ,  equiva lent  to 1.0 g liver.  

c Mean  values  of duplicates .  

a Bi le  duct  ca rmula ted  24-48 h r  before  assay. 

e Bile  duct  cannu la ted  and duodenum infused at ra te  of  
10 mg of chol ic  acid  per  hour  for  24-30 hr  before  assay. 

In a g r e e m e n t  wi th  the da ta  of  F i m o g n a r i  and  
Rodwel l  ( 5 ) ,  t au rocho la t e  was f o u n d  to in- 
h ib i t  the b iosynthes is  of m e v a l o n a t e  f r o m  ace- 
tate-2-14C 'in r e c o m b i n e d  soluble  and  micro-  
somal  f rac t ions  f rom n o r m a l  r a t  l iver  ( T a b l e  
I V ) .  Likewise, a res idue f r o m  an  80% a ! c o h q  
ex t rac t  of  a 10,000 X g s u p e r n a t a n t  f r o m  
ei ther  suckl ing or  ' n o r m a l  r a t  l iver r educed  
acetate-2214C i n c o r p o r a t i o n  in to  m e v a l o n a t e  
( T a b l e  IV) .  I n c o r p o r a t i o n  o f  m e v a l o n a t e  was 
inh ib i ted  at  t au rocho!a te  concen t r a t i ons  above  
0.25 mM (Fig.  4 ) .  C o m p l e t e  inh ib i t ion  of 
m e v a l o n a t e  b iosynthes is  was ob ta ined  at tauro-  
chola te  concen t r a t i ons  wh ich  did not  impa i r  
fa t ty  acid b iosynthes is  by  these r e c o m b i n e d  
l iver f ract ions.  

T A B L E  I V  

Inhib i t ing  Effects of  Addi t ions  upon in Vi t ro  
Biosynthesis of Meva tona te  

Addition to incubationa % Inhibition } 

Taurocholate% 1 x 10 -3 M 80 
Taurocholate, 2.5 x 10 -3 M 97 
Taurocholate, 5.0 x 10 -~ M 98 
80% Ethanol extract of suckling rat liver d 6q 
80% Ethanol extract of normal rat liver d 51 

a Incuba t ion  system consisted of  recombined soluble  and 
mic rosomal  f ract ions  f rom no rma l  ra t  l iver  wi th  cofactors  
and  acetate-2-xN2 as described in the text. 

b Rela t ive  to con t ro l  flask which  rece ived no addi t ions.  

e Gas  ch romatography  and T L C  revealed presence of ca. 
5% of free acids, main ly  cholic  with a t race of deoxy- 
cholic. 

d Dry  ma te r i a l  equivalent  to 0:7 g of l iver  (net  weight  ) .  
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FIG. 4. Effect of taurocholate upon acetate-l-14C 
incorporation into mevalonate and fatty acids by 
recombined soluble and microsomal fractions of 
normal  rat  liver. MVA, mevalonate; FA, fatty 
acids. 

DFSCUSSION 

Our  obse rva t ion  tha t  m e v a l o n a t e  b iosynthes is  
in v i t ro  wi th  r e c o m b i n e d  Superna tan t  and  
mic rosomes  f r o m  suckl ing- ra t  l iver is sub- 
n o r m a l  is cons is ten t  wi th  t ha t  of Car ro l l  (1)  
w ho  showed  poo r  i n c o r p o r a t i o n  of  acetate,  bu t  
good i nco rpo ra t i on  of  meva lona te ,  in to  choles-  
terol. T h e  ma jo r  ra te - l imi t ing  step in  choles- 
terol  b iosynthes is  in adul t  ra ts  occurs  in the 
mic rosomes  and  the  con t ro l  po in t  is k n o w n  to 
p recede  reac t ions  of  m e v a l o n a t e  in experi-  
men t s  involv ing  f a s t i ng  (10 ,11 ) ,  choles terol  
feeding (11 -14 ) ,  T r i t o n  W R - 1 3 3 9  (10 .11 ) ,  
x - i r rad ia t ion  ( 10, i I ), and  Mig icovsky  inh ib i to r  
(16 ,17 ) .  " F e e d b a c k "  regu la t ion  of  the  micro-  
somal  enzyme,  f l -hydroxy- f l -methy lg lu ta ry l  re- 
ductase,  respons ib le  for  the  final steps in  meval -  
ona t e  fo rma t ion ,  is bel ieved to be  the  pr inc ipa l  
m e c h a n i s m  invo lved  in inh ib i t ion  by  choles tero l  
feeding (12 -14 ) .  In  the  p re sen t  exper imen t s  
r educed  m e v a l o n a t e  synthesis  by  a soluble  l iver  
f r ac t ion  f r o m  n o r m a l  ra ts  w h e n  c o m b i n e d  wi th  
mic rosomes  f r o m  suckl ing rats  suggests tha t  
a s imilar  f eedback  m e c h a n i s m  m a y  be  responsi-  
ble for  suppress ing  choles tero l  b iosynthes is  in  
the  suckl ing rat .  

As  in ou r  expe r imen t s  wi th  duc t - severed  
suckl ing rats  and  duc t - cannu la t ed  rats,  M y a n t  
and  Ede r  (17)  f o u n d  an  increase  in choles te ro l  
b iosynthes is  f r o m  aceta te  wi th  l iver  t issue f r o m  
adul t  ra ts  wi th  bi le  duc t  cannulas .  Such  re- 
suits suggest  the  p resence  of  a n  inh ib i to r  of  
choles tero l  b iosynthes is  in  the  bile,  and  its re- 
m o v a l  f r o m  l iver  b y  the  i n t e r rup t i on  of  the  
en t e rohepa t i c  rec i rcu la t ion  of  a bi le  const i tu-  
ent.  A m o n g  the  bi le  cons t i tuents ,  choles te ro l  is 
possibly  the  inh ib i to r  since choles tero l  feed- 
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ing has been  shown  to result  in an inhibi t ion of  
hepat ic  synthesis  of  cholesterol  (10-14,18,19) .  
Bloomfield (20)  has suggested that  the bile 
acids m a y  be responsible  for  control  of  choles- 
terol biosynthesis  th rough  a feedback  mechan -  
ism of act ion upon  cholesterol  format ion .  
Studies by F imognar i  and Rodwel l  (5,21) 
suggest that  bile acids may  be responsible  for  a 
" feedback"  contro l  upon  cholesterol  b iosynthe-  
sis by inhibi t ion of  the enzyme  which  results 
in mevalona te  format ion ,  f l -hydroxy-f l -methyl-  
glutaryl reductase.  Whi le  it has not  been  estab- 
l ished conclusively that  bile acids directly in- 
hibit  this enzyme  in a m a n n e r  tha t  provides  
physiological  control ,  our  demons t ra t ion  that  
ability to synthesize mevalona te  can be im- 
proved  by bile duct  cannula t ion  and blocked 
by bile acid infusion suggests a role for  the 
const i tuent  bile acids in the regulat ion of  he- 
patic cholesterogenesis .  Also,  lack of  an in- 
h ibi tory  effect upon  in vitro fat ty acid bio- 
synthesis at taurochola te  concent ra t ions  which  
blocked mevalona te  biosynthesis  (Fig. 4) ,  sug- 
gests a degree of  specificity for  taurocholate ,  
pe rhaps  upon  the f l -hydroxy-f l -methylglutaryl  
reductase.  Exper iments  show that  dietary bile 
acids inhibit  cholesterol  biosynthesis  consist-  
ently (22) .  Fai lure to observe an inhibi tory 
effect on cholesterol  biosynthesis  when  bile 
acids were added to liver slices (23)  may  re- 
flect a low degree penet ra t ion  of  exogenous  bile 
acid into tissue. 

The  slow rate  of  fecal excre t ion  of labeled 
cholic acid observed in the present  s tudy with 
suckling rats and wi th  rats fed semipurif ied 
diets in our  exper iments  as well as Po r tman ' s  
(24)  may  reflect a highly efficient en te rohep-  
atic recirculat ion of  bile salts. This recircula-  
t ion may  provide  favorable  intestinal condi-  
t ions for  the absorpt ion of  cholesterol ,  and thus 
mainta in  s e rum or  hepat ic  cholesterol  levels 
inhibi tory to the  mevalonate-synthes iz ing  en- 
zyme system. On the other  hand,  efficient 
conservat ion  of  bile salts may  provide  the tis- 
sues with levels which  we have found  inhibi- 
tory to cholesterol  biosynthesis  in vitro. By 
ei ther  mechan i sm,  the increased rate of  cholic 
acid el imination,  observed w h e n  suckling rats 
or their  litter mates  fed Diet  M-47 were  shif ted 
to colony diet, could lower  the feedback  st imu- 

lus. Such conserva t ion  could  explain the in- 
crease in hepat ic  cholesterol  biosynthesis  ob- 
served by Carrol l  (1)  when  suckling rats were  
weaned  and fed a co lony diet  and the sub- 
normal  rates of  biosynthesis  of cholesterol  in 
rats fed  synthet ic  diets (25) .  
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The Isolation and Tentative Identification of Diacylglyceryl 
Ethers from the Walker 256  Carcinoma of the Rat and a 
Human Lymphosarcoma 1 

JAMES N. BOLLINGER, Southwest Research Institute, San Antonio, Texas 

ABSTRACT 

An unusual lipid was observed and sub- 
sequently isolated by thin-layer chroma- 
tography from the lipids of the Walker  256 
carcinoma of the rat  and a human lympho- 
sarcoma. This lipid has been tentatively 
identified as a diacylglyceryl ether by thin- 
layer chromatography, gas-liquid chroma- 
tography and infrared analysis. 

INTRODUCTION 

L IPIDS OBTAINED from both animal and 
human tumors in this laboratory (1) were 

shown to contain an unidentified lipid class by 
thin-layer chromatography (TLC) .  The polarity 
of the unidentified component on thin-layer 
chromatograms was shown to be identical to 
the polarity of a glyceryl ether diester such as 
batyl dimyristate. 

This report  deals with the methods of iso- 
lation and identification of this unusual lipid 
which was found in the Walker  256 tumor and 
in a human lymphosarcoma. 

MATERIALS AND METHODS 

Extraction and Fractionation of Tumor Lipids 

Walker 256 carcinoma tissue was obtained 
from female rats (Carworth Farms-Nelson 
strain) fed a commercial  chow (Purina) diet. 
Tumor  implant material was obtained by 
macerating tumor tissue from donor rats (Up- 
john Company, Kalamazoo,  Mich.) in a micro- 
Waring Blendor. The homogenized cells were 
diluted in saline solution and immediately in- 
jected into the right femoral muscle. Tumors 
ranging from 15 to 30 g were obtained 10 days 
after implantation. The animals were anesthe- 
tized with ether, killed by exsanguination, and 
the tumors were removed~ Care was taken to 
remove all the necrotic tissue before the tumor 
tissue was homogenized and freeze-dried, and 
before the lipids were extracted. 

Two h u m a n  neoplastic tissues were also 
anaTyzed. The first was a large right axillary 

x This work was performed at the Medical Divis ion,  O a k  
Ridge  Ins t i tu te  of  Nuc l ea r  S tudies ,  an  opera t ing  unit  of  
O a k  Ridge  Assoc ia ted  Univers i t ies ,  under  cont rac t  wi th  
the U.S.  Atomic  Energy Commiss ion .  

lymph node removed at autopsy and diag- 
nosed to be a lymphosarcoma. The second tis- 
sue was a rather slow growing, poor ly  dif- 
ferentiated sarcoma, removed surgically from 
an upper arm. These tissues were frozen at 
-10C and stored before further processing. 

In all experiments lipids were extracted ac- 
cording to the procedure of Folch, Lees and 
Sloane-Stanley (2) .  The total lipids were 
measured gravimetrically and then separated 
into phospholipids and neutral lipids with the 
use of a silicic acid chloroform slurry (1 g/50 
mg lipid).  TLC was used to check the com- 
pleteness of the silicic acid separation. 

Isolation of the Suspected Glyceryl Ethers 

Because of the availability of the Walker  256 
tumor the following procedures were worked 
out using this tissue. 

Column chromatography was performed by 
the methods of Hirsch and Ahrens (3) .  The 
polarity of the unidentified component is close- 
ly associated to the polarity of triglycerides 
with the result that samples containing ap- 
proximately 70% unidentified lipid and 30% 
triglycerides were the best attainable with this 
method. 

Preparative TLC plates, coated with 250 /t 
of Silica Gel G (Applied Science Laboratories, 

S ta te  College, Pa.) and developed in a hexane: 
diethyl ether (90:10)  solvent system, gave the 
best results for the isolation of the unidentified 
component.  The unknown component was re- 
moved from the plates by scraping the area 
just above the triglycerides. It was essential 
to scrape the plates and elute the scrapings with 
chloroform:methanol  (1 : 1) immediately to 
prevent what appeared to be a breakdown or 
peroxidation of the component. The eluted 
samples were pooled and the material again 
applied to TLC plates for a second isolation 
which appeared to yield samples in a state of 
high purity. The component then w a s  s tored  
in chloroform under an atmosphere of nitrogen 
at - 10C  until further analysis. 

Methods 

Infrared analysis was performed with a 
Perkin-Elmer IR 521 spectrophotometer. The 
isolated lipids were layered on previously pre-  
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pared 1 cm KBr discs to facilitate their re- 
moval for further analysis. 

Gas-liquid chromatography (GLC)  was car- 
ried out on a Wilkens model 204 dual flame 
ionization instrument equipped with a) a 1/8 in. 
U. 3 ft. column packed with 17% ethylene 
glycol succinate polyester on I00-140 mesh 
chromosorb W, and b) a Vs in. X 5 ft col- 
umn packed with 3% QF1 on 100 120 mesh 
Gas-Chrom Q. The packing material was ob- 
tained from Applied Science Laboratories, 
State College, Pa. The columns were operated 
between 185C and 205C with a helium flow 
of 20 to 30 ml/min.  Fat ty  acid standards 
(NIH)  and glyceryl ether standards (obtained 
through the courtesy of Fred Snyder, Oak 
Ridge Institute of Nuclear  Studies) were used 
for cgmparison of retention times. Fat ty  acid 
methyl esters were prepared with the use of 
diazomethane or BF3-methanol and the glyceryl 
ether trimethylsilyl (TMS) derivatives were 
prepared according to the method of Wood 
et al. (4).  

The unidentified lipid was quantitatively 
analyzed by TLC by means of the densitoytetric 
method described by Blank et al. (5).  

General Procedures 

An infrared analysis was performed on 2 
to 5 nag of the lipid isolated from the Walker  
256 tumor. The lipid was then washed with 
chloroform from the surface of the KBr discs 
and used for saponification. 

Saponification. Two methods of saponifica- 
tion were used: a) refluxing 5 ml of a 4% 
ethanolic K O H  solution under nitrogen for 4 
hr and b) allowing the unknown lipid com- 
ponent to react in 2 ml of a 0.5N KOH-abso- 
lute methanol solution at room temperature 
under a nitrogen atmosphere for 8 hours; then 
1 ml of H20 was added and the solution al- 
lowed to stand for 2 more hours. Two methods 
of extracting the nonsaponifiable material were 
used: a) repeated extraction with 3 ml of hex- 
ane (this required 10 to 15 extractions to re- 
move all of the nonsaponifiable material)  and 
b) flash evaporation of the basic alcohol-H20 
solutions to dryness in a rotary flash evapo- 
rator at room temperature and extraction with 
chloroform. In both procedures the extracting 
solvent containing the nonsaponifiables was 
subsequently dried by addition of Na2SO~. 

The alkaline solution or basic residue was 
acidified and the free fatty acids were extracted 
with hexane. Water  was removed from the 
hexane extracts with Na2SO4 and the hexane 
solution was evaporated to dryness with a 
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stream of nitrogen. Fat ty  acid methyl esters 
were prepared and GLC analysis was per- 
formed on both polar and nonpolar columns. 

Isolation o] the Nonsaponifiable Fraction. 
Thin-layer chromatographic analysis of the 
nonsaponifiable fraction, with plates coated 
with Silica Gel G and developed in a hexane: 
diethyl ether:acetic acid (90:10:1)  system, 
revealed the presence of trace amounts of free 
sterols, free fatty acids, as well as what ap- 
peared to be incomplete saponification of trace 
amounts of the unknown component. Most 
of the nonsaponifiable material remained at 
the origin. TLC with a more polar solvent 
system of chloroform:methanol  (90:10)  moved 
the unknown polar material from the origin to 
an R~ value of approximately 0.5. A quanti- 
tative densitometric analysis was performed in 
order to evaluate the original composition. The 
major unsaponifiable fraction was then iso- 
lated by preparative TLC with the use of a 
chloroform:methanl  (90:10)  system. A chloro- 
form solution of the isolated fraction was ap- 
plied to the surface of KBr pellets for IR an- 
alysis. Finally TMS derivatives were pre- 
pared and a GLC analysis was performed. 

Isolation and Identification o[ the Lympho- 
sarcoma Lipid. The techniques used in the 
isolation and identification of the unidentified 
lipid in the human lymphosarcoma were es- 
sentially those developed and used for the 
isolation and identification of the lipid present 
in the Walker  256 tumor. Total  lipids were 
extracted and separated into phospholipids and 
neutral lipids with the use of a silicic acid 
chloroform slurry. Thin-layer chromatography 
was used to check the completeness of the 
separations. The unidentified lipid class re- 
mained with the neutral lipid fraction and was 
quantitatively analyzed by densitometric pro- 
cedures. However, unlike the unidentified lipid 
in the Walker  256 tumor tissue which was iso- 
lated prior to saponification the neutral lipid 
fraction from the lymphosarcoma was s a p o n i -  
fled directly. The nonsaponifiable material was 
first extracted with chloroform and then ap- 
plied to both qualitative and preparative TLC 
plates and developed in a chloroform:methanol  
(90:10)  system. Free sterols which migrated 
with the solvent front and the saponified un- 
identified component which migrated to an R~ 
of approximately 0.5 were the major materials 
present. The unidentified component was re- 
covered by scraping the plates and eluting the 
material with 2:1 chloroform :methanol. Pooled 
samples were again applied to preparative 
plates and the material re-isolated in a pure 
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state as determined by further TLC. After  
approximately 10 mg were isolated, infrared 
analysis was performed and TMS derivatives 
prepared for GLC analysis. 

RESU LTS 

The concentration of the unusual lipid ex- 
pressed in terms of total lipids ranged from 1 
to 3 % in five Walker  256 tumors analyzed by 
the densitometric method while the human 
lymphosarcoma contained approximately 3.5%. 
This lipid was not detected by TLC in the lipids 
extracted from the poorly differentiated human 
sarcoma. 

Thin-Layer Chromatography 

The unusual tumor lipid from both the 
Walker  256 tumor and the lymphosarcoma 
migrated on TLC plates to the same area as 
batyl dimyristate (Fig. la ,  lanes 1 to 4).  After  < 
saponification, the unknown lipid was chemi- 
cally altered and migrated on TLC plates to 
the same area as batyl alcohol (Fig. l b ) .  
Quantitative densitometric analysis of the non- 
saponifiable material from the Walker  256 
tumor showed the major component to be 
28% (0.43 mg) of an original sample of 1.55 
mg. Considering the original isolated lipid to 
have a theoretical molecular weight of batyl 
distearate (875 g moles),  the isolated tumor 
lipid would be approximately 90% pure dia- 
cylglyceryl ether. The remaining 10% could 
be accounted for by the presence of trace 
amounts of the material that did not saponify 
and the presence of free sterol-like material 
(presumably derived from a sterol ester).  The 
latter observation was made when the TLC 
plates were sprayed with H._,SO~ and a cherry- 
red color developed in the region of free 
sterols. 

Infrared Analysis 

Fig. 2 shows the results of the infrared 
analysis of a) the lipid isolated from the Walker  
256 tumor, b) the Walker  256 lipid after 
saponification, c) hexane extract of saponified 
selachyl diacetate (approximately 70% pure 
with vitamins A and D and unidentified im- 
purities, Western Chemical, Ltd., Vancouver, 
Canada)  and d) nonsaponifiable fraction iso- 
lated using preparative (TLC) from the neutral 
lipids of a human lymphosarcoma. The signifi- 
cant absorption bands seen in Fig. 3a were 
1740 cm -1 for ester carbonyl and 1125 cm -1 
for ( - C - O - C - )  stretching. After  saponifica- 
tion the ester carbonyl absorption disappeared 

while the absorption in the 1125 cm -1 region 
remained. In addition, there was the appear- 
ance of absorption in the 3350 cm -1 region 
depicting ( - O H )  stretching. These character- 
istic bands were also seen for the known 
selachyl alcohol sample (Fig. 2c) and the non- 
saponifiable material isolated from the h u m a n  
lymphosarcoma neutral lipids (Fig. 2d).  

(a) (b) 

< 

1 2 3 4 1 2 

FIG. 1. (a) Thin-layer chromatcgraphic analysis 
ef tumor lipids in a 90:10:1, hexane: diethyl 
ether:acetic acid solvent system and with plates 
coated with Silica Gel G. 1) Standard mixture: 
( a )  cholesterol, oleate, (b) batyl dimyristate, (c) 
triolein, (d) oleic acid, (e) cholesterol, (f) hydrog- 
enated lecithin; 2) Walker 256 neutral lipids; 
3) human lymphosarcoma total lipids; and 4) un- 
known lipid isolated from Walker 256 tumor lipids. 

(b) Thin-layer chromatographic analysis of the 
nonsaponifiable fraction of the unknown lipid on 
plates coated with Silica Gel G and developed 
in a 90:10 chloroform :methanol system. 1 ) Stand- 
ard mixture of (b) cholesterol and (c) batyl al- 
cohol; 2) nonsaponifiable fraction of unknown 
tumor lipid, (a) nonpolar lipids and solvent con- 
taminates and (d and below) fatty acid and their 
potassium salts, respectively. 
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F[~. 2. Infrared analysis of (a)  isolated unknown Walker 256 lipid, (b)  nonsaponifiable fraction of 
unknown Walker 256 lipid, (c)  selachyl alcohol and (d) nonsaponifiable fraction of the u n k n o w n  human  
lymphosarcoma lipid. The instrument used was a Perkin-Elmer IR 521 with the lipid material  coated 
on the surface of KBr discs. 
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Gas-Liquid Chromatography 

Unsuccessful attempts were made to gas- 
chromatograph the unknown lipid in both the 
original and saponified form. However, when 
trimethylsilyl derivatives of the isolated non- 
saponifiable fraction were made most of the 
material eluted with the same retention times 
as TMS derivatives chimyl (C16-glyceryl ether) 
and batyl (Cls-glyceryl ether) alcohols (Fig. 
3a).  Both these glyceryl ethers are saturated 
and the unsaturated counterparts were not de- 
tected. However, it has recently been shown 
that the resolution of the TMS derivatives of 
homologs of such isomers is quite poor (6) .  
Fig. 3b shows the GLC analysis of TMS de- 
rivatives of  the saponified material isolated 
from the human lymphosarcoma. This lipid 
also exhibited the same retention times as 
chimyl and batyl alcohol-TMS derivatives. 

Gas-liquid chromatographic analysis of the 
fatty acid methyl esters obtained from the iso- 
lated Walker  256 tumor lipid was made. The 
major fatty acids present were palmitic, stearic, 
oleic and arachidonic acids, with a total of 21 
additional fatty acids discernible but not deft- 
nitely identified. Fa t ty  acids with carbon chain 
length of C16, Cls, C20, C22 and possibly C24 
were shown to be present when the methyl 
esters were applied to a nonpolar GLC column. 

DISCUSSION 

This study has tentatively identified the un- 
usual lipid occurring in the Walker  256 tumor 
of the rat  and a human lymphosarcoma to be 
diacyl derivatives of glyceryl ethers. 

C - O - R 1  
I 
I o 
I II 

C - O ~ - R z  

[ o 
I II 

C - O - C - R s  

R1 represents a long chain alcohol of  16 to 
18 carbons. 

R2, R3 represent fatty acids of 12 to 22 car- 
bons with varying degrees of unsaturation. 

The tentative identification of diacyl de- 
rivatives of glyceryl ethers is based on the 
following: 1) R~ values of the unusual lipid 
on TLC plates are the same as batyl dimyri- 
state; 2) Rf values of the isolated saponified 
lipid on TLC plates are the same as batyl al- 
cohol (saponified batyl dimyristate);  3) the 
molar ratio of fatty acids to glyceryl mono- 
ether of the unknown lipid was similar to the 
theoretical value of that for batyl distearate; 

SOLVENT 

2 ~ 
(o) 

TIME (MINUTES) 

SOLVENT 

2 

TIME (MINUTES) 

(b) 

FIG. 3. (a) Gas-liquid chromatographic analysis of trimethylsilyl derivatives of the unknown Walker 
256 nonsaponifiable lipid on an EGS column. Retention times were exactly the same as known chimyl 
(1) and batyl alcohol (2) TMS derivatives. 

(b) Gas-liquid chromatographic analysis of trimethylsilyl derivatives of the unknown humanlympho- 
sarcoma nonsaponifiable lipid on a QF1 column. Retention times were exactly the same as chimyl (1) 
and batyl alcohol (2) TMS derivatives. 
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4) infrared spectra of  known diacylglyceryl  
ethers and glyceryl monoethers  were the same 
as those of  the unknown lipid and; 5) tri- 
methylsilyl derivatives of  the saponified un- 
known lipid had G L C  retent ion times equal  to 
those of known batyl and chimyl  alcohol  T M S  
derivatives. 

Since the unusual  lipid obtained f rom the 
lymphosa rcoma  was not  isolated pr ior  to sa- 
ponification, as was the case with the lipid 
f rom the Walker  256 tissue lipids, the possi- 
bili ty exists that  the lipid isolated after saponi- 
fication could have  been due, in part,  to the 
presence of  glyceryl monoethers ,  Analysis of  
the neutral  lipid fract ion isolated f rom the 
lymphosa rcoma  tissue (prior  to saponification) 
indicated, however ,  that  either the nonacylated 
glyceryl monoethers  were  not  present  or were 
not  detected by the methods  used for  visuali- 
zation of  the T L C  plates. 

It  was fur ther  noted that  the diacylglyceryl 
ethers which were isolated f rom the Walker  
256 tumor  lipids were not  as pure as T L C  
analysis initially indicated. W h e n  the isolated 
lipid was saponified and rechromatographed  
the solution contained what  appeared to be 
free sterols and some material  which was resist- 
ant to saponification. Densi tometr ic  analysis 
indicated that  components  other  than diacyl- 
glyceryl ethers amounted  to about  10% of the 
original spot. As a result, the concentra t ion  
of  this lipid is slightly less than what  the 
densi tometr ic  analysis had initially indicated. 
However ,  the corrected concentrat ions are still 
m u c h  higher  than those found for glyceryl 
ethers in normal  m a m m a l i a n  tissue lipids; 
human  mar row ( 0 . 2 % ) ,  spleen ( 0 . 0 5 % ) ,  red 
blood cells ( 0 . 0 1 % )  (7) ,  human  liver ( 0 . 0 % ) ,  
cow bone  mar row (0 .01% ), and milk  (0 .01% ) 
(8). 

The  presence of diacylglyceryl  ethers in 
fair ly high concentra t ion  (0.9 to 3 .2% ) in 
tumor  lipids raises several questions in light 
of  what  is known about  the nonacylated alkoxy- 

ethers. Specifically aikoxyglyceryl  monoethers  
have been shown to induce cell proliferation.  
L i n m a n  et al. (9)  have shown batyl alcohol  
to stimulate hemopoiesis  as indicated by reti- 
culocytosis, thrombocytosis ,  leukocytosis,  and 
hyperplasia  of  all myeloid  elements of  the 
bone marrow.  Brohul t  (10)  found that  the 
alkoxyglyceryls also enhanced  the growth of  
rats and lactobacillus. In  addition, Bodman  
and Maisin (11)  have repor ted  upon the ef- 
fectiveness of  alkoxyglyceryl  ethers in the pro-  
mot ion  of  wound  healing. However ,  any con- 
clusions drawn between these findings and the 
occurrence  of  diacyl alkoxyglyceryls in neo- 
plastic tissue would  be purely  speculative. 

This study does indicate the need for more  
extensive investigation on the role diacylgly- 
ceryl ethers play, if any, in neoplastic tissue 
format ion  and growth. 
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Determination of the Structure of Lecithins 
via the Formation of Acetylated 1,2-Diglycerides 

O. S. PRIVETT and L. J. NUTTER, The Hormel Institute, University of Minnesota, Austin, Minnesota 

ABSTRACT 

A detailed procedure for quantitative' 
determinations of molecular species of 
lecithins is described and applied to sev- 
eral lecithins isolated from natural sources. 
The method is based on the conversion of 
lecithin to acetylated 1,2-diglycerides and 
analysis of these compounds by method- 
o!ogy used for the determination of tri- 
glyceride structure. 

The preparation of the acetylated 1,2- 
diglycerides was carried out via hydrol- 
ysis with phospholipase C and acetylation 
of the resultant, 1,2-diglycerides with py- 
ridine-acetic anhydride. Preparation of 
acetylated 1,2-diglycerides from.leci thin 
by acetolysis with acetic acid-acetic anhy- 
dride was shown to be accompanied by 
intermolecular as well as intramolecular 
rearrangement of the fatty acids. 

The structure of the acetylated 1,2-digly- 
cerides was determined by a combination 
of argentation-TLC and pancreatic lipase 
hydrolysis using internal standards for 
quantification. The method was applied to 
lecithins isolated from milk serum, egg, 
soybean, safflower seed and wheat germ 
lipids. 

INTRODUCTION 

p ARALLELING EARLY METHODOLOGY for the 
determination of triglyceride structure the 

first method for determination of  c/asses of 
lecithins, developed by Privett and Blank (11 ), 
was based on cleavage of the unsaturated link- 
ages and analysis of the phosphatidyl choline 
residues. More recently, Blank, Nutter and 
Privett (3) described an improved method for 
determination of lecithin structures based on 
total fatty acid composition, fatty acids in the 
/3 position, and the amount of the disaturated 
class (determined via mercuric acetate adduct 
formation). These methods give an analysis 
of lecithins in terms of positions of saturated 
and unsaturated fatty acid constituents. A 
more discriminating analysis by direct applica- 
tion of fractionation techniques to lecithins, 
particularly argentation chromatography used 
widely in triglyceride analysis (1,2,17-19), has 

been generally unsuccessful (5,8). 
Renkonen (12,13) was the first to recog- 

nize that the solution of the problem of the 
molecular species analysis of glycerophospha- 
tides, where recovery of the intact compounds 
was not required, was to convert these com- 
pounds to the analogous and less polar acety- 
lated 1,2-diglycerides. 

Lecithins may be converted to acetylated 
diglycerides via acetolysis or via enzymatic 
hydrolysis with phospholipase C followed by 
acetylation with acetic anhydride-pyridine of 
the resulting 1,2-diglycerides. Any migration 
of acyl groups in the formation of the acety- 
lated 1,2-diglycerides would obviously invali- 
date the use of these compounds for structural 
analysis. Renkonen (12), using an acetic acid- 
acetic anhydride procedure, reported that no 
significant acyl migration occurred during the 
acetolysis of glycerophosphatides. However, 
he indicated in a recent report (14) that some 
intramolecular rearrangement occurs in the 
application of this reaction to some glycero- 
phosphatides. 

We found (9) that acyl migration of fatty 
acids occurs in the acetolysis of lecithin by the 
acetic acid-acetic anhydride procedure. Re- 
arrangement of the fatty acids was demon- 
strated by differences between the composition 
of the fatty acids in the fi position of the 
original lecithin determined via phospholipase 
A hydrolysis and that of the resultant acety- 
lated 1,2-diglycerides determined via pan- 
creatic lipase hydrolysis. A similar comparison 
made with the acetylated 1;2-diglycerides ob- 
tained via phospholipase C hydrolysis and 
acetylation showed no such differences and it 
was concluded that not only was there no acyl 
migration during this procedure but that a 
valid analysis of the distribution of the fatty 
acids in the fl position of acetylated 1,2- 

diglycerides could be obtained via pancreatic 
lipase hydrolysis. 

The present studies show that inter- as well 
as intramolecnlar rearrangement occurs in the 
acetolysis of lecithin under the conditions de- 
scribed by Renkonen (12), and emphasize the 
value of the enzymatic method for the con- 
version of lecithin to the acetylated 1,2- 
diglycerides. At present, methods for the de- 
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termination of structure based on the principle 
of converting the glycerophosphatides to less 
polar  derivatives have been used mainly for 
the detection of the major molecular species 
of these compounds. Noteworthy applications 
in this respect have been made by van Deenen 
and his associates (4-6). Particularly pertinent 
to this study was an application to rat  liver 
lecithin by van Golde, Zwaal and van Deenen 
(5) ,  in which some 29 different molecular 
species were detected. 

Described here is a detailed procedure for 
quantitative determination of molecular species 
of lecithins based on fractionation and analysis 
of the analogous acetylated 1,2-diglycerides 
prepared via phospholipase C. 

EXPERIMENTAL 

Materials 

Lecithins were isolated from milk serum 
(obtained from the Rice Lake Creamery, Rice 
Lake, Wis., through the courtesy of Donald 
Ger land) ,  fresh hen eggs, a commercial  sample 
of soybean lecithin (obtained from Nutrit ional 
Biochemicals Corporat ion) ,  crude safflower 
seed lecithin (supplied by John Kneeland of 
the Pacific Vegetable Oil Company) ,  and 
wheat germ oil (obtained from the Viobin 
Corporation, Monticello, Ill .) .  The isolation 
and purification of the lecithins were carried 
out as previously described (10) by a combi- 
nation of D E A E  cellulose and silicic acid- 
silicate-aqueous ammonia column chromatog- 
raphy according to the general techniques de- 
scribed by Rouser et al. (15).  

Methyl pentadecanoate and other methyl 
esters used as standards for gas-liquid and thin- 
layer chromatographic analyses were obtained 
from The Hormel  Institute. 

Phospholipase C. The source of this enzyme 
was the Cl. Per/ringens Type A toxin (Wel- 
chii).  A solution of the enzyme with an assay 
of 400 M L D / m l  in the mouse was obtained 
through the courtesy of Charles Pidacks of 
Lederle Laboratories, Spring Valley, N. Y. 

Pancreatic Lipase. Steapsin obtained from 
Nutrit ional Biochemicals Corporat ion was the 
source o f  this enzyme. 

Preparation of Acetylated 1,2-Diglycerides 

In order to determine if the acyl migration 
that occurs in the acetolysis of lecithins is 
entirely intramolecular as reported by Renk- 
onen (12,14),  or whether intermolecular 

shifts of acyl groups also occur simultaneously, 
a comparison was made of the class composi- 
tion of the acetylated 1,2-diglycerides prepared 
from a sample of lecithin by acetolysis and 
via the phospholipase C hydrolysis procedure 
(described below).  If  there is no intermolecu- 
lar rearrangement, there should be no differ- 
ences in class compositions of the acetylated 
1,2-diglycerides prepared by the two methods; 
that is, in the amounts of the acetylated deriv- 
atives of disaturated (SS), diunsaturated (UU)  
and unsaturated-saturated (US + SU) classes. 
Inter- and intramolecular rearrangement can- 
not be distinguished in the US -b SU class by 
the relative amounts of the two isomers, but 
the total amount of the two isomers should be 
the same in the absence of intermolecular 
rearrangement. 

Soybean lecithin containing 58.6% added 
hydrogenated lecithin (SS) was used in this 
experiment in order to have a sample that 
contained an appreciable amount of the disat- 
urated (SS) as well as the diunsaturated class 
(UU) .  The acetylated 1,2-diglycerides were 
isolated by TLC and analyzed for class com- 
position as described previously (3) except 
that the diunsaturated class was determined 
by argentation-TLC as described below. The 
results (Table I)  showed considerable differ- 
ences between the class compositions of the 
acetylated 1,2-diglycerides prepared via phos- 
pholipase C and acetolysis. The rearrangement 
of the classes during acetolysis does not attain 
a complete randomization because the con- 
current acetylation stabilizes the acyl groups 
against further migration in the formation of 
acetylated diglycerides. Comparison of the 
values for the classes of the acetylated 1,2- 
diglycerides prepared by acetolysis with those 

Class 

TABLE I 
Composition of Acetylated 1,2-Diglycerides 

of Soybean Lecithin Containing 
Added Hydrogenated Lecithin a 

(% by Wt) 

Class 

Acetylated 
1,2-diglycerides Acetylated Calculated for 

prepared via 1,2-diglycerides a random 
phospholipase C- prepared via distribution 

acetylation acetolysis b pattern 

aB 
S S 56.8 52.1 40.6 
U S 0.1~ 13.6 9.6~ 24.0 23.1 
S U 13.5~ 14.4/ 23.1 
U U 29.6 24.9 13.2 

a Class composition determined by the method of Blank, 
Nutter and Privett, Lipids 1, 132 (1966), except SS 
class estimated via argentation-TLC. 

b Acetylated 1,2-diglycerides prepared by the method of 
Renkonen, JAOCS 42, 298 (1965). 
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prepared via the  phospholipase C procedure 
indicates that the intermolecular rearrangement 
of the fatty acids had proceeded to the extent 
of about 25 % toward complete  randomization. 
That  intramolecular rearrangements also oc- 
curred was indicated by the change in the rela- 
tive amounts of the US and SU classes (Table 
I ) .  

The method for the conversion of lecithin 
to acetylated 1,2-diglycerides via phospholipase 
C hydrolysis is an adaptation of that described 
by Sribney and Kennedy (16).  The sample 
(10-100 rag) is dissolved in 20 ml of freshly 
distilled diethyl ether and added to a 50 ml 
volumetric flask containing 0.5 ml of 0.4 M 
CaC!2 solution and 1 ml of the phospholipase 
C enzyme solution (alpha toxin A solution 
diluted with an equal volume of Tris buffer at 
pH 7.5). The solution is made oxygen-free by 
bubbling a slow stream of nitrogen through it, 
and is stirred vigorously by means of a mag- 
netic stirrer. The course of the reaction is 
followed by TLC. For  this analysis an aliquot 
of approximately 35 ffl is spotted on a 2 in. 
X 8 in. chromatoplate coated with Silica Gel 
G (Merck AG,  Darmstadt,  Germany)  and de- 
veloped in petroleum ether:ethyl ether (1 :1) .  
The spots are visible by charring. The extent 
of the reaction is determined by the disappear- 
ance of lecithin. Generally, the reaction re- 
quires 1 to 2 hr  for completion. 

After  the reaction is complete, the contents 
of the volumetric flask are transferred to a 
separatory funnel and extracted three times 
with 50 ml volumes of freshly distilled low- 
boiling (40-65C) petroleum ether. The petro- 
leum ether extracts are combined, washed sev- 
eral times with distilled water and then dried 
with anhydrous sodium sulfate. 

Acetylation of the 1,2-diglycerides is car- 
ried out as follows: the petroleum ether solu- 
tion containing the diglycerides is reduced in 
volume to about 2 ml and transferred to a 15 
X 125 mm test tube constructed for sealing; 
the remainder of the petroleum ether is re- 
moved by evaporation in a stream of nitrogen; 
acetic anhydride, 2.5 ml, and 0.5 ml of pyri- 
dine are added to the ampule, which is then 
sealed; the ampule is heated for 3 hr  in a 
boiling water bath; the solvent is evaporated 
under reduced pressure at about 50C and the 
crude reaction mixture is partit ioned between 
60 ml of chloroform:methanol :water  (8 :4 :3 ,  
v / v / v ) ;  the acetylated diglycerides separate 
into the chloroform solution which is separated 
and dried over anhydrous sodium sulfate for 
30 min; the acetylated 1,2-diglycerides are re- 

covered by evaporation of the solvent and 
purified by thin-layer chromatography with pe- 
troleum ether containing 25% diethyl ether on 
plates covered with Silica Gel G; and the band 
of acetylated 1,2-diglycerides is scraped from 
the plate and recovered by extraction with 
diethyl ether. 

Fractionation of Acetylated 1,2-Diglycerides 

This step in the procedure is carried out by 
an adaptation of the general procedure devel- 
oped for triglycerides in previous work in our 
laboratory (2).  Briefly, the sample is applied 
in 10 mg amounts to 20 X 20 cm plates 
coated with a layer of 0.25 mm in thickness 
of Silica Gel (Merck AG,  Darmstadt,  Ger- 
many)  impregnated with silver nitrate (1) and 
developed with 0.8% methanol in chloroform. 

This solvent generally separates the acety- 
lated 1,2-diglycerides containing 0, 1, 2, 3 and 
4 double bonds into separate bands. A 6th 
band remains on the origin and contains the 
acetylated diglycerides with acyl groups having 
higher degrees of  unsaturation. The bands 
are made visible by spraying the plate with a 
0.5% ethanol solution of 2,7-dichlorofluor- 
escein. The bands must be marked carefully 
for quantitative analysis. The front or leading 
edge of each band will be distinct and must 
be marked (a sharp pencil is recommended)  
just above this leading edge. Frequently, a 
band may tail into the band below it. It  is 
important  that  none of the lower band be 
taken with the band above it. 

The bands are scraped from the plate into 
50-ml beakers, slurried with a 10% aqueous 
solution of HC1 and extracted four times with 
small volumes of diethyl ether :methanol (3 : 1 ). 
The extracts are filtered through a sintered 
glass funnel and extracted with distilled water 
several times to remove the alcohol. The sol- 
vent is reduced in volume and the solution of 
each band diluted to a volume of 5 ml in a 
glass-stoppered volumetric flask. Should it be 
necessary, the band at the origin of the plate 
may be further fractionated by TLC in a like 
manner with a more polar solvent system. 

Analysis of Acetylated 1,2-Diglyceride Fractions 

A small aliquot of each solution containing 
a minimum of about 0.2 mg of sample is trans- 
ferred to an ampule (15 X 125 mm test tube 
constricted for sealing) containing a small but 
known amount (ideally 25-50% of the sam- 
ple) of methyl pentadecanoate. The solvent 
is evaporated in a stream of nitrogen which is 
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directed into the tube through a hypodermic 
needle. When the solvent is evaporated and 
an atmosphere of nitrogen established, about 3 
ml of a methanol solution of approximately 
5% by weight of HC1 is added to the ampule 
and the ampule is sealed with a torch. It is 
heated in a boiling water bath for 1 hr or al- 
lowed to stand overnight. The methyl esters 
are then recovered and analyzed by GLC. 

In the present work, methyl ester analysis 
was carried out with an F&M Model 609 
hydrogen flame GLC instrument equipped with 
a 7 ft X 1~ in column packed with 8% 
ethylene glycol succinate polyester phase on 
Gas-Chrom P (Applied Science Laboratory, 
State College, Pa.). The column is usually 
operated at 185C, with a carrier gas flow, 
helium, of 75 ml per min. The fatty acid 
composition is calculated directly from the 
proportionalities of the peak areas; the linearity 
of detector response was established through 
the analysis of standard mixtures of methyl 
esters obtained from The Hormel Institute. 

From the methyl ester analysis, with refer- 
ence to the added methyl pentadecanoate, the 
relative amount of each band is determined. 
The composition of the molecular species of 
the acetylated diglycerides of each band is 
determined from the position of the band on 
the plate, which gives the number of double 
bonds per molecule, and the fatty acid compo- 
sition. As an example of this analysis, two 
bands, one simple and one complex, obtained 
in the analysis of the acetylated 1,2-diglycerides 
of soybean lecithin, are illustrated in detail 
below. The pertinent data on the bands of the 
acetylated soybean 1,2-diglycerides are given 
in Table II. 

The amount of material in each band is 
calculated from the ratio of the sum of the 
percent peak areas of the components to the 
peak area of the added methyl pentadecanoate. 

T A B L E  II  

Fa t ty  Acid Composi t ion  of  Acetylated 1,2-Diglycerides 
of Soybean Leci thin  Fract ionated  by Argenta t ion-TLC 

(% by Wt)  

Bands f rom the top to the origin on the plate 
aFatty Total  

acids sample No.  1 No. 2 No. 3 No,  4 No. 5 No.  6 

1,15:0 _. 65.6 23.4 36.6 15.8 44.5 85.8 
16:0 12.8 12.1 27.1 1.4 3.3 . . . .  
18:0 3.9 5.5 8.6 _ _  1.0 p �9 

18:1 11.6 16.8 5.1 30.4 1.3 3.6 
18:2 64.9 . .  35.8 31.6 75.4 38.3 6.8 
18:3 6.8 . . . . . .  3.2 23.6 7.4 

a Shor thand  designat ion.  F i r s t  number  = chain  length,  
number  af ter  co lon  ---- the number  of  double  bonds.  

b Added  in ternal  s tandard.  

The amount of methyl pentadecanoate added 
as internal standard to the aliquot (1 ml) of 
Band No. 1 was 1.3 rag. Therefore, the quan- 
tity of Band No. 1 was 34 .4 /656  X 1.3 X 5 

34.4 (peak area of component fatty acids)] 
(peak area of standard) 

---- 3.5 mg. The factor 5 is included because 
the analysis was carried out on a 1 ml aliquot 
of the sample taken from the 5 ml volumetric 
flask. The amount of material in other bands 
is calculated in a similar manner. After cal- 
culating the amount of material in each band, 
the amount of Band No. 1 is found to consist 
of 4.3% of the total sample. 

Band No. 1, which is one of simple com- 
position, consists of the saturated-unsaturated 
class; that is, a mixture of the s-S, fi-M and 
s-M, fl-S (where S = saturated fatty acids 
and M = monoenoic fatty acids) because, 1) 
it appeared at a position on the plate corre- 
sponding to one double bond per molecule, and 
2) the fatty acid composition showed that it 
contained an equal amount of saturated and 
monoenoic fatty avids~ 17.6% r12.1 + 5.5) 
and 16.8%, respectively. Methyl acetate that 
is produced from the acetylated hydroxyl is, of 
course, eliminated in the work-up of the esters, 
and the compositions calculated in the above 
manner represent the actual percent distribu- 
tion in the original lecithin molecule. 

Band No. 3 is contaminated with material 
tailing into it from the one above it. Its com- 
position can be calculated, providing that it 
and the other bands are removed from the 
plate as described above, to insure that no con- 
tamination in a band from the one below it 
on the plate. The position of Band No. 3 on 
the plate corresponded to compounds having 
three double bonds, and the fatty acid composi- 
tion showed that it consisted mainly of a mix- 
ture of MD and DM (M = monoenoic acid, 
oleic, and D = dienoic acid, linoleic). How- 
ever, since this band also contained a small 
amount of palmitic acid, it contained a small 
amount of acetylated diglyceride tailing into 
it from the band above it (Band No. 2). Ex- 
amination of the fatty acid composition of 
Band No. 2 shows that it consisted of DS + 
SD and MM. The 1.4% palmitic acid in 
Band No. 3 is due to palmitate in DS + SD. 
Thus there is also 1.4% linoleic acid (D) in 
Band No. 3 from Band No. 2. Therefore, 
1.4% is subtracted from the value of 31.6% 
found for linoleic acid to obtain the correct 
amount of this acid that arises from MD + 
DM in Band No. 3. 

The value that is obtained (31.6 - 1.4 = 
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30.2) is in good agreement with the value 
30.4 found for oleic acid (M) as required 
for M D  + DM. From these results the per- 
centage composition and absolute quantity of 
M D  + DM and SD + DS can be calculated. 
Had  the value for linoleic acid (D) not agreed 
with that for oleic acid (M) ,  it would then 
be presumed that this band was also contami- 
nated with MM, the minor component of 
Band No. 2, and the amount of it, accordingly, 
would be calculated. I t  is evident that there 
was fractionation within Band No. 2 that sepa- 
rated the MM toward the top, and thus the 
MM did not tail down into Band No. 3, inas- 
much as the agreement between the values for 
the ester analysis in Band No. 3 is within the 
experimental  error of a GLC analysis. The 
small amount of SD q- DS in Band No. 3 is 
added to that in Band No. 2 to give the total 
amount of these species in the sample. 

All  of the bands are calculated in a similar 
manner. Then another aliquot of each band 
is taken for determination of the e-fl isomer 
composition of each class as described in the 
next section. 

Determination of Isomeric Species 

It is evident from the examples shown above 
that the molecular species may exist as isomers 
having the same fatty acid constituents. These 
isomers can be differentiated via pancreatic 
lipase hydrolysis. The procedure used for the 
pancreatic lipase hydrolysis is an adaptation 
of that described by Mattson and Volpenheim 
(7).  An aliquot consisting of 1-5 mg of each 
band is transferred to a 10 ?< 75 mm test tube 
and the solvent is evaporated in a stream of 
nitrogen. Then 20-25 mg of tricaprin, 0.9 ml 
of Tris buffer (adjusted to a pH of 8.0), 20 F1 
of a 1% solution of bile salts (Ox bile, Nutri-  
tional Biochemicals Corporat ion) ,  50 ~1 of a 
45% solution of CaC12 and 8 mg of lipase 
(steapsin) suspended in 0.1 ml of Tris buffer 
are added to the test tube and it is placed in 
a water bath at 40C. A small magnetic stir- 
ring bar is added to the test tube and the mix- 
ture is stirred vigorously for exactly 15 min. 
At  the end of 15 min, 0.5 ml of 10% aqueous 
HC1 is added to stop the reaction. The mixture 
is then transferred by washing the tube with a 
total of approximately 50 ml of ethyl ether 
into a 125 ml Erlenmeyer fask.  Approximately 
4 g of anhydrous sodium sulfate is added to 
this solution and it is allowed to stand for 
about 30 min. The solution is then decanted, 
rinsed twice with petroleum ether into a 125 
ml suction flask and reduced in volume to 

about 0.5 mI by evaporation under reduced 
pressure. 

The next step in the procedure is to isolate 
and determine the fatty acid composition of 
the 2-monoglycerides. The petroleum ether 
solution of the products of the lipase hydrolysis 
is applied to approximately one-half of a 20 X 
20 cm chromatoplate coated with Silica Gel G. 
The monoglyceride band can generally be seen 
without the aid of an indicator but may be 
detected by spraying the plate with 2,7-dichlor- 
ofluorescein for very small samples. The plate 
is developed with a solvent consisting of diethyl 
ether :petroleum ether: acetate acid (30: 70: 2, 
v / v / v ) .  The monoglycerides which are near 
the origin are scraped from the plate directly 
ioto an ampule (10 X 125 mm, constricted 
test tube) in which they are esterified with 3 
ml of a 5-6% solution of dry HC1 in methanol.  
The methyl esters are recovered and analyzed 
by GLC. The isomer composition is then deter- 
mined on the basis of the fatty acid composi- 
tion. For  example, the fatty acid composition 
of the fl-monoglyceride of Band No. 1, which 
consisted of 4.3% of SM + MS, was 27.7% 
saturated (S) and 73.3 % monoenoic acids (M) .  
Thus, the percentages of SM and MS in this 
fraction were (73.3/100 X r  = 3.1% and 
(27.7/100 X 4.3) = 1 2%,  respective!y. 

RESULTS 

Application of the above method to soybean, 
milk, egg, wheat germ and soybean lecithins 
are shown in Table III. The molecular species 

T A B L E  l I I  

S t r u c t u r e  o f  L e c i t h i n s  a 

( %  b y  W t )  

W h e a t  
T y p e  M i l k  S o y b e a n  E g g  g e r m  S a f f l o w e r  

aB 
S S  10.2  t r  0.5 
S M  28 .3  3.'1 49 .3  6 .9  4 .2  
M S  15.8  1.2 0 .6  0 .7  0 .3  
M M  17.1 1.8 3 .2  2 .5  1.4 
S D  8 .2  24 .0  31 .6  2 8 . 4  34 .7  
D S  2 .0  1.5 0.1 0 .8  1.1 
M D  3.9  8 .9  3.5 11 .8  8 .0  
D M  3.7  5.9 0 .8  4 .0  5 .0  

S - T R I  2.1 3.5 . .  1.7 . .  
T R I - S  0 .7  0 .4  . .  

D D  0.5 39 .7  . .  36.'3 44~8 
D - T R I  . .  1.8 . .  2 .0  . .  
T R I - D  6 .9  . .  3 .6  . .  
M - T R I  J~5 1.3 . .  0 . 4  . .  
T R I - M  0.5 t r  0 .9  . .  
S - T E T  1.6 . ,  9.'9 . . . .  
T E T - S  0 .3  . ,  0 .2  . . . .  
O t h e r s  3 .6  � 9  0 ,8  . . . .  

a S  ~ s a t u r a t e d ;  M = m o n o e n e ;  D = d i e n e ;  T R I  
t r i e n e ;  T E T  = t e t r a e n e .  
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were  n o t  e x p r e s s e d  in t e r m s  o f  specific fa t ty  
acids because ,  a l t h o u g h  the  fa t ty  acid c o m p o -  
s i t ion w a s  d e t e r m i n e d ,  the  s e p a r a t i o n s  w e r e  
ca r r i ed  ou t  o n  the  bas i s  of  the  degree  of  un -  
s a tu ra t ion .  T h u s ,  a l t h o u g h  the  m a j o r  m o n o e n e ,  

d iene and  t e t r aeue  a re  oleic, l inoleic  a n d  
a r a c h i d o n i c  acids,  respec t ive ly ,  m i n o r  a m o u n t s  
o f  o the r  i s o m e r s  are  p r e s e n t  a n d  it w o u l d  be  
i n c o r r e c t  to exc lude  them.  T h e  p r e s e n t  p r o -  
c e d u r e  is, in fact ,  so des igned  tha t  on ly  a min i -  
m u m  a m o u n t  o f  s a m p l e  is used.  A l i q u o t s  a re  
left  fo r  f u r t h e r  analys is  v ia  gas- l iquid  and  
l iquid- l iquid  pa r t i t ion  c h r o m a t o g r a p h y .  T h e  
app l i ca t ion  of  these  t e c h n i q u e s  to ace ty la ted  
d ig lycer ides  fo r  i n c o r p o r a t i o n  in a m o r e  ex ten-  
sive s c h e m e  of  analys is  fo r  lec i th in  s t r u c t u r e s  
is c u r r e n t l y  u n d e r  inves t igat ion.  
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Metabolism of Unsaturated Fatty Acids in the Intestine 

NESTOR R. BOTTINO, 1 Catedra de Bioquimica, Instituto de Fisiologia, 
Facultad de Ciencias Medicas, La Plata, Argentina 

ABSTRACT 

Rats fed a fat-free diet from weaning 
were continued on that diet alone or sup- 
plemented with methyl linoleate, methyl 
linoleate plus a mixture of antibiotics, or 
methyl arachidonate. 

Dietary linoleate and arachidonate re- 
duced the concentration of octadecenoic 
acid and increased that of stearic acid in 
the mucosa and luminal lipids. This effect 
was prevented in the mucosa but not in 
the intestinal contents by antibiotic sup- 
plementation of the linoleate diet. 

Evidence for the conversion of linoleic 
into eicosatetraenoic acid was found in 
both mucosa and luminal lipids. The con- 
version was impaired by the addition of 
antibiotics to the diet. 

Linoleate feeding combined with anti- 
biotic addition provided evidence for the 
intestinal hydrogenation of dietary linoleic 
into either octadecenoic or stearic acids by 
separate routes, the latter being impaired 
by antibiotic ingestion. 

The ingestion of methyl linoleate or 
arachidonate modified only slightly the 
fecal fatty acid pattern of rats previously 
on a fat-free diet. 

INTRODUCTION 

T HE HYDRO6~:NATION of linoleic and linolenic 
acids by ruminants was first demonstrated 

by Reiser (1) and later confirmed by others. 
Hartman et al. (2) have postulated that a 
similar phenomenon may take place in the 
intestine of nonruminants. In general, hydrog- 
enation has been attributed to the micro- 
organisms present in the digestive tract of both 
ruminant and nonruminant.  Blomstrand et al. 
(3), however, were able to demonstrate the 
hydrogenation of elaidic acid in the liver of 
germ-free rats. 

The elongation and desaturation of linoleic 
acid to arachidonic acid in the intestine of the 
rat has been demonstrated recently (4). 

1 Present  address :  D e p a r t m e n t  of Biochemistry  & Bio- 
physics, Texas  A&M Universi ty ,  College Station, Texas .  

2 Assuming  a food  consumpt ion  of  15 g / d a y / r a t ,  this 
corresponds  to a propor t ion  of  ant ibiot ics  of  about  3,000 
ppm.  This  is slightly h igher  than  a therapeut ic  dose, which 
is up to about  2,000 ppm according to Goldberg  (7) .  

The objectives of this investigation were to 
test whether hydrogenation actually occurs in 
the intestine of a monogastric mammal and to 
ascertain the cause and site of the elongation- 
desaturation process. 

PROCEDURES 

Weanling male albino rats of the Institute's 
strain were fed a diet containing 77% sucrose, 
19% acetone-extracted casein, salts and vita- 
mins (5). The diet contained only 0.2% fat 
and will hereafter be designated as fat-free diet. 

When the rats reached a body weight of 
140-170 g they were distributed into groups 
and fed as indicated in Table I. Linoleic 
and arachidonic acid methyl esters were given 
by mouth as drops, twice a day at 9 AM and 4 
PM. The dose was 120 rag/day/rat .  Methyl 
linoleate (83% pure by gas chromatography, 
main contaminant, oleic acid 14%) was pre- 
pared from sunflower oil by the method of 
Parker et al (6). Methyl arachidonate was 
prepared from hog liver (5). The final 
product was 73 % pure, and contained 9% of a 
contaminant of retention time (in a polar gas 
chromatographic column) slightly longer than 
that of arachidonic acid. Nine other contam- 
inants were present, none at a level higher than 
4%. 

The antibiotic mixture was made up of tetra- 
cycline, neomycin, and nystatin (4:4:1,  w/w)  
and was administered by mouth at a rate of 45 
rag/day/ra t  e immediately after the esters were 
fed. 

In order to have the dietary supplements 
mixed with the food in the digestive tract, the 
rats were not allowed to eat for 4 hr before 
9 AM and 4 PM. They were then given the diet 
for half an hour, at which time the esters were 
administered. 

For 10 days prior to the supplementation 
period feces were collected from all animals, 
freed from spilled food, weighed and stored 
at 4C. The fat was then extracted by the 
procedure of Van de Kamer et al. (8). Be- 
ginning one day after the supplementation of 
the diets had begun, the feces from each group 
were collected and treated as indicated above. 
An aliquot of the feces from the group fed 
antibiotics was also examined for microorgan- 
isms. Very few were detected after 24 hr of 
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TABLE I 
Fecal and Luminal Lipids of Rats Fed Polyunsaturated Esters 

Intestinal 
Feces contents 

Dietary No. of Feces Lipid in Lipid Lipid 
supplement a n i m a l s  excreted feces  excreted contentb 

mg/rat/day % mg/rat/day mg/rat 
Nonea 5 550 3.7 21 2 
Me-linoleate 

(8 days) 6 377 3.5 13 4 
Me-linoleate 

(15 days) 7 347 3.4 13 4 
Me-arachidonate 

(8 days) 5 401 3.9 16 5 
Me-arachidonate 

(15 days) 4 444 c c c 
Me-linoleate + 
antibiotics 
(8 days) 4 520 c c c 

aBasic diet containing sucrose 77%, acetone-extracted caseine 19%, salts and 
vitamins. 

bAfter 15-20 hrs. fasting. 
eNot determined. 

incubat ion (9) .  However ,  this could be due 
to the presence of  unabsorbed antibiotics in 
the feces since after a 48-hr incubat ion a di- 
luted sample did give a positive bacterial  test. 

A t  the end of  the feeding period the rats 
were fasted for  15 to 20 hr, and then killed 
with ether. The  lipids in the intestinal l umen  
( f rom the duodenum to the ceceum, inclusive) 
were extracted by alternate flushings with 
pet ro leum ether  and physiological  saline (10, 
11 ). The  washings were acidified and the ether 
phase decanted and evapora ted  to dryness. 
Af t e r  these washings the small intestine, f rom 
the duodenum to the ileum, inclusive, was cut  
longitudinally and the mucosa  scraped off with 
a scalpel. 

The  fat  in the mucosa  was extracted with  2:1 
( v / v )  ch lo ro fo rm:me thano l  mixture  (12) .  The  
extracted lipids were then refluxed in a 2% 
solution of  HC1 in absolute methanol .  The  
resulting fat ty acid methyl  esters were  ana- 
lyzed by gas-liquid chromatography.  A Pye 
argon gas ch romatograph  equipped with a beta- 
ionization detector  was used. Diethylene gly- 
col adipate ( 1 0 % ,  w / w )  and Apiezon  grease 
( 1 0 % ,  w / w )  coated o n  80-100  mesh washed 
celite were used as liquid phases in columns 4 
ft  by  �88 in. Tempera tures  of 180C and 205C 
were  used in each co lumn with a gas flow rate 
of  60 m l / m i n .  Identif ication of  the peaks was 
made  by compar ison  of their relat ive retent ion 
times with those of known standards when  
available. Fur ther  evidence of  identity was 

3 Division de Matibres Graises, Union Internationale de 
Chimie Pure et Appliqu6, 1963 program. 

obtained by hydrogenat ion,  using PtO 2 as 
catalyst (13)  fol lowed by gas ch romatography  
in both  types of  columns. Gas  chromatography  
quanti tat ion data were calculated as area per- 
cent. Unde r  analogous condit ions the analysis 
of  a sunflower oil s tandard ~ showed a relative 
error  of  less than 8% for major  components  
(10% of total mixture)  and less than 33% for 
minor  components  (10% of total  mix ture) .  

RESULTS AND DISCUSSION 

Dietary Balance 

Since all animals were  fed the same basic 
diet plus forcefed supplements,  it can be safely 
assumed that they ate similar amounts  of  food. 

The  data  in Table  I show that  there were no 
significant differences among  groups with re- 
spect to lipid excret ion or to the amount  of  
lipid found in the intestinal lumen. Krondl  et 
al. (14)  have repor ted  that  feeding 30 r ag /day  
chlortetracycl ine or  neomycin  to rats does not  
alter significantly the rate  of  disappearance of 
fat  f rom the intestine. In  the present  experi-  
ment ,  no diar rhea  was observed in the animals 
fed antibiotics. I t  seems reasonable  to assume 
then, that  at the level of  antibiotics fed, very  
little alteration of  the lipid balance,  if  any, 
was produced.  

The  degree of  absorpt ion of  the methyl  esters 
given can be est imated by compar ing  the 
amount  of  lipid excreted per  day, which was 
13 and 16 mg  for  the groups fed l inoleate and 
arachidonate,  respectively, wi th  the amount  of  
lipid ingested daily: 120 mg. The  high absorb- 
ability of  the esters given is in accordance  with 
data in the l i terature (15,16) .  

LIPIDS, VOL. 2, NO. 2 
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Dietary supplementsa 

Me-linoleate 
Me-linoleate + antibiotic Me-arachidonate 

Fatty acidb Fat-free diet 8 days 15 days 8 days 8 days 

percent 
14: 0 2.6 0.7 0,4 0.4 0,6 
15:0 br tr 0.5 0.1 tr 0.1 
15: 0 - -  0.7 0.3 0.2 - -  

1 5 - C P  ? 0 . 9  - -  - -  - -  0,3 
16:0 iso-br 0,5 0.4 0.1 0.2 0,2 
16:0 21.3 18.1 18.7 20.6 19.8 
16:1 8.2 4.7 3.8 5.8 5.3 
17:0 anteiso-br tr - -  tr - -  0.2 
17:0 - -  0,4 0,6 - -  0.4 
17-CP ? 1.3 . . . .  
18:0 iso-br 0.5 0.7 0.5 0.6 0.5 
18:0 13.8 18.3 18.9 14.3 15.9 
18:1 32,4 22.5 18.4 30.4 23.2 
18:2 1;8 12.5 13.7 12.3 0.9 
19-CP ? 1.6 . . . .  
20:0 iso-br tr 0.8 - -  0.6 - -  
20:0 tr 1.1 0.8 0.4 0.3 
20-CP ? 0.8 . . . .  
20:1 2.0 2.7 1.9 2.3 0.9 
20:3 tr 2.3 1.4 1.1 0.5 
20:3e 8.8 1.3 0.9 4.4 0.2 
20:4 3.3 9.1 14.1 - -  27.1 
22:0 iso-br 0.2 - -  - -  - -  
22: 0 tr 0.9 0.9 0.4 2,1 
22:1 - -  - -  1.3 0.4 0.3 
23 : 0 anteiso-br - -  - -  0.1 - -  - -  
23:0 - -  - -  0.3 - -  - -  

22:3 - -  - -  - -  0.3 - -  
22:5 - -  - -  - -  0.5 
22:6 - -  - -  - -  0.$ - -  

24:0 iso-br - -  - -  0.6 - -  - -  

24:0 - -  1.9 1.2 - -  
24:1 - -  - -  0.5 - -  - -  

aPolyunsaturated methyl esters fed at a dose of 120 mg/day/rat. Antibiotics fed at a dose of 45 rag~day~rat, 
Maior fatty acids are in italics. 

bbr z branched CP z cyclopropane acid 
~ acid with similar retention time to that increased in rat tissue lipids by low-fat diets, 

Mucosa Fatty Acids 

Since,  as ind ica ted  above ,  l ipid in take ,  ab- 
s o r p t i o n  and  exc re t i on  are  s imi la r  in all g roups ,  
the  effects o f  s u p p l e m e n t a t i o n  o f  the  diet  w i th  
m e t h y l  es ters  of  ind iv idua l  fa t ty  acids c a n  be  
fo l l owed  in the  m u c o s a l ,  l umina l ,  a n d  fecal  
l ipids b y  e x a m i n i n g  the fa t ty  acid c o m p o s i t i o n  
of  these  lipids. 

T a b l e  I I  p r e sen t s  the  fa t ty  acid c o m p o s i t i o n  
o f  the  in tes t ina l  m u c o s a s  o f  the  v a r i o u s  g roups .  
C o m p a r e d  to the  fa t - f ree  diet, l inolea te  feed-  
ing  caused  an  inc rease  o f  l inoleic  acid ( f r o m  
a b o u t  2 to 13% in 8 d a y s )  a n d  o f  e icosate-  
t r aeno ic  acid f r o m  3 to 9 %  in 8 days .  A r a c h i -  
d o n a t e  f e ed ing  inc reased  the  c o n c e n t r a t i o n  o f  
e i cosa t e t r aeno ic  acid f r o m  3 to 2 7 %  in  8 days .  
A r a c h i d o n i c  acid  was  a p p a r e n t l y  u n c h a n g e d ,  
w h e r e a s  p a r t  o f  the  l inoleic  acid w a s  e longa ted .  
H o w e v e r ,  this  e longa t i on  did  n o t  t ake  p lace  
w h e n  l inolea te  a n d  ant ib iot ics  w e r e  given.  

H e x a d e c e n o i c ,  o c t a d e c e n o i c  a n d  e icosat r i -  
eno ic  acids are  k n o w n  to a b o u n d  in the  l ipids 
of  an ima l s  fed  n o  essent ia l  f a t ty  acids a n d  to 
dec rease  u p o n  the  add i t ion  o f  essent ia l  fa t ty  
acids to  the  diet  ( 1 7 ) .  I n  the  p r e s e n t  exper i -  
men t ,  a l m o s t  5 0 %  of  the  m u c o s a  fa t ty  acids 
in the  g r o u p  fed  n o  fa t  cons i s t ed  of  hexa -  
deceno ic  ( 8 % ) ,  o c t a d e c e n o i c  ( 3 2 % ) ,  a n d  
e icosa t r i eno ic  ( 9 % )  acids. T h e  levels o f  these  
acids dec reased  m o r e  t h a n  cou ld  be  a c c o u n t e d  
fo r  by  a s imple  d i lu t ion  effect w h e n  l ino lea te  
o r  a r a c h i d o n a t e  w a s  fed,  wh i l e  the  level o f  
s tear ic  acid inc reased .  U p o n  f eed ing  l ino lea te  
p lu s  ant ibiot ics ,  ne i the r  the  dec rease  in oc ta-  
deceno ic  acid n o r  the  i nc rease  in  s tea r ic  acid 
w e r e  noted .  T h i s  sugges t ed  first, t ha t  the  de- 
c rease  and  the  inc rease  w e r e  re l a t ed  to  e a c h  
o the r ,  and  second ly ,  t ha t  l ino lea te  inges t ion  
p r o m o t e d  the  h y d r o g e n a t i o n  o f  o c t a d e c e n o i c  
to s tearic ,  o r  i nh ib i t ed  the  d e h y d r o g e n a t i o n  o f  
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T A B L E  I I I  

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

D i e t a r y  s u p p l e m e n t s  a 

M e - l i n o l e a t e  
M e - l i n o l e a t e  + a n t i b i o t i c  M e - a r a c h i d o n a t e  

F a t t y  acidb F a t - f r e e  d i e t  8 days  15 d a y s  8 days  8 d a y s  15 d a y s  

percent  

1 4 : 0  2.3 2.8 1.3 1.1 3.5 1.6 
14 :1  . . . . .  2 .0 
1 5 : 0  b r  0 ,6  t r  1,4 1.0 t r  tr 
1 5 : 0  0 .5  2.3 0.7 0.3 1.4 0.7 
1 6 : 0  i so -b r  0.3 0 .4  0 .4  0 .4  0 .4  t r  
16: 0 2 3 . 9  2 2 . 9  2 3 .2  22 .0  2 4 . 4  2 4 . 7  
16 :1  1 3 . 4  6 .7  6,1 8 .2  1 0 . 4  8 .8  
1 7 : 0  b r  t r  t r  t r  t r  t r  t r  
1 7 : 0  0,3 2.6 0 ,4  0 .4  3.9 t r  
1 8 : 0  i so -b r  0 ,4  t r  0 .4  0.5 t r  t r  
18 :0  4.1  9 .2  7 .8  8 .9  6 .6  5 .2  
18:1  4 6 . 9  2 3 . 6  19 .3  2 7 . 5  3 4 . 9  2 5 . 8  
1 8 : 2  - -  7.3 1 4 .6  7 .5  - -  - -  
19:0 1,0 t r  t r  0.1 tr tr 
1 9 - C P ?  0 .4  . . . . .  
2 0 : 0  i so -b r  0.3 1.2 1.0 1.4 1.2 1.7 
2 0 : 0  an t e i so -b r  0 .2  . . . . .  
2 0 : 0  0.3 2.5 0.5 0 .7  1.8 - -  
2 0 : 1  1.7 4.3 2 .8  4 .0  2.3 7.6 
2 1 : 0  a n t e i s o - b r  - -  2,3 1.0 1.5 - -  1.5 
2 1 : 0  2.1 - -  - -  0.3 - -  - -  
2 0 : 3  - -  1.6 0.5 - -  t r  - -  
2 0 : 3  c - -  1,0 0.8 - -  t r  3 .6 
2 0 : 4  1.0  6 ,8  13 .0  - -  9 .2  14 .1  
2 2 : 0  i so-br  0.3 - -  0 .4  3.3 t r  - -  
2 2 : 0  t r  t r  0 .5 2 .0  - -  - -  
? - -  - -  2 .8 - -  - -  - -  
2 4 : 0  i so -b r  - -  - -  - -  1.7 - -  - -  
2 4 : 0  - -  - -  - -  4 .7 - -  - -  
? - -  - -  - -  1.9 - -  - - '  

a p o l y u n s a t u r a t e d  m e t h y l  e s t e r s  f ed  a t  a dose  o f  120 m g / d a y / r a t .  A n t i b i o t i c s  f ed  a t  a dose  o f  
f a t t y  ac id s  a re  in  i t a l i c s .  

bbr = b r a n c h e d  C P  = c y c l o p r o p a n e  ac id .  

e E i c o s a t r i e n o i c  ac id  w i t h  s i m i l a r  r e t e n t i o n  t i m e  to  t h a t  i n c r e a s e d  in  r a t  t i s sue  l i p id  b y  l o w - f a t  

45  m g / d a y / r a t .  M a j o r  

d ie t .  

stearic into octadecenoic, or both .  The con- 
version was sensitive to antibiotics. 

Lumen Fatty Acids 

Table I I I  shows the fatty acid composition 
of the lumen lipids of the group fed no fat 
and the changes induced by feeding methyl 
linoleate and methyl arachidonate. These 
changes are quite similar to those detected in 
the mucosa, except that the decrease in octa- 
decenoic acid and the increase in stearic acid 
induced by dietary linoleate as compared to 
the fat-free diet took place even in the pres- 
ence of antibiotics. These observations suggest 
the existence of two mechanisms for the sim- 
ultaneous decrease in octadecenoic acid and 
increase in stearic acid which result from lino- 
leate administration. One is shown by the 
acids in the mucosa, and is sensitive to anti- 
biotics. The other, shown by the luminal lipids, 
is not affected by ani4biotic feeding. 

As in the mucosa, the eicosatetraenoic acid 
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of the lumen lipids increased noticeably with 
respect to the group fed no fat after linoleate 
feeding, but not after linoleate plus antibiotic 
administration. Thus, the results from both the 
mucosa and the lumen provide evidence for 
the conversion of linoleic to eicosatetraenoic 
acid. Whether this elongation originates in the 
lumen,  the mucosa, or elsewhere, cannot be 
deduced from the present data. 

Singe rat enteric bacteria and fungi (18) 
seem to be unable to produce polyunsaturated 
fatty chains of 20 or more carbon atoms (19),  
mucosal cell enzymes are most probably re- 
sponsible for the elongation. 

Supplementation of the ration with a mix- 
ture of tetracycline, neomycin and nystatin 
prevented the elongation from taking place. 
Which of the three antibiotics is active in this 
respect cannot be determined from the present 
data. However, nystatin has been shown to 
act on membrane sterols and phospholipids 
(20,12),  and it seems quite possible that it 
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TABLE IV 
Fatty Acid Composition of the Fecal Lipid of Rats Fed Polyunsaturated Esters 
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Dietary supplementsa 

Me-linoleate 
Me-linoleate + antibiotic Me-arachidonate 

F a t t y  ac idb  Fat-free diet 8 days 15 days 8 days 8 days 15 days 

percent 
14:0 1.1 0.8 0.6 0.7 0.4 0.9 
15:0 brc 2.9 1.1 1.1 1.1 1.0 1.4 
15:0 5.9 4.3 3,9 0.8 3.6 3.9 
16:0 iso-br 1.1 0.9 0.6 0.9 1.0 1.3 
16: 0 18.8 13.4 10.4 15.4 16.5 17.5 
16:1 1.4 1.2 1.0 2.5 1.8 1.8 
17:0 b r c  t r  t r  tr - -  tr t r  

17:0 1.3 1,2 1.0 0,3 1.0 1.3 
18i0 iso-br 1.3 1.1 0.7 0.9 1.1 1.4 
18:0 12.7 13.2 17.0 9,8 12.1 14.2 
1 8 : 1  9.4 19.3 25.7 17.7 8.0 9.6 
19:0 hrc tr tr tr - -  tr tr 
18:2 - -  9.0 11.6 13.6 1.0 0.7 
1 9 : 0  - -  - -  - -  - -  t r  t r  

20:0 iso-br 5 3  2.8 1.8 3.5 3.5 3.0 
20:0 3.2 3.0 3.l 0.9 3.6 2.3 
20:1 8.1 5.5 4.5 6.3 9.0 7.4 
21:0 iso-br 1.4 tr tr 1.4 - -  - -  
21:0 anteiso-br 2.8 1.7 1.2 1.4 3.0 1.5 
21:0 tr tr tr 1.6 - -  1.1 
2 0 : 3  . . . .  1.7 1.7 
20:3a - -  - -  - -  0.3 1.8 - -  
20:4 - -  tr 0.6 tr ~ 6.9 2.6 
22:0 iso-br 3.3 2.4 0.7 3.4 4.9 J 
22: 0 2.7 3.3 2.4 2.0 4.2 4.3 
22:1 3.6 3.0 2.7 1.3 2.1 2.2 
23:0 iso-br tr tr tr - -  - -  - -  
23:0 anteiso-br tr tr tr tr 0.5 tr 
23 : 0 tr 0.9 0.6 tr 0.6 tr 
24:0 iso-br 3.4 2.8 1.7 3.9 3.3 3.5 
24:0 4.6 6.1 5.0 7,0 8.8 7.4 
24:1 5.7 3.0 2.1 4.8 3.5 3.8 
25:0 iso-br tr tr tr tr tr tr 
25:0 anteiso-br tr tr tr tr tr tr 

aPolyunsaturated methyl esters fed at a dose of 120 mg/day/rat. Antibiotics fed at a dose of 45 rag/day/rat. Major 
fatty acids are in italics. 

bbr = branched. 
c T w o  isomers present. 
aEicosatrienoic acid with similar retention time to that increased in rat tissue lipids by low-fat diet. 

cou ld  a lso  h a v e  s o m e  effect  o n  p o l y u n s a t u r a t e d  
acids assoc ia ted  w i th  those  lipids. 

Fecal Fatty Acids 

T h e  fa t ty  acid c o m p o s i t i o n  o f  the  fecal  
l ipids is s h o w n  in T a b l e  IV.  W h e n  c o m p a r -  
ing  these  da ta  wi th  those  in the p r e v i o u s  
tables  it s h o u l d  be  b o r n e  in m i n d  tha t  the  
m u c o s a  and  in tes t ina l  c o n t e n t  f igures  ref lect  
c o m p o s i t i o n s  at a g iven  t ime,  w h e r e a s  the  
p r e s e n t  ones  c o r r e s p o n d - t o  s am p l e s  ga the red  
d u r i n g  pe r i ods  o f  severa l  days.  

J a m e s  and  c o - w o r k e r s  ( 2 2 - 2 4 )  h a v e  cha rac -  
ter ized m a n y  o f  the  fa t ty  acids of  u p  to a b o u t  
18 c a r b o n  a t o m s  p r e s e n t  in h u m a n  stools.  I n  
the  p r e s e n t  w o r k  fa t ty  acids of  u p  to C25 w e r e  
d e m o n s t r a t e d  in r a t  feces.  T h e s e  acids ap-  
p e a r e d  in the  f o r m  of  a ser ies  o f  r e p e a t e d  

s e q u e n c e  f r o m  C15 to C25 ( T a b l e  I V ) .  T h e  

r epea t e d  s e q u e n c e  w a s  as fo l lows :  a )  odd  iso 
b r a n c h e d  cha in  acid;  b )  odd  an te i so  b r a n c h e d  
cha in ;  c )  odd  s t r a igh t  cha in ;  d )  even  iso 
b r a n c h e d  cha in ;  e )  even  s t r a igh t  cha in ;  f )  even  
s t r a igh t  cha in  m o n o u n s a t u r a t e d  acids.  T h e  de-  
t ec t ion  of  C2~ acids in s o m e  s a m p l e s  sugges t  
tha t  the  series cou ld  be  even  m o r e  extensive.  
M i n o r  p r o p o r t i o n s  o f  h y d r o x y s t e a r i c  a c i d  w e r e  
o b s e r v e d  in p rac t i ca l ly  all the  fecal  samples .  
T h e  s imi lar i ty  of  this fa t ty  acid p o p u l a t i o n  to 
tha t  o f  the  bac te r i a l  l ipids ( 1 9 )  does  n o t  need  
to be  s t ressed.  

V a r i a t i o n s  in the  diet  we re  less wel l  ref lected 
�9 in the  fecal  l ipids t h a n  in t hose  f r o m  the  o t h e r  
m e d i a  ana lyzed .  H o w e v e r ;  s o m e  c h a n g e s  w e r e  
a p p a r e n t .  I n  spi te  o f  the  h i g h  degree  o f  ab-  
so rbab i l i t y  o f  m e t h y l  l ino lea te  ( 1 5 )  its feed-  
ing c a u s e d  an  inc rease  in oc t adec ad i e no i c  acid 
o f  the  feces  f r o m  n o n e  in the  fa t - f ree  g r o u p  u p  
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to  a b o u t  1 2 %  in  15 d a y s  ( T a b l e  I V ) .  S imi l a r ly ,  
e i c o s a t e t r a e n o i c  ac id  i n c r e a s e d  w h e n  fed ,  b u t  
to  a l o w e r  l eve l  o f  a b o u t  5 % in  15 d a y s .  

T h e  l o w  c o n c e n t r a t i o n  ( 9 % )  o f  o c t a d e -  
c e n o i c  a c i d  i n  t h e  f e c e s  o f  r a t s  f e d  n o  f a t  is 
s t r i k ing ,  e s p e c i a l l y  w h e n  c o m p a r e d  to  t h e  
l eve l s  in  t h e  m u c o s a  ( 3 2 % )  a n d  in  t h e  in-  
t e s t i na l  c o n t e n t s  ( 4 7 % ) .  J a m e s  e t  al. ( 2 3 )  
d e m o n s t r a t e d  t h e  p r e s e n c e  o f  s e v e r a l  i s o m e r i c  
o c t a d e c e n o a t e s  i n  h u m a n  s too ls ,  a n d  it  m i g h t  
wel l  b e  t h a t  t h e  i s o m e r  w h i c h  p r e d o m i n a t e s  
in  t h e  f e c e s  is d i f f e r en t  f r o m  t h a t  w h i c h  p r e -  
d o m i n a t e s  in  o t h e r  t i s sue s  ( 2 5 ) .  I t  c a n  b e  s e e n  
in  T a b l e  I V  t h a t  f e e d i n g  o f  l i n o l e a t e  s u b s t a n -  
t ia l ly  i n c r e a s e d  t h e  leve l  o f  f e ca l  o c t a d e c e n o i c  
a c id  f r o m  9 %  in  t h e  g r o u p  f e d  n o  f a t  to  2 6 %  
a f t e r  15 d a y s  o f  s u p p l e m e n t a t i o n .  S t e a r i c  ac id  
a l so  i n c r e a s e d ,  b u t  a t  a s l o w e r  r a t e  ( f r o m  
13 to  1 7 %  in  15 d a y s ) .  T h e  a d d i t i o n  o f  
a n t i b i o t i c s  to t h e  l i n o l e a t e  d i e t  c a u s e d  a s i m i l a r  
i n c r e a s e  in  o c t a d e c e n o i c  ac id ,  w i t h  r e s p e c t  to 
t h e  g r o u p s  f e d  n o  fa t ,  as  m e t h y l  l i n o l e a t e  
a l one .  H o w e v e r ,  a h i g h e r  i n c r e a s e  in  u n -  
c h a n g e d  l ino le i c  ac id ,  a n d  a d e c r e a s e  in  s t e a r i c  
a c id  w e r e  p r o v o k e d .  

T h e  h y d r o g e n a t i o n  o f  p o l y u n s a t u r a t e d  ac ids  
h a s  b e e n  r e p e a t e d l y  d e m o n s t r a t e d  in  r u m i n a n t s ,  
b u t  o n l y  p o s t u l a t e d  in  n o n r u m i n a n t s  ( 2 ) .  I n  
t h e  p r e s e n t  e x p e r i m e n t ,  t h e  m a r k e d  i n c r e a s e  
o f  l i no le i c  a c id  a n d  less  u n s a t u r a t e d  c o u n t e r -  
p a r t s  a f t e r  l i n o l e a t e  i n g e s t i o n  i n d i c a t e s  t h a t  
p a r t  o f  t h e  d i e t a r y  l i n o l e a t e  w a s  h y d r o g e n a t e d  
w h i l e  p a s s i n g  t h r o u g h  t h e  i n t e s t i ne .  C o n s i d e r e d  
t o g e t h e r  w i t h  t h e  r e s u l t s  a f t e r  a n t i b i o t i c  s u p -  
p l e m e n t a t i o n  t h e y  a lso  p o i n t  to  t h e  e x i s t e n c e  
o f  two  m e c h a n i s m s  fo r  th i s  h y d r o g e n a t i o n .  
O n e  r o u t e  r e su l t s  in  t h e  c o n v e r s i o n  o f  o c t a -  
d e c a d i e n o i c  to o c t a d e c e n o i c  a c i d  a n d  is i n s e n -  
s i t ive  to  an t i b io t i c s ;  t h e  o t h e r  t r a n s f o r m s  oc t a -  
d e c a d i e n o i c  in to  s t ea r i c  a c i d  a n d  is i n h i b i t e d  
b y  an t ib io t i c s .  T h e  l a t t e r  is t h e n  m o s t  p r o b -  
a b l y  d u e  to  m i c r o o r g a n i s m  ac t ion .  I n  v i t r o  
w o r k  w i t h  r u m e n  b a c t e r i a  l ed  P o l a n  e t  al. ( 2 6 )  
to  p o s t u l a t e  t h e  e x i s t e n c e  o f  t w o  d i f f e r e n t  sys -  
t e m s  fo r  t h e  h y d r o g e n a t i o n  o f  l i no le i c  ac id .  
T h e  r e s u l t s  r e p o r t e d  a b o v e  a g r e e  w i t h  t he i r  
d a t a  in  i n d i c a t i n g  t h a t  s t e a r i c  a c i d  is f o r m e d  
a t  a s l o w e r  r a t e  t h a n  o c t a d e c e n o i c  acid.  R e -  
su i t s  p r e s e n t e d  b y  H o e t  e t  al. ( 2 7 )  a l so  s h o w  
t h a t  t h e  a d m i n i s t r a t i o n  o f  o t h e r  a n t i b i o t i c s  in-  
d u c e s  c h a n g e s  in  t h e  leve ls  o f  s t e a r i c  a c i d  a n d  
its m o n o e n e  in  t h e  feces .  

A s  c o m p a r e d  to  t h e  g r o u p  f ed  n o  fa t ,  t h e  
c o n c e n t r a t i o n  o f  e i c o s a t e t r a e n o i c  ac id  in t h e  

f e c e s  i n c r e a s e d  a f t e r  b o t h  l i n o l e a t e  a n d  a r a c h i -  
d o n a t e  a d m i n i s t r a t i o n  b u t  n o t  to  t h e  leve ls  o b -  
s e r v e d  in  t h e  m u c o s a  a n d  t h e  i n t e s t i n a l  c o n -  
t en t s .  I t  s e e m s  p o s s i b l e  t h a t  s o m e  o f  t h e  die t -  
a r y  a r a c h i d o n i c  a c id  m i g h t  h a v e  b e e n  c o n v e r t e d  
i n t o  t e t r a c o s a n o i c  ac id ,  in  v i e w  o f  t he  r a i s e d  
leve ls  o f  th i s  a c id  in  t h e  f e c e s  o f  t h e  a n i m a l s  
w h i c h  r e c e i v e d  a r a c h i d o n a t e .  T h e  d a t a  in  T a b l e  
I V  p r o v i d e  n o  i n d i c a t i o n s  o f  h y d r o g e n a t i o n  o f  
d i e t a r y  a r a c h i d o n a t e  w i t h o u t  e l o n g a t i o n .  
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Chemical and Physical Properties of 
Isomeric Glyceryl Monoethers 1 

RANDALL WOOD and FRED SNYDER, Medical Division, Oak Ridge Institute 
of Nuclear Studies, Oak Ridge, Tennessee 2 

ABSTRACT 

Long-chain saturated and mono- and di- 
unsaturated 1- and 2-glyceryl monoethers 
were synthesized by reacting 1,2-isopro- 
pylidene and 1.3-benzylidene glycerol po- 
tassium salts with alkyl halides in the prep- 
aration of the saturated monoethers, and 
with alkenyl-p-toluenesulfonates in the 
preparat ion of the unsaturated monoeth- 
ers, followed by hydrolysis of the block- 
ing groups with boric acid. The progress 
of the reaction was monitored by gas- 
liquid chromatography (GLC)  of the re- 
action mixture. The 2-glyceryl ethers, 
with two exceptions, had not been pre- 
pared previously. Normal  propyl and 3- 
pentyl octadecyl ethers also were synthe- 
sized to aid in the interpretation of infra- 
red (IR) and nuclear magnetic resonance 
(NMR)  spectra. All  the ethers prepared 
were purified by preparative thin-layer 
chromatography (TLC) and crystalliza- 
tion. Their purity was found to be greater 
than 95%,  as determined by TLC and 
GLC, supported by N M R  and IR spectra. 
The isomeric 1- and 2-glyceryl ethers were 
separated on Silica Gel G adsorbent layers 
impregnated with either sodium arsenite or 
boric acid and their TLC behavior inter- 
preted, based on the polari ty of the com- 
plexes formed. Meltinq point determina- 
tions indicated more than one polymorphic 
form. Comparison of IR and N M R  spec- 
tra of the saturated and unsaturated iso- 
meric glyceryl ethers, and various deriva- 
tives, demonstrated the applicability of 
these spectroscopy methods for character- 
ization and structural determination, in ad- 
dition to distinguishing between the two 
isomeric forms. 

INTRODUCTION 

G LYCERYL ETHERS CAN EXIST in two iso- 
mer ic  forms: The hydrocarbon chain can 

be linked to the one-position of the glycerol 

aPresented at the AOCS Meeting, Philadelphia, October 
1966. 

2An operating unit of the Oak Ridge Associated Uni- 
Versities, under contract with the US Atomic Energy 
Commission. 

molecule (1-isomer) or the two-position (2- 
isomer).  The former is unsymmetrical and 
can exist as either of two enantiomeric forms, 
but the latter is symmetrical and can exist in 
only one form. Heilbron and co-workers, in 
a series of investigations (1-4),  established 
that the naturally occurring glyceryl ethers 
found in the oils of elasmobranch fish are the 
1-isomer. Baer et al. (5-7) demonstrated by 
comparison with synthetic enantiomers of the 
1-glyceryl ethers that the naturally occurring 
ethers found in elasmobranch fish oils posses- 
sed the D configuration. 

Since these early investigations, glyceryl 
ethers, which were once thought to be ex- 
clusively associated with the oils of various 
marine animals, have been found in many 
ma-~malia-  tissues and fluids, vegetable oils, 
and domestic hen eggs (8-21) as diesters and 
phosphatides. Owing to the low concentra- 
tions in which the glyceryl ether usually oc- 
curs in mammalian tissues and fluids, many 
investigators assumed without adequate proof  
that only the 1-isomer was present. The in- 
ability to distinguish between the two isomers 
with microgram quantities reflects the inade- 
quacy of the present analytical methods. Until 
recently (22),  a method did not exist for the 
simultaneous determination of the 1- and 2- 
glyceryl ethers in a mixture. The recorded 
physical and chemical properties of the 1- 
glyceryl ethers are scant, and the purity of the 
material used to make the determinations in 
some cases is questionable. Baumann and 
Mangold (33) have prepared a number of 1- 
isomers in a high state of purity and have de- 
termined their melting points and critical solu- 
tion temperatures. The physical and chemical 
properties of the 2-glyceryl ethers, like the 1- 
isomer, are even more inadequately known, 
since only two of these isomers have been pre- 
pared and purified. 

This lack of basic knowledge of the isomeric 
glyceryl ethers led us to make a detailed com- 
parison of the physical and chemical proper- 
ties of several purified synthetic saturated and 
mono- and diunsaturated 1- and 2-glyceryl 
ethers and some of their derivatives. The re- 
suits obtained by comparison of infrared ( IR)  
and nuclear magnetic resonance (NMR)  spec- 
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tra, mel t ing points,  and gas-liquid chromatog-  
r aphy  ( G L C )  re tent ion  times for  bo th  isomers 
of  the various glyceryl ethers are repor ted  
here. 

ANALYTICAL METHODS 

Analytical Gas Chromatography 

The  gas -chromatograph ic  system and oper-  
ating parameters  used in this invest igat ion have 
previously been  descr ibed (22) .  Co lumn  speci- 
fications and operat ing condi t ions  used for  the 
analysis of  the isomeric  glyceryl ethers,  start-  
ing materials,  and synthet ic  in termediates  are 
shown in Table  I. Co lumns  were  packed,  
tested, and condi t ioned  thermal ly  and wi th  tri- 
f luoroacet ic  a n h y d r i d e  before  use (22) .  The  
in format ion  obta ined f rom the G L C  analyses 
of  the compounds  shown in Table  I, o ther  
than the isomeric  glyceryl ethers,  which  have  
been shown to give quant i ta t ive results (22) ,  
was used in a qualitative or semiquant i ta t ive  
manne r  only. Quanti ta t ive results were  calcu- 

lated f rom peak area measuremen t s  de te rmined  
by triangulation. 

Preparative Gas Chromatography 

An Aerog raph  Mode l  90-P3 gas ch romato -  
graph  (Wflkens Ins t ruments  and Research,  
Inc., Walnut  Creek,  Cal i f . ) ,  equipped  wi th  a 
thermal  conduct ivi ty  detector,  was used for  
this purpose.  C o l u m n  specif icat ions and oper-  
ating condi t ions used for  the f rac t ionat ion  and 
collection of the various compounds  are shown 
in Table  I ( b o t t o m ) .  A flow rate of  approxi-  
mately  200 m l / m i n  of  He  carr ier  gas was used. 
A f rac t ion collector previously descr ibed by 
W o o d  and Reiser (23)  was used for  the col- 
lection of  desired components .  

Nomenclature 

A shor thand  system of  nomenc la tu re  used to 
ident ify the isomeric glyceryl e thers  has  previ-  
ously been  descr ibed in detail (22) .  It is es- 
sentially a numerica l  system, the first n u m b e r  

TABLE I 
Column Specifications and Operating Conditions Used for the Analysis of Glyceryl Ethers, Starting Materials and 

Synthetic Intermediates 

% 
Compound analyzed Liquid phase Support Column dimensions a Columrt temp (~ 

Analytical 

Glyceryl ether 10.5 Ethylene glycol Gas-Chrom P 5 ft X 1~ in. SS and AI 170 
TFA deriv, succinate methyl silicone 100-120 mesh 

polymer (EGSS-X) b 
5 Methyl silicone 230 
polymer (SE-30) 
16 Ethylene glycol 220 
succinate polyester 
(EGS)b 
16 EGS " 185 

. . . .  190 

. . . .  200 

" " " 150 

. . . . . .  210 

Glyceryl ether Chromosorb W 5 ft X ~ in. SS d 
TFA deriv. 60-80 meshe 

Glyceryl ether Chromosorb W 3 ft X 1A in. AI 
isopropylidene deriv. 100-140 mesh 

Alkyl iodides and 
bromides 
n-propyl Octadecyl 
ether 

3-pentyl Octadecyl 
ether 

Oleyl and linoleyl 
alcohol TMS ether 
deriv. 
Oleyl- and linoleyl- 
p-toluene suifonates 

30 ft X 1A in. Cu and AI 

3 ft )< ~ in. A1 

Preparative 

18:1-1 TMS ether 25 SE-30e Gas-Chrom Rzb 7 ft X a~ in. AI 285 
deriv. 50-60 mesh 
n*propyl OctadecyI " 10 ft X 3~ in. AI 200 
ether 
3-pentyl Oct adecyl " " '" 265 
ether 

a Columns were  stainless steel (SS), Aluminum (A1) and Copper (Cu). 
b Obtained from Applied Science Laboratories, State College, Pa. 
c Acid washed support. 
d Pretested packed columns obtained from Wilkens Instrument & Research, Inc., Walnut Creek, Calif. 
�9 Liquid phase coated on support by flash evaporation technique. 
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represents the number of carbon atoms in the 
hydrocarbon chain, the second number repre- 
sents the number of double bonds in the chain 
and the third denotes to which carbon atom of 
the glycerol molecule the hydrocarbon chain 
is bonded. The sometimes used e and fl system 
of denoting isomers is synonymous with the 1 
and 2 systems used here. 

Infrared Spectroscopy 

Infrared spectra were obtained with a Perkin- 
Elmer (Perkin-Elmer Instrument Div., Nor- 
walk, Conn.) Model 521 Grating Infrared 
Spectrophotometer. Spectra of solvent-free 
liquids were obtained by sandwiching between 
two optically-ground potassium bromide (KBr)  
crystals. Spectra of the solid compounds, and 
sometimes of liquids, were obtained with 300 
mg KBr discs containing approximately 1.2 
mg of sample. A high vacuum cell equipped 
with cesium bromide windows was used to 
obtain a spectrum of 18:1-1 in a KBr pellet 
at liquid nitrogen temperature. An IR  spec- 
trum was obtained for each of the compounds 
from 2.5 to 40 ff (4000 to 250 cm-1). Regions 
4000 to 3700 cm -1, 2700 to 1700 cm -1, and 
500 to 250 cm -1 of little or no absorption were 
not reproduced in the spectra shown. 

Nuclear Magnetic Resonance Spectroscopy 

A Varian (Varian Associates, Analytical In- 
strument Div., Palo Alto, Calif.) A-60 High 
Resolution Spectrometer was used to measure 
the spectra of the glyceryl ethers and related 
compounds. Unless otherwise noted, spectra 
were obtained with a 15% solution of each 
compound in carbon tetrachloride. All  nuclear 
magnetic resonance spectra were measured at 
room temperature, except the 1- and 2-isomers 
of 14:0, and 16:0, and 18:0 glyceryl ethers, 
which were run at 50C. The single proton 
resonance peak of tetramethylsilane (TMS) 
used as an internal standard was assigned to 
value of zero parts per million (ppm) of the 
total magnetic field. 

Thin-Layer Chromatography 

Silica Gel G plates impregnated with ap- 
proximately 10% sodium arsenite were pre- 
pared according to the procedure of Morris 
(24).  Boric acid (~-~ 5 .0%)  impregnated Sil- 
ica Gel G plates were prepared by the method 
of Thomas et al. (25).  One part  of Silica Gel 
G was slurried with two parts of  water for the 
preparation of unimpregnated plates. Uniform 
0.25mm and 1.0ram adsorbent layers were 

spread on 5 ~( 20 and 20 X 20 cm glass 
plates with a Colab No. 2810 applicator (Co- 
lab Laboratories, Inc., Chicago Heights, I l l .) ,  
modified in this laboratory (26).  After  the 
chromatoplates had air-dried for 30 min, they 
were activated in an oven for 30 min at 110C. 
The boric-acid-impregnated plates were acti- 
vated 2 hr at the same temperature. The 1.0- 
mm thick preparative plates were used for the 
isolation a n d  purification, while the 0 .25-mm 
plates were used for analytical determinations. 
The saturated glyceryl ethers were separated 
from the long-chain alkyl halide by chroma- 
tography of the reaction mixture on 20- X 20- 
cm plates (1.0-mm thick adsorbent layer) with 
a hexane-diethyl ether-methanol, 80: 20:5 
( v / v / v )  solvent system. Unsaturated glyceryl 
ethers were separated from the long-chain al- 
cohols by chromatography of the reaction mix- 
ture on preparative plates developed in hexane- 
diethyl ether-methanol, 80:20:10 ( v / v / v ) .  
The silver ion thin-layer chromatography 
(TLC) system recently reported (22) was 
used to check the glyceryl ethers for contami- 
nation by ethers of the same chain length, 
varying only in degree of unsaturation. Boric 
acid and sodium arsenite impregnated plates 
developed in chloroform-methanol,  98:2 (v /v )  
were used to check isomeric purity in addition 
to GLC analyses. Separations on analytical 
TLC plates were visualized by charring ac- 
cording to the procedure of Privett and Blank 
(27).  The glyceryl ether region of the heavily 
loaded preparative plates was located visually, 
or more distinctly with the aid of UV light. 
The desired region was scraped from the plates 
and the glyceryl ethers were extracted with 
several volumes of diethyl ether. 

Melting Point Determinations 

Melting points were determined in triplicate 
for each compound. Samples were heated to 
125C in the capillary melting point tubes and 
then quickly cooled in an ice bath to obtain 
only one polymorphic form in compounds cap- 
able of existing in more than one crystalline 
form. 

EXPERIMENTAL 

Synthesis of Saturated 1- and 2-Glyceryl Ethers 

Saturated 1- and 2-glyceryl ethers ranging 
in hydrocarbon chain length from C10 to Cls 
were prepared from potassium salts of 1,2-iso- 
propylidene glycerol and 1,3-benzylidene glyc- 
erol, respectively, by reacting with a twofold 
excess of alkyl iodides or bromides according 
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to the procedure of Davies et al. (4) .  The 
procedure was scaled down to prepare 300-600 
mg of glyceryl ethers. The 1,3-benzylidene 
glycerol was prepared according to the pro- 
cedure of Mattson and Volpenhein (28).  The 
reaction mixtures containing the 1,2-isopro- 
pylidene glyceryl ethers or the 1,3-benzylidene 
glyceryl ethers were hydrolyzed, according to 
the procedure employed by Har tman (29) to 
remove these same blocking groups from 
monoglycerides. The glyceryl ethers were sep- 
arated from the contaminating alkyl halides, 
hydrocarbons, etc., by preparative TLC (see 
TLC section). One- and 2-glyceryl ethers were 
further purified by crystallization from approxi- 
mately 50 to 200 volumes of hexane, respec- 
tively, a t - 2 0 C .  

Synthesis of Unsaturated 1- and 2-Glyceryl Ethers 

Mono- and diunsaturated Cls 1- and 2-glyc- 
eryl ethers were prepared from the potassium 
salts of 1,2-isopropylidene glycerol and 1.3- 
benzylidene glycerol, respectively, by reacting 
with the desired alkenyl-p-toluenesulfonate ac- 
cording to the procedure of Gupta  and Kum- 
m~-o-v r The a~ke-v'-o-toluenesulfonates 
were prepared by reacting p-to!uenesulfonyl 
chloride with the unsaturated alcoho!s (6) and 
used without purification. Oleyl and linoleyl 
alcohols were prepared by reducing the cor- 
responding methyl esters with lithium alumi- 
num hydride (31).  The blocking groups were 
hydrolyzed with boric acid. Contaminating a 1- 
cohols, toluenesulfonates, etc., were sevarated 
from the saturated 1- and 2-glyceryl ethers by 
preparative TLC (see TLC section) and fur- 
ther purified by crystallization from hexane as 
described earlier. 

Synthesis of n-Propyl znd 3-Pentyi Octadecyl Ethers 

Normal  propyl and 3-pentyl octadecyl ethers 
were prepared to aid in the interpretation of 
the IR and N M R  spectra of the isomeric 
glyceryl ethers. Synthesis was achieved by re- 
acting the alkyl halide with the potassium salts 
of n-propyl and 3-pentyl alcohols, respectively. 
Approximately 0.5 g of 98% 4- pure (as de- 
termined by GLC)  n-propyl octadecyl ether 
(mp 28.2-28.6C) and 0.5 g of 95% 4- pure 
3-pentyl octadecyl ether (mp 13.0-14.7 C) 
were isolated by preparative GLC. The con- 
taminant in each case was 1-iodooctadecane 
which did not interfere with the IR or N M R  
spectra. 

Preparat;~en of Glyceryl Ether Derivatives 

Trifluoroacetate ( T F A )  and trimethylsilyl 
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(TMS) ether derivatives of the isomeric glyc- 
eryl ethers were prepared according to the 
procedure recently described (22).  The glyc- 
eryl ether diacetates were prepared by the 
method of O'Brien and Rouser (32).  The last 
traces of pyridine were removed from the glyc- 
eryl ether TMS derivatives by preparative 
GLC. 

Materials 

The methyl esters used for the preparation 
of the alcohols were obtained from the Hormel 
Foundation,  Austin, Minn. The 1,2-isopro- 
pylidene glycerol (2,2-dimethyl-l ,3-dioxolane- 
4-methanol) ,  1-alkyl halides, p-toluenesulfonyl 
chloride, and trifluoroacetic anhydride were 
obtained from Eastman Organic Chemicals, 
Rochester, N. Y. Other materials were pur- 
chased as follows: Hexamethyldisilazane from 
Peninsular Chemical Research, Gainesville, 
Fla.; trimethylchlorosilane from K & K Lab- 
oratories, Plainview, N.Y.; and trimethyl bor- 
ate from Matheson Coleman & Bell, East Ruth- 
erford, N. Y. Solvents and other reagents 
were reagent grade and used without further 
purification. 

RESULTS AND DISCUSSION 

Synthesis of Isomeric Glyceryl Ethers 

The progress of the reactions was monitored 
by GLC analysis of samples removed intermit- 
tently from the reaction flask and injected di- 
rectly into the chromatograph for each isomer. 
Using this technique we found that, on the 
average, overall yields of 50-60% of the 1- and 
2-isomers could be obtained in 5-7 hr for both 
the saturated and unsaturated glyceryl ethers. 
Additional reaction time, up to 24 hr, usually 
did not increase the yield appreciably. Alkyl  
bromides and alkyl iodides were found to give 
equally high yields. Occasionally we observed 
substantial quantities of 1-alkenes (dehydro- 
halogenation products of 1-alkyl iodides) pre- 
sumably caused by excess potassium. 

Copper columns were found to cause an ap- 
parent decomposition of the alkyl iodides. 
Aluminum columns packed with the  same ma- 
terial operating under identical conditions 
gave satisfactory results. It was not established 
whether the alkenyl-p-toluenesulfonates were 
eluted from the column intact or as a major 
breakdown product. The latter appeared un- 
likely since only one major peak was eluted 
for each alkenyl-p-toluenesulfonate without 
the leading front or tailing, usually associated 
with decomposition. 
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TABLE II  
Melting Points and Purity of the Isomeric Glyceryl Ethers and Derivatives 
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Melting Melting 
Compounda point (~ b % Purity Compounda point (~ % Purity 

10:0-1 34.5-36.0 97 18:1 (9c)-2 13-14 99+ 
10:0-2 30.4-31.5 97 18:2 (9c, 12c)-I -4.5 to -4.0 95 
12:0-1 47.2-48.0 99+ 18:2 (9c, 12c)-2 -0.8 to 0 95+ 
12:0-2 45.0-46.5 99+ 18:0-1 TFA 40.5-42.1 98 
14:0-1 55.4-56.1 98 18:0-2 TFA 25.2-26.2e 98 

44.8-45.3e 36.4-37.1 
14:0-2 54.9-55.4 98 18:0-1 TMS <20 99+ 
16:0-I 59.9-60.6 97 18:0-2 TMS <20 99+ 
16:0-2 62.5-63.3 97 18:0-1 Diacetate 32.9-33.7 98 
18:0-1 65.0-65.7 98 18:0-2 Diacet ate 29.0-30.0 9$ 
18:0-2 68.5-69.0 98+ n-propyl octadecyl 28.2-28.6 99+ 
18:1 (9c)-1 17.6-18.5 99+ 3-pentvl octadecyl 13.9-14.7 95 

a Shorthand system of 
b Mean range of three determinations. 
e Polymorphic forms. 

Purity of Glyceryl Ethers and Derivatives 

Purity of the isomeric glyceryl ethers was 
determined by GLC analyses of their T F A  
derivatives on polar EGSS-X and nonpolar SE- 
30 columns (22) and by TLC on Silica Gel G 
layers impregnated with silver nitrate (22),  
sodium arsenite and boric acid, and on unim- 
pregnated Silica Gel G. The purity for each 
of the ethers and derivatives prepared from 
them are given in Table II. All  the ethers 
were greater than 99% pure isomerically and 
as a class, and more than 95% pure as a sin- 
gle identifiable component. The i-isomers, of 
course, represented a racemic mixture. The 
impurities were glyceryl ethers with hydrocar- 
bon chains two carbon atoms longer or shorter. 
The use of the alkenyl-p-toluenesulfonates pro- 
duced no isomerization of double bonds detect- 
able by IR in our synthetic procedures; the 
isomerization observed by Baer et al. (6) sug- 
gests that the sodium naphthalene used in their 
synthetic scheme caused the isomerization. 
Baer and Fisher (7) later found no isomeriza- 
tion using the tosyl-isopropylidene glycerol, 
oleyl alcohol, and sodium naphthalene. 

The IR and N M R  spectra and the melting 
points reported here also indicated that the 
glyceryl ethers and derivatives were quite pure. 
The melting points obtained are shown in 
Table II. Melting points obtained are on the 
average 4-5 degrees lower than those reported 
by Baumann and Mangold (33) for a similar 
homologous series of saturated 1-isomers. Melt- 
ing points reported by numerous investigators 
(2,5,30,34-37) for the 18:0-1 and 16:0-1 
ethers ranged from 68-72C and 59-64C, re- 
spectively. The 18:1-1 melting point was in 
close agreement with the 18-19C and 17.6-19C 

nomenclature previously described (22). 

values reported by Baumann and Mangold 
(33),  and Baer and Fisher (7) ,  respectively. 
The 8C mp reported by Baumann and Man- 
gold (33) for the 18:2-1 is 12 degrees higher 
than that reported here. The 18:0-2 melting 
point agreed well with that reported by Gupta  
and Kumrnerow (30),  while those values re- 
ported by other investigators (4,10 and 36) are 
6-8 degrees lower. The only reported melting 
point for the 16:0-2 agreed well with that 
found (4).  The synthesis of the other 2-iso- 
mers: 18:1-2, 18:2-2, 14:0-2, 12:0-2, and 
10:0-2 have not previously been reported. 

The discrepancies in some cases between the 
observed melting points and values cited in the 
literature can be attributed to polymorphism 
and uncorrected melting points. The former 
can give rise to larger differences in melting 
points, as indicated with the 14:0-1 (see Table 
I I ) ,  than if large quantities of impurities are 
present. Therefore, unless all the compounds 
are treated in a manner similar to that de- 
scribed in the Analytical  Methods section, to 
obtain a known or reproducible polymorphic 
form, melting points are of little value. Inter- 
estingly, when a linear plot of the melting 
points of the saturated 1- and 2-glyceryl ethers 
(Table II)  are plotted on the ordinate, versus 
the hydrocarbon chain length on the abscissa, 
two curves are obtained that intersect each 
other when the hydrocarbon chain lengths are 
14 carbon atoms long. Initially, the 1-isomers 
have the higher melting points, but as the hy- 
drocarbon chain increased in length, the melt- 
ing points become lower than the 2-isomers. 

The melting point obtained for the 18:0-1 
diacetate agreed well with the 34-35C reported 
by Carter  et al. (10) ;  however, they reported 
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the 18:0-2 diacetate as a wax, but we obtained 
a definite melting point a few degrees below 
that of the 1-isomer. The 18:0-1 and 18:0-2 
TMS ether derivatives were waxy and a definite 
melting point was not observed. Trifluoroace- 
tate derivatives of the 18:0-1 and 18:0-2 had 
surprisingly high melting points, considering 
their GLC behavior, and two polymorphic 
forms were obsqrved with the 2-isomer. 

TLC of Isomeric Glyceryl Ethers 

Sodium arsenite (A)  and boric acid (B) 
impregnated Silica Gel G chromatoplates de- 
picting the purity and resolution of 18:1-1 (1) 
and 18:1-2 (2) glyceryl ethers are shown in 
Figure 1. The 1-isomers of monoglycerides 
were found to migrate lower than the 2-isomers 
on boric acid impregnated silica gel layers by 
Thomas et al. (25);  however, an explanation 
for the lower migration was not discussed. The 
reversal of the migration order on the two 
different impregnated adsorbent layers can be 

FIG. 1. TLC separation of 18:1-1 (1) and 
18:1-2 (2) isomeric glyceryl ethers on Silica Gel 
G adsorbent layers impregnated with sodium 
arsenite (A) and boric acid (B). 
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explained by assuming the glyceryl ether borate 
complex to be more polar than the uncom- 
plexed form. The lower spots on each plate 
(Fig. 1) migrated to approximately the same 
position as both isomers on unimpregnated 
Silica Gel G plates, in the same solvent system. 
If  we assume that arsenite and borate ions 
complex in a ratio of 1:1 with the glyceryl 
ethers [a ratio shown to exist by Roy et al. 
(38) with several polyols] and that the un- 
complexed glyceryl ethers are more polar than 
the complexes (39),  then the compounds on 
plate A lane 1 and plate B lane 2 represent 1,2- 
diol arsenite and 1,3-diol borate complexes, 
respectively. The latter, to the authors'  knowl- 
edge, has not been reported to form a strong 
borate complex. Compounds on plate B (un- 
complexed 2-isomers) with a higher Rf cor- 
responds to the compounds on plate A (un- 
complexed 2-isomers) with a lower R~. Rela- 
tively higher R~ values on borate-impregnated 
plates compared to unimpregnated and sodium 
arsenite impregnated adsorbent layers devel- 
oped in the same solvent system, have been 
reported by Morris (24).  This is presumably 
caused by a reduction in the number of ad- 
sorption sites of the silica gel. Equations 1 and 
2 are also consistent with this hypothesis. 

I I .o, ,o  ? 
[1] 

[_H_O "oI-I~ HO--C- " HO" ' O - C -  
I I 

I I V OA s ~ + I [ 2 ]  
~IO" A H O - C -  " 0 4 2 -  

1 I 

A complex formed between a 1,2-diol and a 
borate ion by splitting out two molecules of 
water could give rise to a more polar complex 
than the original diol, as suggested by Roy et 
al. (38).  This agrees with equation 1 and our 
TLC data. A complex formed between a 1,2- 
diol and a monohydrated arsenite ion by split- 
ting out two molecules of water would be ex- 
pected to be less polar than the original diol, 
which agrees with equation 2 and our TLC 
data. Such an arsenite ion could not be con- 
firmed or excluded by the work of Roy et al. 
(38).  

Comparison of Isomeric Glyceryl Ether IR Spectra 

The IR spectra shown in Figure 2 were ob- 
tained from 13-mm diameter transparent KBr 
pellets. The first four spectra are included to 
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FIo. 3. Infrared spectra of long-chain synthetic 
mono- and diunsaturated 1- and 2-glyceryl mono- 
ethers. 
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FIG. 2. IR spectra of 18:0-1 and 18:0-2 iso- 
meric glyceryl ethers and compounds with indi- 
vidual functional groups found in the two iso- 
meric ethers. 

aid in the interpretation of the last two iso- 
meric glyceryl ether spectra. Absorption areas 
in the glyceryl ether spectra, due to the hydro- 
carbon portion of the molecule, are indicated 
by the n-octadecane spectrum, and similarly 
the primary alcohol, primary and secondary 
ether absorption areas are indicated by spectra 
2, 3 and 4, respectively. The differences in ab- 
sorption between primary and secondary ethers 
that are slightly shifted from 8.93 and 9.15 /~ 
in the glyceryl ethers are shown by the. n- 
propyl and 3-pentyl octadecyl ether spectra. 
As shown in Fig. 2 (5 and 6), the isomeric 
glyceryl ethers are easily distinguishable by 
other differences in absorption that are prob- 
ably due to the presence of the secondary al- 
cohol group in the 1-isomer (absent in the 2- 
isomer) that can exhibit intramolecular hydro- 
gen bonding with the adjacent primary alcohol 
group. The spectrum of the 18:0-2 glyceryl 

ether was similar to that obtained by Debuch 
(40). The IR spectra obtained for the 10:0, 
12:0, and 14:0 and 16:0 1- and 2-glyceryl 
ethers were similar to those of 18:0-1 and 
18:0-2 (5 and 6) isomers shown in Fig. 2. 
The small absorption bands at 6.14 t~ in all 
spectra and 2.92 l* in compounds 1, 3 and 4 
were due to atmospheric water vapor and re- 
sidual moisture in the ethers. 

Spectra of the isomeric mono- and diunsat- 
urated glyceryl ethers are shown in Figure 3. 
These, like the saturated 1, and 2-glyceryl 
ethers, are distinguishable by IR. The mono- 
unsaturates are only distinguishable from the 
diunsaturates by the degree of absorption in 
the region of 3.32 ~. Slight absorption at 10.7 
and 11.6 ~ in the 1-isomers differs from the 
weak 10.3 and 11.0 F bands of the 2-isomers, 
and both isomers are further distinguishable 
by the stronger absorption at 9.3 and 9.5 F of 
the latter. The 18:1-1 spectrum was not im- 
proved when the sample was analyzed as a 
KBr disc at ambient or liquid nitrogen temper- 
atures. This was unexpected since Chapman 
(41) has shown that, generally, decreased reso- 
lution or increased absorption band smearing 
occurs with increased temperature; however, 
the converse relationship does not appear to 
hold. One possible explanation is that the dis- 
persed glyceryl ether in the KBr disc may have 
tittle opportunity to rearrange its crystalline 
form. 

LIPIDS, VOL. 2, No. 2 
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IR Spectra of 18:0-1 and 18.0-2 Derivatives 

Spectra of the 18:0-1 and 18:0-2 glyceryl 
ether diacetate, TFA and TMS derivatives are 
shown in Fig. 4. The isomeric diacetates differ 
by the stronger absorption in the region of 9.5 
/~ of the 2-isomer and the presence of the two 
weak absorption bands at 9.7 and 10.4 tx in 
the 1-isomer, absent in the 2-isomer. The con- 
tribution of the hydrocarbon chain to the spec- 
tra can be obtained by comparison with spec- 
trum 1, Fig. 2. The slight absorption in the 
region of 2.9 /~ is probably due to water vapor, 
since the 6.14 water band is also present. The 
ester carbonyl band at 5.7 /z, and assignments 
to other absorption bands have been made by 
Carter et al. (10). 

The spectra of the two isomeric 18:0 glyc- 
eryl ether T F A  derivatives are also shown in 
Fig. 4, and are distinctly different. How- 
ever, the differences may be attributable to a 
different polymorphic form for each isomer 
or a mixture of the two observed forms of the 
18:0-2 isomer. The carbonyl ester band shifted 

MICRONS 
A 6 20  

from 5.7 /~ in the isomeric diacetates to 5.55 /z 
in the 1-isomer, and a doublet at 5.55 and 5.61 
in the 2-isomer of the T F A  derivatives. 

Spectra of the 18:0 isomeric glyceryl ether 
TMS ether derivatives are depicted at the bot- 
tom of Fig. 4. The broad ether absorption 
band in the region of 9.0 /x consisting of 
several observable overshadowed absorption 
bands, probably resulted from differences in 
absorption of primary and secondary silyl and 
alkyl ethers. The two isomers are distinguish- 
able by the presence of two absorption bands 
at 10.0 and 12.4 /z in the 1-isomer, absent in 
the 2-isomer, and by the differences in degree 
of absorption at 11.4 and 11.8 /z of the two 
isomers. 

Normal Propyl and 3-Pentyl Octadecyl Ether NMR 
Spectra 

Normal propyl and 3-pentyl octadecyl ethers 
were synthesized to aid in the interpretation of 
the isomeric glyceryl ether spectra. The single 
hydrogen on carbon number 3 of the 3-pentyl 
octadecyl ether gave rise to a quintuplet at 
3.02 ppm (central peak), which is partially 
overlapped by a triplet (central peak 3.32 
ppm) arising from the two protons of the hy- 
drocarbon chain adjacent to the ether oxygen. 
The resonance of the protons adjacent to the 
ether oxygen in the n-propyl octadecyl ether 
appear as two practically superimposable trip- 
lets at 3.33 ppm (central peak). The NMR 
spectrum of n-propyl hexadecyl or octadecyl 
ether has previously been obtained by Carter 
et al. (10);  however, resolution was not suffi- 
cient to observe the two triplet sets for the 
methylene protons adjacent to the ether 
oxygen. 

FREQUENGY (GM-') 

FIG. 4. Comparison of IR spectra of 18:0-1 
and 18:0-2 glyceryl ether diacetate, TFA and 
TMS derivatives. 
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NMR Spectra of Isomeric Glyceryl Ethers 

The NMR spectra of mono- and diunsatu- 
rated isomeric pairs, 18:1 and 18:2, and of 
two saturated glyceryl ethers, 12:0-1 and 16:0- 
2 are shown in Fig. 5. Spectra of the 1- and 2- 
isomers of all the glyceryl ethers analyzed 
were readily distinguishable and distinctly dif- 
ferent. The partially visible broad-line reso- 
nance at approximately 3.75 ppm, equivalent 
to one proton, Observed in the 1-isomers (ab- 
sent in the 2-isomers) was assumed to be due 
to a downfield shif t  of the lone hydrogen on 
carbon atom number 2 of the glycerol moiety 
caused by the deshielding effect of the electro- 
negative environment. Resonance of this same 
proton in the 2-isomers occurred upfield at ap- 
proximately 3.42 ppm, which may or may not 
represent the central peak of a partially visible 
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FIG. 5. Proton resonance spectra of saturated, 
mono-, and diunsaturated isomeric glyceryl ethers 
obtained at 60 inc. 

the methylene hydrogens of the hydrocarbon 
chain and the nonequivalent methylene hydro- 
gens on carbon number 1 of the glycerol 
moiety. Although specific assignments for this 
portion of the molecule were not possible, the 
usefulness of the N M R  spectra is not limited. 

The hydroxyl proton resonance, which is 
known to exhibit marked dependence on con- 
centration and temperature (42) is shown in 
Table I I I  for the isomeric glyceryl ethers. The 
hydroxyl proton resonance of the 1-isomers 
occurs at a lower field than the 2-isomers. In- 
creased concentration of the 1-isomers also 
resulted in resonance of the hydroxyl protons 
at lower field. The broad resonance line, ex- 
hibited only by the 18:1-1 at two concentra- 
tions, is not understood. 

Both isomers of the monounsaturated glyc- 
eryl ethers are easily distinguished from the 
diunsaturated by the resonance of the methyl- 
ene hydrogens between the two double bonds 
at 2.72 ppm and by the intensity of the signal 
of the vinyl hydrogens at 5.31 ppm, as shown 
in Figure 5. In the unsaturated glyceryl ethers 
the hydrogens that are allyl to the double 
bond, which usually are obscured by methylene 
hydrogens adjacent to a carbonyl ester ,  are ob- 
served without interference at 2.04 ppm. 

NMR Spectra of Glyeery] Ether Derivatives 

The spectra of the 18: l -1  diacetate (top) 
and TMS ether (bottom) derivatives, obtained 
neat at room temperature, are shown in Figure 
6. The purity and origin of the 18:1-1 glyceryl 

multuplet (when not obscured by hydroxyl 
proton resonance).  

The unresolved resonance at 3.65, 3.58, and 
3.53 ppm of the 2-isomers differs markedly 
from the resonance shift upfield to 3.58, 3.53, 
3.42, and 3.32 ppm in the 1-isomers. Reso- 
nance at 3.65 ppm in the 2-isomers, absent in 
the 1-isomers, is probably due to the methylene 
protons on carbon atoms 1 and 3 of the glyc- 
erol moiety. The spectra of the 2-isomers are 
further complicated by the triplet representing 
the methylene protons of the hydrocarbon 
chain adjacent to the ether oxygen. The spec- 
tra of the 1-isomers in the area of 3.3-3.7 ppm 
are equally complicated, and resonance-band 
assignments, other than relative expected order, 
are not made. The 3-glyceryl methylene hydro- 
gens of the 1-isomers, like those of the 2- 
isomers, are expected to appear downfield, fol- 
lowed closely by a triplet and two doublets for 

s.6- 5'.0 ,'.o 3'.0 ab ?.o 
PPM 

FIG. 6. NMR s0ectra of 18:1-1 glyceryl ether 
diacetate (top) and trimethylsilyl ether (bottom) 
derivatives obtained at 60 inc. 
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TABLE I I I  
Chemical Shifts of Isomeric Glyceryl Monether 

Hydroxy Protons 

Glyceryl OH chemical 
ether shift (ppm) Conc ( % ) Temp 

12:0-I 4.25 25 Room 
12:0-2 3.43 10 R o o m  
14:0-1 3.48 15 50C 
14:0-2 2.92 15 50C 
16:0-1 3.33 15 50C 
16:0-2 3.08 15 50C 
18:0-1 3.30 15 50C 
18:0-2 2.92 15 50C 
18:1-I 4.044 15 Room 
18:1-1 b 4.48 Neat Room 
18:1-2 3.76 15 Room 
18:2-1 3.94 15 Room 
18: 2-2 3.60 15 Room 

a b r o a d  band, see Fig. 6. 
b Commercially available sample from Western Chemi- 

cal Ind. Ltd., Vancouver, Canada, greater than 95% 
pure as a class (sterols main contaminant) and approx- 
imately 90% monoene 1-isomers. 

ether is given at the bottom of Table III. The 
broad resonance band of the lone 2-glyceryl 
proton appears downfield at approximately 
5.15 ppm in the diacetate and remains at 3.75 
ppm in the TMS ether, identical to the free 
glyceryl ethers (Fig. 5) .  The two nonequiva- 
lent 3-glyceryl methylene hydrogens resonate 
at 4.18 ppm (central peak) as two partially 
overlapped doublets in the diacetate, and, as 
expected, these hydrogens appear unresolved 
from the other protons adjacent to the ether 
oxygens at 3.28 ppm (central pealS) for the 
T M S  ether. Resonance in the diacetate at 3.40 
(central peak of triplet) and 3.50 ppm (center 
of doublet) arises from the hydrogens adjacent 
to the ether oxygen. The two doublets of the 
nonequivalent 1-glyceryl methylene hydrogens 
were superimposed. Aside from the acetate 
methyl proton resonance at 1.95 ppm, all reso- 
nance bands for the two derivatives are the 
same as previously discussed. The N M R  spec- 
tra of the 18:0-1 and 18:0-2 glyceryl ethers 
and monoglyceride diacetates have previously 
been obtained at 40 mc by Carter et al. (10),  
and assignments have been made. Resolution 
was poor, but sufficient to demonstrate the 2- 
glyceryl ether diacetate (not determined here) 
spectrum distinguishable from that of the 1- 
isomer. 

The IR and N M R  spectra of the long-chain 
isomeric 1- and 2-glyceryl monoethers and der- 
ivatives, both saturated and unsaturated, have 
served to demonstrate the applicability of these 
two types of spectroscopy for the characteriza- 
tion and structural determination, in addition 
to distinguishing between the two isomeric 
forms. 
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ADDENDUM 

While this manuscript  was being reviewed 
for publication, a paper by Serdarevich and 
Carroll (43) appeared dealing with the physi- 
cal and chemical properties of two isomeric 
pairs of anteiso glyceryl ethers and the 16:0 
isomers. Their findings are compatible with 
those reported here. 
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cis-5,cis-9,cis-12-Octadecatrienoic and Some Unusual Oxygenated 
Acids in Xeranthemum annuum Seed Oil I 

R. G. POWELL, C. R. SMITH, JR., and I. A. WOLFF, Northern Regional Research Laboratory, 2 
Peoria, Illinois 

ABSTRACT 

Seed oil of Xeranthemum annuum 
(family Compositae) contains a number 
of unusual fatty acids in addition to 
palmitic, stearic, oleic, linoleic and lino- 
lenic. These acids include cis-5,cis-9,cis- 
12-octadecatrienoic, 5% ; c i s - 9 - L , 1  0-L- 
epoxyoctadecanoic, 3% ; cis -9-L,  1 O-L- 
epoxy-cis-12-octadecenoic ( c o r o n a r i c  ). 
8% ; and cis-12-D, 13-D-epoxy-cis-9-octa- 
decenoic (vernolic), 2%;  as well as a 
mixture of two hydroxy acids, 11%. The 
absolute configurations of the two 9,10- 
epoxy acids are established for the first 
time. 

INTRODUCTION 

X ERANTItEMUM ANNUUM L., one of the old- 
est and best known of the "everlastings." 

has been widely cultivated as an ornamental. 
Examination of the seed oil at this laboratory 
has revealed significant amounts of unusual 
constituents. For example, Durbetaki titration 
gave a hydrogen bromide equivalent (HBE) 
(1) at 55C which indicated approximately 
23% C1~ epoxy acids or other HBr reactive 
acids (2). Gas-liquid chromatographic (GLC) 
analyses of the methyl esters disclosed an un- 
known component having equivalent chain 
lengths f3) of 19.2 on a Resoflex-446 column 
and 17.5 on an Apiezon-L column. These 
values did not correspond to those of any com- 
mon fatty acid. In addition, other unknown 
GLC peaks were apparently due to oxygenated 
materials or to their decomposition products. 
This paper describes the isolation of the un- 
usual fatty acids of X. annuum seed oil and 
the characterization of some of these. 

PROCEDURE AND DATA 

UV spectra were determined with a Beck- 
man DK-2A spectrophotometer; IR spectra, on 
either a Perkin-Elmer Model 137 or 337 in- 
strument as liquid films or as 1% solutions in 
carbon tetrachloride or carbon disulfide. Nu- 

1 Presented in part at the AOCS Meeting in Cincinnati ,  
October  1965. 

2 No. Utiliz.  Res. Dee. Div., AR.S, U S D A .  

clear magnetic resonance (NMR) spectra were 
recorded with a Varian A-60 spectrometer in 
deuteriochloroform solutions containing 1% 
tetramethylsilane. Optical rotatory dispersion 
fORD) measurements were made on a Cary 
Model 60 recording spectropolarimeter at 25C 
in 0.5 dm cells. GLC analyses were conducted 
as described by Miwa (3). TLC was per- 
formed on glass plates covered with 0.25 mm 
films of Silica Gel G or 25% silver nitrate- 
impregnated Silica Gel G and with appropriate 
solvent systems as described by Morris (4). 
Melting points were determined with a Fisher- 
Johns block and are uncorrected. 

Preparation of Methyl Esters 

Oil was extracted from the ground seed, 98 
g, of X. annuum in a Soxhlet with petroleum 
ether (bp 30-60C). Solvent was removed from 
the dark green extract on a rotary evaporator 
to give 21.5 g of oil. The oil had an HBE of 
23, and titration of the sample with base dem- 
onstrated the presence of 17% free fatty acid, 
calculated as oleic acid. Spectral characteris- 
tics included maxima at 2.8111 in the IR, in- 
dicative of OH, as well as at 10.14 and 10.50~L, 
indicative of a cis.trans-conjugated diene. The 
latter assignment was supported by a UV maxi- 

1% 

mum at 234 m~ (E 103). 
1 cm 

The oil was treated with an ethereal solution 
of diazomethane until neutral. After GLC 
analysis for fatty acid composition, the prod- 
uct, 18.5 g, was then transesterified by reflux- 
ing it for 1 hr with 200 ml of methanol con- 
taining 0.8 g of dissolved sodium. The mixture 
was cooled, acidified with acetic acid, diluted 
with 400 ml of water and extracted repeatedly 
with ethyl ether. After the extracts were dried 
over sodium sulfate, the solvent was removed 
to give 17.7 g of mixed methyl esters. GLC 
analyses of the diazomethane-treated oil, with 
conditions under which only methyl esters de- 
rived from free fatty acids were analyzed, 
were nearly identical to GLC analyses of the 
total methyl esters after transesterification (see 
Table I). Evidently the free acids in the oil 
were representative of the total fatty acids 
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Tube Number 

T 

I 600 500 

p 

400 300 200 
Transfers 

Ft6. 1. Countercurrent distribution of Xeranth- 
emum annut~m methyl esters. The labelled peaks 
represent: I, cis-5,cis-9,eis-12-octadecatrienoate; II, 
cis-9,10-epoxyoctadecanoate; III, coronarate; IV, 
esters of hydroxy acids. 

present, both free and combined, and no pref- 
erential hydrolysis of glycerides had occurred. 
Analyses of the total methyl esters by TLC re- 
vealed numerous components, which included 
at least two epoxy and two monohydroxy 
esters. 

Countercurrent Distribution 

Methyl esters of X e r a n t h e m u m  were sub- 
jected to countercurrent distribution (CCD)  
in a 200-tube Craig-Post apparatus with an 
acetonitrile-hexane solvent system (5).  A 16.7 
g sample of the mixed methyl esters dissolved 
in 320 ml of lower phase was equally distribut- 
ed among the first eight tubes of the apparatus 
and 40 ml of lower phase was added to each 
of the remaining tubes. We then made 600 
transfers using 10 ml of upper phase per trans- 
fer and the single withdrawal procedure. 

For  the first 200 transfers long settling times 
(up to 20 min per transfer) were used because 
of problems with emulsions. Combined ma- 
terial from the first 440 transfers was shown by 
GLC analyses to be mostly C1~:0, C1,:0, C1,:~ 
and Cls:~ methyl esters. Percentages of vari- 
ous esters isolated by CCD are compared in 
Table I with percentages obtained by GLC. 
Transfers 460-500 were combined to give 0.53 
g of an unknown ester (I)  (Fig. 1). The more 
polar material, which remained in the instru- 
ment, gave rise to the following appropriately 
combined fractions: II  (0.5 g),  combined 
esters isolated from tubes 150-180; III  (1.5 g),  
combined esters isolated from tubes 100-140; 
IV (1.6 g),  combined esters isolated from 
tubes 30-60. 

100 

80 

"~ 40 

20 

Gk k I 1 
4 5 

I I I I I I 1 I 
7 8 9 10 11 12 13 14 

Wavelength, microns 

FIG. 2. Infrared spectrum (neat) of methyl cis- 
5,cis-9,cis-12-octadecatrienoate (Fraction I). 

Characterization of Fraction ! 

Fraction I (99% pure by GLC)  was an un- 
known, which had a rather distinctive infrared 
spectrum (Fig. 2) and migration characteristics 
similar to those of methyl linolenate when sub- 
jected to TLC on ordinary silica and on silver 
nitrate-impregnated silica plates. Since there 
was no absorption in the infrared spectrum at 
10.3 /~, all double bonds present must be cis. 
Both the N M R  spectrum (Fig. 3) and the IR 
spectrum of this ester were easily distinguished 
from the spectra of other known fatty esters 
examined. However, both were quite similar 
to the corresponding spectra of methyl cis 5, 
cis 11, cis-14-eicosatrienoate (6) .  Integration 
of the N M R  spectrum of I showed the equiv- 
alent of six vinyl protons (4.4-4.8~) and two 
protons (triplet at 7.22r) typical of methylene- 
interrupted double bond systems. Hydrogena- 
tion of I gave methyl stearate, mp 37.5-38.0C, 
with the uptake of 3 moles of hydrogen. 

The double bond positions in I were proved 
unequivocally by the following procedure: A 
0.2 g sample of I was partially reduced by 
heating at 50C, with 17 ml of ethanol con- 
taining 0.5 ml of hydrazine hydrate. Air  was 

T A B L E  i 
Tota l  Fa t ty  Acid Compos i t ion  of X e r a n t h e m u m  seed  Oil  

Equivalent  chain  length 
methyl  ester  A r e a  % Wt.  % 

by f r o m  
Apparen t  acid R-446 Ap-L  G L C  a C C D b  

C16:0  16.0 16,0 11 9 
C18:0  18.0 18.0 4 3 
C18:1 18.4 17.8 20 16 
C18:2  18.9 17.7 49 36 
C18:3  19.7 17.7 1 1 
I,  u n k n o w n  19.2 17.5 6 5 
I I ,  C18:0  epoxy 22,7 19.6 Trace  3 
I I I ,  C18:1 epoxy 23.l  19.0 5 10 
IV,  C18 :2  hydroxy . . . . . . . . .  11 

Tota ls  96 94 

a Analyses  are presented  as total  methyl  esters ob ta ined  
by transesterif icat ion.  

b The  r emain ing  6 %  was  unidentified mater ia l .  This  
es t imate  represents our  best  de terminat ions  of  the  fat ty  
a c i d  compos i t ion  of  X e r a n t h e m u m  oil. 
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FIG. 3, Nuclear magnetic resonance spectrum of 
methyl cis-5,c&-9,c&-12-octadecatrienoate (Frac- 
tion I). Integral curve is dotted. 

bubbled through the mixture for 17 hr. The 
reaction mixture was then diluted with 20 ml 
of water and neutralized with dilute hydro- 
chloric acid. Products were recovered by re- 
peated ether extractions and the combined 
ether extracts dried over sodium sulfate. This 
procedure yielded 0.2 g of product shown to 
have eight components by GLC (stearate, three 
monoenes, three dienes and unreacted I). 
Similar partial hydrogenation of methyl lino- 
lenate has been demonstrated to proceed 
randomly and with no positional or geometric 
isomerization of the double bonds (7). 

A fraction (60 mg) containing only the 
three cis-monoenes formed during the reduc- 
tion was isolated by chromatography on a 25% 
silver nitrate-impregnated silica c o l u m n  (13 
mm X 14 cm) with hexane-benzene (3:2)  as 
the eluting solvent. A 54-rag portion of this 
monoene mixture was cleaved oxidatively by 
the procedure of von Rudloff (8). GLC of 
the cleavage products as free acids gave 
hexanoic (19%) ,  nonanoic (27%)  and tri- 
decanoic (51%)  acids as the monobasic frag- 
ments. Methyl esters were then prepared by 
treating the cleavage products with diazo- 
methane, and the mixture was again analyzed 
by GLC, This procedure showed nearly equal 
percentages of pentanedioic, nonanedioic and 
dodecanedioic acids as the only dibasic cleav- 
age fragments. 

Characterization of Fraction II 

Fraction II was shown to be an epoxy- 
stearate (98%)  by GLC analyses and by 
Durbetaki titration (HBE = 99). The IR 
spectrum and the TLC retention characteristics 
of lI were identical with those of known 
methyl cis-9 ,10 epoxyoctadecanoate. Fraction 
II, mp 20.0-22.5C, was dextrorotatory in 
methanol, [~]~s9 4- 0-3 ~ 
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+41- 

g 
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Fro. 4. Optical rotary dispersion of Fraction I1, 
methyl 9,10-epoxyoctadecanoate ( ) ; Frac- 
tion III, methyl coronarate and methyl vernolate 
4:1 ( . . . . . . .  ) ; methyl 12-o,13-n-epoxy-cis-9-octa- 
decenoate (vernolate) from Vernonia ( m . - - . - - ) ;  
me thy l  12-o,13-D-epoxyoctadecanoate p r e p a r e d  
from (4-)-methyl vernolate ( ............ ). All meas- 
urements were made in hexane solution. 

A portion of 1I was passed through a short 
silica column, and then crystallized from hex- 
ane to remove traces of colored materials. This 
sample of II, nap 22.0-23.5C, gave a plain 
positive ORD curve in the range 600-400 m,x; 
[~],~s9 + 0.48, [ct]45o 4- 0.96 (c. 4.15, hexane) 
(Fig. 4). 

A 52-mg portion of II was subjected to 
acetolysis by the procedure of Gunstone (9). 
Saponification of the acetolysis product gave 
49 mg of a dihydroxy acid, mp 92.0-93.5C. 
No depression of the melting point was ob- 
served upon admixture of this material and 
known threo-9 ,10-dihydroxyoctadecanoic  acid, 
mp 93.0-94.0C. The dihydroxy acid was 
cleaved with permanganate-periodate reagent 
(8). GLC analyses of the resulting products, 
as methyl esters, showed that the cleavage 
fragments were nonanoic (45%)  and non- 
anedioic (46%)  acids. 

Characterization of Fraction I l l  

By GLC analyses and by Durbetaki titration 
(HBE = 99), fraction III was identified as 
an epoxyoleate (96%) .  The IR spectrum of 
III was similar to that of known methyl verno- 
late (cis 12,13-epoxy-9-octadecenoate).  TLC 
of III and of methyl vernolate on silica demon- 
strated that III was not homogeneous and 
that the major component of III had an Rt 
slightly lower than that of methyl vernolate, 
A portion of III was further purified by col- 
umn chromatography on silica followed by 
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crystallization from hexane. The resulting 
sample gave a plain positive ORD curve in the 
range 600-350 m/x; [~],~s.9 + 3.44, [0~35o + 
8.94 (c. 9.54, h e x a n e ) ( F i g .  4).  

A 181-mg portion of I I I  was subjected to 
acetolysis and then saponified according to 
Gunstone's procedure (9) .  This treatment 
gave 177 mg of a dihydroxy-monoene acid. A 
part  of this crude product was subsequently 
cleaved with permanganate-periodate (8) to 
fix the positions of the ethylenic and vicinal 
diol groupings. The cleavage products, as de- 
termined by GLC of the methyl esters, were 
hexanoic ( 1 4 % )  and nonanedioic ( 7 4 % )  
acids. 

A second part  of the dihydroxy-monoene 
acid, obtained a f te r  acetolysis of I I I  (124 mg),  
was hydrogenated (0.9 mole H2) to give di- 
hydroxystearic acid, mp 90.0-92.5C. The melt- 
ing point was not raised by repeated crystalli- 
zation from mixtures of chloroform-hexane. 
Examination of the products after permangan- 
ate-periodate cleavage of this material, includ- 
ing that recovered from the mother liquors, 
showed the dihydroxystearic acid to be a mix- 
ture of 9 ,10-  and 12,13-isomers in a ratio 
of about 4" 1. The cleavage products identified 
by GLC of the methyl esters were hexanoic 
( 5 % ) ,  nonanoic ( 2 9 % ) ,  nonanedioic ( 4 1 % )  
and dodecanedioic (10%)  acids. The melting 
point of the saturated dihydroxy acid mixture 
(90.0-92.5C) was closely reproduced by using 
a mixture of known threo-9,10~tihydroxy- 
octadecanoic and threo-12,13-dihydroxyocta- 
decanoic acids in the same proportions (4 :1) .  

Optical Rotatory Dispersion 
Fractions II  and III, as previously mentioned, 

gave plain positive ORD curves (Fig. 4).  
Hydrogenation of a portion of fraction I I I  
was accomplished by the technique of Brown 
et al. (10) as modified by Miwa et al. (11).  
This procedure, which does not alter epoxides 
(12),  provided a mixture of epoxyoctadecan- 
Dates, mp 25.0-25.5C, which also showed a 
plain positive ORD curve in the 600-350 m/~ 
range; [~15s9 + 0.19, [~35o + 1.03~ (c. 1.36, 
hexane).  

For  comparison, methyl 12--o,13--D--epoxy-- 
cis-9-octadecenoate (13) from Vernonia an- 
thelmintica, [~ .~89+1 .99 ,  [~t]26o--7.52 ~ (c. 
3.55, hexane),  was similarly hydrogenated to 
g i v e  m e t h y l  12-D,13-D-epoxyoctadecanoate 
(12),  mp 30.0-31.0C; [e15s9-0.85, [al2~0 
-6.79 ~ (c. 4.78, hexane) (Fig. 4).  

A sample of methyl 9-D-hydroxyoctadecan- 
Date, mp 52.5-53.5C, [~]589-0.22, [~]250- 

§ .0t. i O.Oot ! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ' .2::  

-2.off "'"" A 
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l I 
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I I I 
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Fro. 5. A. Optical rotatory dispersion of 
methyl 9-o-hydroxyoctadecanoate ( . . . . .  ), 1,9-o- 
octadecanediol ( - - ) ,  and the mixture of 
1,9- and 1,10-octadecanediols obtained by LAH 
reduction of methyl 9,10-epoxyoctadecanoate from 
Xeranthemum ( - - . - - . - - ) .  B. Optical rotatory dis- 
pe r s i on  of  m e t h y l  12-o-hydroxyoctadecanoate 
( . . . . .  ), 1,12-n-octadecanediol ( ), and 
the mixture of 1,12-D- and 1,13-D-octadecanediols 
obtained by LAH reduction of methyl 12-D,13-D- 
epoxyoctadecanoate ( - - . - - . - - ) .  All measurements 
are considered correct to within +0.04 ~ and were 
made in methanol solution. All these materials 
gave satisfactory C, H analyses and were homo- 
geneous by GLC. 

1.65 ~ (c. 2.51, methanol) ,  was obtained by hy- 
drogenation of methyl dimorphecolate, a natur- 
ally occurring hydroxy acid known to have the 
D configuration (14-16) .  This saturated ester 
was subsequently converted to t,9-1>-octa- 
decanediol, mp 79.1-79.8C, [ ~  ~89-0.14, [~1250 
-0 .44  ~ (c. 2.28, methanol) ,  by reduction with 
lithium aluminum hydride (LAH) .  L A H  re- 
duction of the Xeranthemum epoxyoctadecan- 
Date ( I I )  gave a 1:1 mixture of 1,9- and 1,10- 
octadecanediols, mp 73.0-74.2C; [~]ss9 + 
0.11, [el2~0 + 0.44~ (c. 2.02, methanol) .  The 
ORD curves of these three samples are given in 
Fig. 5A. 

A sample of methyl 12-tr-hydroxyoctadecan- 
Date (hydrogenated methyl ricino!eate),  mp 
56.0-57.0C, [c~],~89-0.37, [~]250-2.32 ~ (c. 
2.42, methanol)  (15-17) ,  was reduced with 
L A H  to give 1,12-o-octadecanedioI,  mp 79.3-  
79.8C; [e1~)-0 .43 ,  [a12~0-2.97 ~ (c. 2.10, 
methanol) .  L A H  reduction of methyl 12-0,- 
13-D-epoxyoctadecanoate gave a 1:1 mixture 
of 1,12--D-- and 1,13-o-octadecanediols,  mp 
74.0-75.0C; [~5~.~,-0.36, [~2.~o-2.98 ~ (c. 
2.56, methanol) .  The ORD curves of these 
three samples are given in Fig. 5B. 
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Characterization of Fraction IV 

Fraction IV had IR maxima at 2.76 (OH) ,  
10.19 and 10.54/z (cis, trans conjugated diene). 
A single maximum in the UV at 234 m/z, 
Ell%era 822 (cyclohexane),  also indicated 
cis, trans conjugated diene. TLC of fraction IV 
on an ordinary silica plate showed two spots 
judged to be of equal intensity. The R~ values 
of these spots corresPond closely to those of 
methyl 9-hydroxy-10,12-octadecadienoate  and 
m e t h y l  1 3 - h y d r o x y - 9 , 1 1 - o c t a d e c a d i e n o a t e  
under conditions described by Morris and 
Wharry (18). 

DISCUSSION 

Hydrogenation of fraction I demonstrated 
that it had a normal C18 carbon skeleton and 
had the equivalent of three double bonds. The 
N M R  and IR spectra of I, as well as its TLC 
migration characteristics, are consistent with a 
structure having two cis double bonds sepa- 
rated by one methylene group and another cis 
double bond separated from the other two by 
more than one methylene group. Partial hydra- 
zine reduction of I, followed by oxidative cleav- 
age of the resulting cis-monoenes, placed the 
double bonds at the 5, 9 and 12 positions. Thus 
I can only be methyl cis-5,cis 9,cis-12-octa- 
decatrienoate. 

cis-5,cis 9,cis-12-Octadecatrienoic acid has 
previously been reported in tall oils and in vari- 
ous extracts of pine and birch (19,20).  The 
presence of this acid in Xeranthemum (a Com- 
positae) suggests that its occurrence in plants 
may be even more widespread. Other fatty 
acids having isolated double bonds at the 5 
position (both cis and trans) have recently 
been discovered in a wide variety of plant 
sources (6 ,21-29) .  The biochemical signifi- 
cance of these • unsaturated acids is not yet 
understood. 

The experimental data on fraction II  clearly 
demonstrate that it is methyl cis-9,10-epoxy- 
octadecanoate. The observation that I I  was 
dextrorotat0ry in methanol indicates that it is 
the same optical isomer found by Tulloch (30) 
in Lycopodium spores and in wheat stem rust 
spores. Fract ion I I I  is clearly a 4:1 mixture of 
methyl c i s - 9 , 1 0 - e p o x y - 1 2 - o c t a d e c e n o a t e  
(coronarate)  and methyl cis-12,13-epoxy-9- 
octadecenoate (vernolate).  

To determine the absolute configuration of 
( + ) -methy l  cis-9,10-epoxyoctadecanoate, it 
was necessary to compare it to a suitable refer- 
ence compound of known absolute configura- 
tion. For  this comparison, 9-D-hydroxyocta-  
decanoic acid, which was synthesized by Baker 
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and Gunstone (14) and shown to be levorota- 
tory by Schroepfer and Bloch (16),  seemed 
most appropriate. L A H  reduction of a O,D-- 
epoxyoctadecanoate gives rise to a 1:1 mixture 
of octadecanediols (31 ), both of which neces- 
sarily are o because configuration is retained 
by the oxygen function (13,32).  

We have demonstrated that the 1 ,9 -o -  and 
1,12-o-octadecanediols  are both levorotatory, 
and we can safely predict that the 1,9- to 
1,16-octadecanediols of D configuration are 
all levorotatory (33).  As the mixture of 1,9- 
and 1,10-octadecanediols from L A H  reduction 
of ( q- ) -methy l  cis 9,10-epoxyoctadecanoate 
is dextrorotatory (Fig. 5),  we can only con- 
clude that they both have the L configuration. 
Therefore, ( q- ) -methy l  cis-9,10-epoxyocta- 
decanoate has the 9--L,10--L configuration or 
the (9R,10S) (34).  Since II and methyl 12-o, 
13-D-epoxyoctadecanoate have rotations of op- 
posite sign, evidently they have opposite con- 
figurations. As hydrogenation of fraction I I I  
gave a 4:1 mixture of 9 ,10-  and 12,13-epoxy 
esters and since the mixture was dextrorotatory, 
( + ) -me thy l -c i s -9 ,10-epoxy-c i s -12-oc ta-  
decenoate must also have the 9-L,10-L (9R, 
10S) configuration. The 1 : 1 mixture of 1,12- 
and 1,13-octadecanediols, obtained by reduc- 
tion of ( q- ) -vernol ic  acid, and known 1 ,12-0-  
octadecanediol are all levorotatory. Thus, we 
can also conclude that ( q - ) -ve rno l i c  acid has 
the 12-D,13--D (12S,13R) configuration. This 
assignment is in complete agreement with the 
earlier findings of Morris and Wharry  (13) 
although our approach involves a different re- 
action sequence. 

Epoxy acids occur commonly as-constituents 
of seed oils. Although only one epoxy acid is 
found in some oils (9 ,35-38) ,  in others two or 
more are present (39).  All  the naturally oc- 
curring epoxy acids appear to be optically ac- 
tive and the best known of these, vernolic, 
exists in both ( §  and ( - )  forms (13,40).  

The Xeranthemum dienols are current ly  
under further investigation in this Laboratory 
and will be the subject of a future paper. 
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Vernolic acid was a gift from C. F. Krewson; GLC 
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ABSTRACT 

Phosphol ip ids  were  isolated f rom sheep, 
Indian buffalo, and h u m a n  milks, and their  
fatty acid composi t ions  de te rmined  by  gas 
chromatography .  The  specific distr ibutions 
of fatty acids in phosphat idyl  cholines 
(PC)  and phosphat idyl  e t h a n o l a m i n e s  
( P E )  were de te rmined  after phosphol ipase  
A hydrolysis.  

Fat ty  acid composi t ions  and specific dis- 
tr ibutions were similar in sheep and buffalo 
milk phosphol ipids ,  and compared  closely 
with those of bovine milk. H u m a n  milk 
phosphol ipids ,  par t icular ly  PE,  conta ined  
much  larger amounts  of  po lyunsa tura ted  
acids, but  negligible amounts  of  b ranched-  
chain acids. Palmit ic  and oleic acids 
were evenly distr ibuted in h u m a n  milk 
PC and PE,  whereas  they were  preferen-  
tially located in the ~' posi t ion in PC  and 
P E  of ruminan t  milks. 

The  results are discussed in the context  
of cur ren t  theories of lipid biosynthesis .  

INTRODUCTION 

A LTHOUGH THE PHOSPHOLIPIDS of bovine  
milk have been  studied extensively in the 

past  (1 ,2) ,  new methods  of analysis reveal 
additional facts concern ing  these impor tan t  
lipids. It has been  demons t ra t ed  that  several 
classes of phosphol ip ids  and glycolipids are 
present  and we have recent ly  de te rmined  the 
composi t ion  and distr ibution of fat ty acids in 
the principal  classes (3) .  However ,  compara -  
tively little is k n o w n  about  the phosphol ip ids  
of  milk f r o m  other  species and mos t  of the 
available data  have been  es t imated f rom lipid 
phosphorus  values. The  compos i t ion  of milks 
f rom several different species is given in Table  
I. These  l imited data suggest  that  milk lipids 
f rom the h u m a n  and horse  contain  more  phos-  
pholipids than  milk lipids f r o m  ruminants .  
Within  individual  species, Baliga and Basu (4) 

i Part I of this series is "Fatty Acids of Bovine Milk 
Glycolipids and Phospholipids, and Their Specific Distri- 
bution in the Diacylglycerophospholipids," W. R. Mor- 
rison, E. L. Jack and L. M. Smith. JAOCS, 42, 1t42-1147 
(1965). 

found  that  the phosphol ip id  content  of  cow, 
sheep and goat milks increased with increasing 
fat  content ,  but  did not  change  in buffalo milk. 

The  propor t ions  of  the various phosphol ip ids  
in milks were  studied by Baliga and Basu (4)  
who  repor ted  ca. 30% lecithin, ca. 25% sphin- 
gomyelin,  and ca. 45% cephal in  !by difference)  
in the milks of  cow, sheep, goat and Indian  
buffalo. Rawat  has r epor ted  similar figures for  
cow, sheep, buffalo and goat  milks (5)  and 
Nagasawa  et al. (6) have also given similar 
figures for  cow and h u m a n  milks. Our  own 
phosphol ip id  analyses by two-dimensional  thin- 
layer ch ro ma t o g rap h y  ( T L C )  are of  the same 
order,  a l though more  detailed, and will be  
publ ished e lsewhere  in due  course. 

We  are not  aware of any  publ ished work  on  
the composi t ion  and dis tr ibut ion of fat ty acids 
in the various phosphol ip ids  of milks o ther  
than bovine milk. K u d o  et al. (7)  de te rmined  
the fat ty acid compos i t ion  of the total phos-  

TA13LE I 
Proximate Composition of Some Milks 

from Different Species 

Phospho- Phospho- 
Total Total lipids in lipids in 

Species solids a lipids a 100 g milk total lipids 

% % mg % 
Cow 12.7 3.7 34b, 38e,d 0.87 b, 0.80 e 
Sheep 16.3 5.3 43 a, 58 e 0.81a, 0.74e 
Indian buffalo 17.1 7.5 21e, 37g 031% 0.54g 
Human 12.4 3.8 60 e 1.42 r 
Goat 13.4 4.1 37a, 50e 0.73 d, 1.03 e 
Pig 21.2 9.6 79 a 0.82 a 
Camel 13.4 3.1 - -  - -  
Horse 11.0 1.6 26 a 1.65 a 

Note: All constituents vary considerably with such fac- 
tors as age, breed, diet, stage of lactation, number of 
lactations, analytical methods, etc. Only average values 
representative of each species are listed. 

a Long, C., "Biochemists' Handbook," 1st ed., Van 
Nostrand Co. Inc., Princeton, N. J., 1961, p. 896-897. 

b Webb, 13. H., and A. H. Johnson, "Fundamentals of 
Dairy Chemistry," 1st ed., The Avi Publishing Co. Inc., 
Westport, Conn., 1965, p. 144. 

c McDowell, A. K. R., J. Dairy Res. 25, 202-214 (1958). 
d Steger, H., Arch. Tierzucht 3, 568-574 (1960). 
e Baliga, 13. S., and K. P. 13asu, Indian L Dairy Sci. 

9, 24-35 (1956). 
f Hess, A. F., and F. D. Helman, J. Biol. Chem. 64, 

781-796 (1925). 
gRawat, R. S., Dairy Sci. Abstr. 28, 263 (1966). 
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pholipids of  h u m a n  milk, but  no a t t empt  was 
m a d e  to examine  the  fa t ty  acid compos i t ion  of  
each  phosphot ip id  class. T h e  work  repor ted  in 
the p resen t  paper  is pa r t  of  a compara t ive  
study of the compos i t ion  and distr ibution of  
fa t ty  acids in the triglycerides ( T G )  and major  
phosphol ip ids  of milks f r o m  several species 
(3 ,8) .  

EXPERIMENTAL 

Sheep milk was  obta ined f r o m  six Suffolk 
ewes (Univers i ty  of  California,  Davis ) ,  pooled,  
freeze-dried,  and s tored unde r  n i t rogen at - 2 0 C ,  
Spray-dr ied Ind ian  buffalo milk was supplied 
in n i t rogen-packed  cans by C. B, Shah,  Insti- 
tute of  Agricul ture ,  Anand ,  India.  H u m a n  milk 
was obta ined by cour tesy  of  P, M. Peacock,  
Glasgow Royal Matern i ty  Hospital ,  and indi- 
vidual batches  were  f reeze-dr ied  and s tored at 
-20C.  Average  analyses of  several batches  of  
h u m a n  milk phosphol ip ids  were  comparab le  
to those expected  f r o m  repl icate  analyses of  
pooled samples.  

The  p rocedures  used to ext rac t  and isolate 

the lipids were  as previously described,  (3)  
and the analytical p rocedures  w e r e  substantial ly 
unchanged.  Fa t ty  acid methyl  esters were  an- 
alyzed by G L C  on  die thylene  glycol succinate 
and Ap iezon  L co lumns  (3) ,  M o r e  recent ly  it 
was f o u n d  m o r e  sat isfactory to hydro lyze  phos-  
phat idyl  e thanolamine  ( P E )  wi th  snake  v e n o m  
phosphol ipase  A in 2: 4: 6-col l idine/HC1 buffer 
(9) .  The  hydrolysis  p roducts  were  recovered  
by adding CHC13 and M e O H  to conver t  the 
hydrolysa te  to a monophas i c  Bligh and Dyer  
(10)  ext rac t ion med ium,  which  was then  par-  
t i t ioned in the usual manner .  

RESULTS AND DISCUSSION 

The  phosphat idyl  serine (PS)  f ract ion f r o m  
each species included phosphat idyl  inositol 
(PI )  because  the prepara t ive  T L C  technique  
used (3)  did not  separate  these two phospho-  
lipid classes. Phospha t idy l  chol ine ( P C ) ,  phos-  
phat idyl  e thano lamine  ( P E )  and sphingomyel in  
(Sph)  were  examined  by two-dimensional  T L C  
and by inf rared  spectral  analysis and were  
found  to be free f rom impurities.  

TABLE II 
Specific Distribution of Fatty Acids (mole %) in Milk Phosphatidyl Cholines 

Sheep Indian buffalo Human 
Fatty acid a a r /3 total a' fi total a' /3 total 

12: 0 0.7 0.4 0.5 0.3 0.5 0.4 
i13:0 0.3 0.4 0.1 
13:0 0.1 0.4 0.1 0.1 0.2 

i14:0 0.6 0.1 0.2 0.2 0.1 
14:0 4.0 5.4 4~6 3.7 7.1 5.7 3.4 4.9 4.5 
14:1 0.3 0.7 0.3 

i15:0 0.3 0.4 0.3 0.2 1.3 0.7 
ai15:0 0.3 0.2 0.2 

15:0 1.5 0.8 1.3 1.3 1.4 1.3 
15:1 0.3 0.t 
i16:0 0.3 0.7 0.4 0.4 0.8 0.4 
16:0 42.5 32.0 38.2 34.9 19.2 27.7 34.2 32.3 33.7 
16:1 0.7 :0.3 0.5 1.5 3.2 2.1 1.5 2.2 1.7 

i17:0 0.5 1.4 0.7 
ai17:0 0.9 1.6 1.2 

17:0 1.1 0.4 1.I 0.5 0.5 0.6 
17:1 0.7 0.1 0.3 

i18:0 0.2 0.2 0.2 0.3 0.5 0.3 
18:0 16.9 4.7 10.6 24,8 6.2 15.6 43.9 2.1 23.1 
18:1 19.2 35.0 26.6 26.7 42,1 35.0 14.3 13.7 14.0 
18:2 2.9 6.7 4.3 2.0 9.9 5.7 2.7 30.9 15.6 

tt18:2 0.3 0.7 0.6 
18:3 1.0 3.4 2.8 0.4 2.0 0.6 2.0 1.3 

t t t l  8 : 3 1.0 1.8 1.7 

19:9 0.7 0.5 
20:0 0.4 0.4 0.4 0.4 0.4 
20:1 0.4 
21:0 0.2 0.2 0.2 
20:3 0.3 0.3 0.4 3.9 2.1 
20:4 0.6 0.3 1.5 0.7 6.6 3.3 
22:4 0.6 0.3 
22:6 0.8 0.4 

Unknowns 3.3 2.1 2.7 1,0 1.7 1.2 
Total 

saturated 70.6 49.0 59.8 68.1 38,9 53.6 81.5 39.3 61.3 

a i z iso; a i  ~ anteiso; t t  ~ trans, trans; t t t  = traus, trans, trans. 
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T A B L E  III 
Specific Distribution of Fatty Acids (mole %) in Milk Phosphatidyl Ethanolamines 

Fatty acid 

Sheep Indian buffalo Human 

a'  fi total  a '  p total  a '  B total 

12:0 
i13:0 
13:0 

i14:0 
14'0 
14:1 

i15:0 
a l l 5 : 0  

15:0 
i16:0 
16:0 
16:1 

i17:0 
ai17:0 

17:0 
17:1 

i18:0 
18:0 
18:1 
18:2 
18:3 

t~18:3  
19:0 
20:0 
21:0 
20:3 
20:4 
22:4 
22:6 

Unknowns 
Total 

saturated 

0.4 0.4 0.4 0.3 0.2 0.7 
0.1 

0.1 0.2 0.1 
0.1 0.1 

1.9 2.0 1.6 1.1 0.8 1.4 1.0 1.0 1.1 
0.1 0.2 0.1 

0.2 0.3 0.2 0.1 0.1 
0,1 0,2 0.2 
0.6 0.6 0.5 0.3 0.2 0.3 
0.2 0,2 0.1 0.5 0.4 0.1 

20.1 9.4 14.9 15.2 5,0 10.4 9.3 8.2 8.5 
1.2 1.6 3,0 2.0 1.8 3.3 2.4 

0.5 0.3 0.2 
t.2 1.3 0.7 
1.4 0.4 1.0 1.0 0.3 0.6 

0.6 
0.2 0.1 0.3 0.6 0.5 

21.6 3.8 13.2 30.2 4.7 19.7 65.4 1.3 29.1 
44.4 60.4 52.2 43.3 47,5 43.1 18.1 15.3 15.8 

2.8 9.8 7.3 2.4 26,6 13.9 4.4 30.2 17.7 
5.0 2.4 0.4 3.9 1.9 5.1 4.I 
0.7 0.9 

0.2 0.3 0.2 
0.7 0.6 0.6 
0.5 0.3 0.3 
0.4 0.8 0.7 

1.1 1.0 0.3 2.2 0.9 

4.2 2.6 2.9 0.5 2.4 2.5 

48.6 19.2 33.3 50.8 14.2 35.6 

5.4 3.4 
20.9 12.5 
4.1 2.8 
5.2 2.6 

75.7 I0.5 38.7 

The fatty acid compositions of PC, PE, and 
PS + PI are given in Tables II, III, and IV. 
The amounts of each of the major fatty acids 
in the sheep and Indian buffalo are in reason- 
able agreement with those of bovine milk (3)  
if allowance is made for variations in feed. In 
both ruminant and human milks, the PE con- 
tains higher proportions of unsaturated fatty 
acids than does PC, and the PS + PI fraction 
is intermediate between PE and PC in total 
unsaturated fatty acids. The fatty acid compo- 
sitions of human milk PC, PE, and PS + PI 
are simpler than for the corresponding phos- 
pholipids from ruminant milks whose fatty 
acids are derived in part from activities of the 
rumen microorganisms. 

The fatty acid composition of sphingomyelin 
(Sph) from sheep, buffalo, and human milks 
is given in Table V. The fatty acids are typi- 
cally saturated or monounsaturated, and the 
Sph of ruminant milks contains characteristic- 
ally large amounts of 23:0,  and significant 
amounts of 22:0 and 24:0. The general pattern 
of fatty acids in Sph from sheep and buffalo 
milks compares fairly well with that of bovine 
milk Sph. The fatty acids of human milk Sph 
differ in that there are roughly equal amounts 
of 16:0, 18:0, 22:0 and 24:0 w i t h  l e s s e r  

LIPIDS, VOL. 2, NO. 2 

amounts of the corresponding monoenes.  There 
is some 23:0 present, but it is not a major com- 
ponent. 

It is apparent from Tables II-V and from 
our previous studies (3, 11) that the compo- 
sition and specific distribution of fatty acids 
in phospholipids from ruminant milks are simi- 
lar. Ruminant milks contain significant amounts 
of branched-chain and odd-numbered fatty 
acids, whereas these acids are essentially absent 
in human .milk phospholipids. 

Tables II and III also show the distribution 
of each fatty acid .between the ~'- and /?-posi- 
tions of PC and PE. The trends for these milk 
phospholipids are similar to those reported for 
PC and PE from other sources (12) ,  namely, 
the saturated fatty acids are located preferen- 
tially at the e'-position and the unsaturated at 
the /?-position. Human milk PC and PE are, 
however, exceptional in their almost even dis- 
tribution of 16:0 and 18:1 between the e'- and 
fl-positions. 

According to present concepts, the biosynthe- 
sis of TG and diacylglycerophospholipids in- 
volves a common D-e,  /?-diglyceride precursor 
(13) .  The positional distribution of fatty acids 
in TG compared to that in PC and PE from 
milks of the same species is therefore of in- 
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T A B L E  IV 

Fat ty  Acid Compos i t ion  (mole % )  of Milk  Phosphat idyl  
Serines + Phosphat idyl  lnosi tols  Frac t ion  

Indian  
Fat ty  acid Sheep buffalo H u m a n  

12:0 0.7 0.5 
13:0 0.2 0.3 

i14 :0  0.2 0.2 
14:0 1.9 2.1 2.5 
14:1 0.4 0.2 

i15 :0  0.3 
15:0 0.6 0.4 

i16 :0  0.7 0.3 
16:0 16.9 12.3 15.9 
16:1 1.9 1.7 1.2 
17:0 0.9 0.5 

i18:0 0.6 
18:0 20.5 20.4 39.7 
18:1 36.8 3924 13.0 
18:2 8.2 8.9 17.4 

t t 18 :2  0.9 
18:3 4.2 1.8 1.5 
19:0 1.4 0;9 
20:0 1.6 0.8 
20:3 1.2 3.2 
20:4 1.9 1.2 3.4 
22:4 1.4 
22:6 0.8 

Unknowns  1.0 5.1 

Tota l  saturated 45.6 39.6 58.1 

T A B L E  V I  

Compar ison  of the Propor t ion  (%)  of Each Major  F a t t y  
Acid Esterified at the B-position in TG,  PC, and PE of 

Mi lk  Fats  of Different Species. 

Propor t ion  of fatty acid at B posi t ion 
Fat ty  

Species acid T G  a PC b P E  b 

Bovinea 16:0 39 42 18 
18:0 17 16 8 
18:1 24 57 51 
18:2 15 81 87 
20:4 - -  86 87 

Sheep 16:0 29 42 32 
18:0 25 22 26 
18:1 36 64 46 
18:2 36 72 74 
20:4 - -  83 78 

Indian 
buffalo 16:0 37 36 28 

18:0 24 20 18 
18:1 33 61 53 
18:2 28 82 94 
20:4 - -  I00 91 

Human  16:0 74 48 47 
18:0 8 5 2 
18:1 12 49 46 
18:2 17 95 87 
20:4 - -  ,100 84 
22:4 - -  100 73 
22:6 - -  100 100 

terest. The relative distribution of a particular 
fatty acid between the fl-position and the t e r -  
minal positions of TG can be determined by 
hydrolyzing the TG with pancreatic lipase 
which specifically cleaves fatty acids from the 
ct- and c(-positions. Similar information for 

T A B L E  V 

Fat ty  Acid  Compos i t ion  (mole %) of Mi lk  Sphingomyelins 

Ind ian  
Fat ty  acid Sheep buffalo Human  

0,3 0.7 
0.3 
0.5 

2,5 1.4 
0.2 

0.4 1.0 
0.1 0.4 

22.5 17.3 
1.0 0.6 
1.1 0.6 

12:0 
13:0 

i14 :0  
14:0 
14:1 
15:0 

i16 :0  
16:0 
16:1 
17:0 
17:1 

i 18 :0  
18:0 
18:1 
18:2 
19:0 
20:0 
20:1 
21:0 
22:0 
22:1 
23:0 
23:1 
24:0 
24:1 

Unknowns  

Total  saturated 

0.2 0.4 
8.1 2.3 
6.2 0.7 
0.5 

0.5 1.0 
0.7 
1.0 1.1 
7.5 17.4 

27.2 31.4 
1.2 

17.0 20.7 
2.0 

2.0 

88.4 96.5 

a T G  data f rom Freeman et al. (8 ) ;  bovine  PC and PE 
results calculated f rom data  of Morr ison  et al. (3) .  

b Calculated f rom ( F A / 2 P L )  ;< 100 = propor t ion  (%)  of 
fatty acid type esterified at the B-position, where F A  = mole 
% of  the acid bydrolyzed by phosphol ipase A and PL 
mole % of the acid in  the original  diacylglycernphospholipid.  

diacylglycerophospholipids can be obtained by 
phospholipase A hydrolysis. The proport ion 
( % )  of each major fatty acid esterified at the 
fl-position of TG,  PC, and PE from ruminant 
and human milks is compared in Table VI. 
Within each species, the distribution patterns 
for PC and PE are essentially similar but  both 
patterns differ from that of the TG.  Signifi- 
cantly smaller proportions of the 1 8 : 1 and 18: 2 

2.0 acids are located at the fl-position in the TG,  
and C~o and C~2 polyunsaturated acids are ab- 

0.1 
sent. Comparison of the results for the various 

12.8 species shows that the patterns for each lipid 
0.6 0.5 class (TG, PC, PE) are generally similar for 
0.3 the ruminants, whereas each of t h e  lipids of 

human milk has a greater proport ion o f  16:0 
11.8 

1.0 and a smaller proport ion of 18:0 at the fl- 
0.3 position than the ruminants. Thus it is evident 
0,4 
8,9 that there are differences in the distribution of 
0.5 fatty acids at the fi-position between TG and 
0,8 diacylglycerophospholipids of milks from both 

19,5 
1.6 ruminants and humans. 
4.o However, these results a re  not necessarily in- 

19.5 consistent with the concept of a common di- 
~5.4 glyceride precursor, but confirm, rather, the 
80.3 complex nature of lipid biosynthetic pathways. 

There are some indications of the means where- 
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b y  p h o s p h o l i p i d  f a t t y  a c i d s  m a y  b e c o m e  c h a r -  
a c t e r i s t i c a l l y  d i f f e r en t i a t ed .  W e i s s  e t  al. ( 1 4 )  
h a v e  s u g g e s t e d  t h a t  t h e  e n z y m e s  c a t a l y z i n g  t h e  
s y n t h e s i s  o f  T G  a n d  p h o s p h o l i p i d s  f r o m  d ig ly-  
c e r i d e s  m a y  be  spec i f ic  f o r  d i g l y c e r i d e s  o f  d i f -  
f e r e n t  f a t t y  a c id  c o m p o s i t i o n .  I t  h a s  a l so  b e e n  
s u g g e s t e d  t h a t  p h o s p h o l i p i d s  f o r m e d  in i t i a l ly  
m a y  be  s u b j e c t  to  p h o s p h o l i p a s e  A h y d r o l y s i s  
w h i c h  is spec i f ic  f o r  c e r t a i n  f a t t y  a c i d s  ( 1 5 ) ,  
a n d  t he  l y s o p h o s p h o l i p i d s  c o u l d  t h e n  be  r e a c y -  
l a t ed  b y  spec i f ic  a c y l t r a n s f e r a s e s  ( 1 6 ) .  L a n d s  
e t  al. ( 1 7 )  h a v e  r e c e n t l y  s h o w n  t h a t  a c y l t r a n s -  
f e r a s e  ac t i v i t y  is v e r y  m u c h  i n f l u e n c e d  b y  t h e  
l o c a t i o n  a n d  c o n f i g u r a t i o n  o f  d o u b l e  b o n d s  in  
f a t t y  acids .  T h e r e  is a t  p r e s e n t  n o  i n f o r m a t i o n  
ava i lab le  o n  t he  n a t u r e  a n d  d i s t r i b u t i o n  o f  f a t t y  
a c i d  i s o m e r s  in  m i l k  p h o s p h o l i p i d s ,  b u t  we  
h o p e  to o b t a i n  s u c h  i n f o r m a t i o n  in  f u t u r e  
w o r k .  

REFERENCES 

1. Jenness. R.. and S. Patton, "Principles of Dairy Chem- 
istry," 1st ed., John Wiley and Sons, New York, 1959, p. 38. 

2. Webb, B. H., and A. H. Johnson, "Fundamentals of 
Dairy Chemistry," 1st ed., Avi Publishing Co., Inc., West- 
port, Conn., 1965, p. 138-148. 

3. Morrison, W. R., E. L. Jack and L. M. Smith, 
JAOCS 42, 1142-1147 (1965). 

4. Baliga, B. S., and K. P. Basu, Indian J. Dairy ScL 
9, 25-35 (1956). 

5. Rawat, R. S., Dairy Sci. Abstracts 28, 263 (1966). 
6. Nagasawa, T., T. Ryoki and T. Kudo, J. Japan. Soc. 

Food Nutr. 18, 387-390 (1966). 
7. Kudo, T., T. Ryoki and T. Nagasawa, Ibid. 17, 68-72 

(1964). 
8. Freeman, C. P., E. L. Jack and L. M. Smith, J. 

Dairy Sci. 48, 853-858 (1965). 
9. Magee, W. L., and R. H. S. Thompson, Biochem. J. 

77, 526-534 (1960). 
i0. Bligh, E. G., and W. J. Dyer, Can. J. Biochem. 

Physiol. 37, 911-917 (1959). 
11. Smith, L M., and R. R. Lowry, J. Dairy Sci. 45, 

581-588 (1962). 
12. Van Deenan, L. L. M., "Progress in the Chemistry 

of Fats and other Lipids," Vol. 8, Part 1, Pergamon Press, 
Oxford, 1965, p. 45. 

13. Kennedy, E., Federation Proc. 20, 934-940 (1961). 
14. Weiss, S. B., E. P. Kennedy and J. Y. Kiyasu, J. 

Biol. Chem. 235, 40--44 (1960). 
15. Nutter, L. J., and O. S. Privett, Lipids 1, 258-262 

(1966). 
16. Lands, W. E. M., and P. Hart, J. Lipid Res. 5, 

81-87 (1964). 
17. Lands, W. E. M., M. L. Blank, L, J. Nutter and 

O. S. Privett, Lipids 1, 224-229 (1966). 

[Rece ived  Sept. 26, 1966] 

LIPlOS, VOL. 2, No.  2 



Ultracentrifugal Isolation of Serum Chylomicron-Containing 
Fractions with Quantitation by Infrared Spectrometry 
and NCH Elemental Analysis 

F. T. HATCH, 1 N. K. FREEMAN, L. C. JENSEN, G. R. STEVENS and F. T. LINDGREN, Donner Laboratory, 
Lawrence Radiation Laboratory, University of California, Berkeley, California 

ABSTRACT 

An ultracentrifugal method for isolat- 
ing chylomicron-containing fractions from 
serum by flotation, using either standard 
Spinco swinging-bucket rotors or a spe- 
cially fabricated swinging-bucket rotor, is 
described. Lower limits of  the Sf rates of 
the chylomicron fractions are evaluated 
using a computer technique to define lipo- 
protein flotation over a nonlinear NaC1 
density gradient. The latter is prepared by 
a special overlayering technique. 

Quantitation within a 0-50 /zg region of 
mass assay is accomplished by both infra- 
red spectrometry and elemental analysis 
for N, C and H. Results indicate that the 
chylomicron concentration in serum for a 
small population of nonfasting male adults 
ranges from approximately 0-50 mg %. 

INTRODUCTION 

S INCE THE DISCOVERY over 40 years ago of 
the chylomicrons, by Gage and Fish (1), 

the importance of this class of chyle and serum 
lipoprotein particle to states of fat absorption 
and transport has been increasingly recognized. 
Efforts to isolate and quantitate the chylomi- 
crons have included the original procedure of 
dark field counting of individual particles (1),  
estimations by turbidimetric procedures (2),  
flocculation by chemical procedures including 
toluidine blue (3) and polyvinyl-pyrrolidone 
(4), and by numerous combinations of ultra- 
centrifugal isolation (5-8) and mass assay. An- 
other fractionation procedure has utilized 
starch block electrophoresis in combination 
with preparative ultracentrifugation (9). Also, 
swinging-bucket procedures, including the use 
of both sucrose (10) and salt (11) gradients, 
have been used in an effort to characterize the 

particle-size distributions of the chylomicron 
spectra. However, all of these techniques, al- 
though very useful for specific experimental 
applications, have limitations and are difficult 
to reproduce from one laboratory to another. 

1Associated with the Bin-Medical Research Division, 
Lawrence Radiation Laboratory, Livermore, California. 

Stated quite simply, the two basic problems 
of chylomicron analysis are to define unam- 
biguously the isolation procedure and to pro- 
vide for an accurate and reproducible mass 
assay. Although the preparative ultracentrifuge 
has been widely used to isolate chylomicron 
fractions, there is little agreement among work- 
ers as to what conditions should be used. As 
recommended by Dole and Hamlin (7), it is 
desirable to express the fractionation in terms 
of the product of mean relative centrifugal 
force and time (g X minutes) as well as to 
define the full conditions of preparative ultra- 
centrifugation. Depending upon many factors 
such as the temperature of fractionation, the 
solvent or solution density and whether an 
angle or swinging-bucket type rotor is used, 
a wide range in ultracentrifugation expressed 
in terms of g X minutes has been reported (6). 
Thus, values of from 0.1-3.0 X 106 g >( 
minutes have been used at centrifugal fields 
of from 9,500 X g to 100,000 X g. 

A rigorous definition of the chylomicra is 
difficult, particularly if fractions are isolated 
from plasma or serum as contrasted with chyle. 
AlSo, with ultracentrifugal procedures there 
is potentially the complication of including 
some endogenous large very low-density lipo- 
proteins in any chylomicron fractiona- 
tion procedure. Therefore, it appears advan- 
tageous at this time to define a chylomicron- 
containing fraction isolated ultracentrifugally 
only in terms of its included S~, range. The 
following procedure, utilizing a nonlinear salt 
gradient in a swinging-bucket rotor, is pre- 
sented for isolating a Sf 400-105 fraction from 
human sera. With modifications only in the 
centrifugal conditions, this procedure may be 
used for defining a fraction with any desired 
lower S~ limit with relatively small differences 
between anticipated threshold and 100% re- 
covery (as defined below). 

With the exception of the peak period of fat 
absorption in the normal (1, 12) as well as in 
certain pathological states of hyperlipemia (13- 
15), the chylomicron class of lipoproteins ex- 
ists at relatively low abundance. Therefore, the 
quantitation of chylomicrons from 1 ml of sera 
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N a C I  solution 
/020 

( ~ D s o I - ~ D H 2 0 ) 2 ~  (ml) (g /ml  

�9 .J 

0.00199 0-1 1 .0064 

0 . 0 0 3 2 7  1-2 1.0117 

0 .00519  2-3  1.0197 

0 . 0 0 6 9 3  3-4  1.0271 O . . . . . .  

L 0.00850 4-4.5 1_ 03_36 2 . . . . . .  
0.01154 4.5-5 1 .0464 4 

0.01599 5-6 ~ 5 ~  i 

FIG. l. Over-layering procedure for preparing nonlinear salt gradient. Successive 0.5 and l ml layer- 
ings, drop by drop over 1 ml salt solution or serum. 

becomes a microanalytical problem. We have 
developed two independent procedures for this 
quantitation, one based on infrared spectropho- 
tometry and the other on elemental analysis for 
nitrogen, carbon and hydrogen (NCH).  In 
either method, an aliquot of the top fraction 
of the density-gradient preparation may be 
used directly. 

EXPERIMENTAL 

Serum and NaCl Gradient Preparation 
Dry sodium chloride in the amount of 84.4 

mg was weighed into a screw-cap vial and 
1.00 ml of serum was added. The salt was 
dissolved by swirling the vial to adjust the 
solution density to 1.063 g/ml. Exactly 1.00 
ml of this solution was placed in the bottom 
of a 0.5 X 2.5 in. cellulose nitrate ultracentri- 
fuge tube. This tube was placed in a plastic 
holder, tilted to a position 25 ~ from horizon- 
tal, and was illuminated by a beam of light 
from the side. 

Precise volumes of the sodium chloride solu- 
tions tabulated in Fig. 1 were added above the 
serum layer dropwise from a Pasteur pipette 
(inside bore of capillary 0 . 4 -  0.6 mm) in the 
order of decreasing densities, forming a gradi- 
ent from the bottom to the top of the tube. 
The pipette tip was placed in the tilted tube 
so that the droplets fell upon the tube wall 
just above the surface of the solution. After 
the gradient had been formed, the tube was 
returned to the vertical position, capped with a 
standard 1/2 in. Spinco tube cap (stainless 
steel plunger),  and was placed in a four-place 
swinging-bucket rotor (16). Opposing buckets 
were balanced with lead shot within 15 mg. 
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Alternatively, a 25.1 or a 25.3 Spinco type 
rotor equipped with 6 ml tube adapters may 
be used. 

Refractive increments at 26.0C were de- 
termined with an Abbe precision refractometer 
for indirect measurement of solution densities 
and determination of changes occurring dur- 
ing gradient formation and ultracentrifugation. 
Serum adjusted with NaC1 to density 1.063 
g/ml  (excluding macromolecular contribution 
to density) was placed at the bottom of the 
tube, except in control studies when a NaC1 
solution was used. The disodium salt of ethyl- 
enediamine tetraacetic acid, normally used in 
lipoprotein work, was omitted because it would 
contribute an unreasonably high background 
for the elemental analysis. 

Ultracentrifugation was carried out in a 
Model L preparative ultracentrifuge (Beckman 
Instruments, Inc., Palo Alto, Calif.) equipped 
with a vacuum sentinel (17). Rotor speeds 
of from 11,000 to 13,000 rpm were employed 
at 19-20C chamber temperature for a period 
(approximately 2.5 hr at 12,000 rpm for the 
4-place swinging-bucket rotor) calculated to 
bring all lipoproteins of Sf greater than 400 
into the top 1.0 ml of solution. In all fraction- 
ations, a value of 2 .26•  X 106 g X min 
was used. Because of the difficulty in con- 
trolling and measuring accurately low rotor 
speeds, a mean rpm was calculated after ap- 
proximately 2.25 hr up-to-speed (UTS).  On 
the basis of this speed continuing for the re- 
maining period, a shut-off time was calculated 
to yield 2.26 X 106 g ;< min of ultracentrifu- 
gation. Included in this calculation was a value 
of 3.27 min UTS equivalent, corresponding 
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FIG. 2. Comparison of static and dynamic gradient used in chylomicron isolation. NaC1 

gradient stability, 6 ml preparative tube. 

to a total of 9.80 min acceleration to full 
speed and deceleration to 1,000 rpm. 

After the centrifugation was completed, the 
tubes were placed vertically in the holder and 
the top chylomicron-containing fraction was 
transferred to a 1.0 ml volumetric tube with 
a capillary pipette according to the method of 
de Lalla and Gofman (18). The second and 
third 1.0 ml fractions were removed as salt 
background solutions. 

Stability of the salt gradient was evaluated 
by refractometry of all 6 ml fractions in the 
tube. Very little difference was observed be- 
tween a gradient pipetted immediately after 
preparation and one allowed to stand at 1 g 
for 2.5-3.5 hr. Fig. 2 shows, the static and 
dynamic reproducibility of the gradient after 
31/2 hr at 1 g and 14,100 g (12,000 rpm),  
respectively. Accordingly, we have used a 
mean of the dynamic gradient values (see Fig. 
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1.0277 1.0735 

1.0328 1.0865 
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FIG. 3. Dynamic gradient values of p and n for 
lipoprotein flotation calculation within each 0.5 ml 
region. 

3) as a basis for calculating lipoprotein re- 
covery in terms of Sr values in our chylomi- 
cron-containing fractions. 

Calculation of Lipoprotein Recovery 

Fig. 3 shows a 6-ml preparative tube divided 
into 12 regions containing a dynamic salt 
gradient. To simplify the calculations, each of 
these j regions may be considered a homogen- 
eous region of pj and *h" If ultracentrifugation 
proceeds for a given g X min, and a top 1 ml 
fraction is taken, lipoprotein recovery may be 
defined in terms of 100% and threshold S t 
values. Ideally, no lipoproteins of Sf value 
lower than the threshold value should be in- 
cluded in the top 1 ml fraction. Using an IBM 
7094 computer, a table of recovery values is 
calculated for a sequence of times from 100 
to 20000 sec at various rpm values. For ex- 
ample, the 100% recovery calculation con- 
siders as a first approximation the flotation 
rate 

F '=  (lnrll - lnrl)  / co 22~ATuTs. 
Then assuming a mean p, ~/and ~o : 0.93 g/ml,  

St =~F)< 1.44 and *l-----f (ln S f )  from 
1 I 

literature values (8,16). Starting an interative 
calculation with i :  1, Fj is calculated over 
each region j from: 

S f :  Fj ( P s - ~ i )  ~ j / ~  ( p j - * i ) .  
i 

Then A tj and hence (2~11~ A t j ) i  may be cal- 
culated from 

Fj --~ A In r j / o )  2 A tj. 
A new approximation is now made setting 

S f ( i + l )  ~ S  (2~I~  s) 
f i  l j 
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FIG. 4. Lipoprotein recovery over the range of 
0.01 - 10 • 106 g • min. 

and one continues to iterate for convergence 
until 
I (~ l l~  < 0.001 

Fig. 4 shows a plot of calculated lipoprotein 
recovery over the range of 0.01-10 X 10 ~ g 
X min. As can be seen, a discrepancy in flota- 
tion rate of approximately 20% exists between 
the threshold and 100% recovery values for 

any given ultracentrifugal fractionation. This 
overlap may be minimized further by reducing 
the layered serum volume and by using a 
longer radial flotation path. Effectively, one 
can increase the radial path by taking a smaller 
top fraction (ideally only the skim). However, 
the present procedure represents a practical 
compromise in relation to other requirements 
of the analysis. 

Quantitation by NCH Elemental Analysis 

Approximately 100 mg (95-115 me) o f  
each chylomicron fraction (approximately 5-6 
drops) was placed one drop at a time in a 
large aluminum boat (Coleman type 29-410) 
and the weight was taken after 20 sec. All 
samples were done in duplicate and each batch 
contained a duplicate salt background as a 
matrix control. The boats were transferred to 
a stainless steel holder (capacity 10 boats), 
covered with a petri dish to minimize dust 
contamination and dried on a 55C aluminum 
plate overnight for 14 hr in a dust-proof glove 
box. The dried samples were stored in a desic- 
cator prior to analysis. 

Elemental analysis was performed using a 
NCH analyzer (F&M Model 185, Hewlett- 
Packard Co., Avondale, Pa.) equipped with a 
HP-18 helium purifier and modified to permit 
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FIG. 5. Typical NCH chromatograms showing chylomicron sample and contribution to background 
of injection rod and aluminum boats, catalyst, and matrix. 
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Fro. 6. Stearamide calibration for N, C and H showing best fit polynomial curve. Lower right fig- 
ure compares program calculated total NCH mass with experimental mass. 

continuous stability at maximum sensitivity. 
These modifications included a voltage regula- 
tor for all components, a special foot switch to 
activate an exact furnace-flow time delay (20.0 
sec) the instant the injection rod reached its 
terminal position, a cycling dual unit  water- 
glycerol humidifier and the substitution of 
more sensitive potentiometers for recorder-zero 
adjustment and bridge current. Usual oper- 
ation of the modified instrument without atten- 
uation gave minimal baseline drift (see Fig. 5). 
After conditioning the injection rods, the se- 
quence of duplicate analyses was as follows: 
2 empty boats (an F&M 5517.007 boat was 
used as a cover to prevent sample loss during 
manipulation and injection), 2 boats plus 35- 
40 mg catalyst, matrix salt background, chy- 
lomicron samples and absolute mass calibra- 
tion (600-650 fig stearamide). Periodically 

an absolute mass calibration was performed 
over the range of 20-900 /~g permitting non- 
linear calibration corrections for all com- 
ponents. Fig. 6 shows such a calibration and 
a plot of the total NCH mass calculated against 
the weighed value, illustrating near linearity 
over the usual rang e of sample mass. Quanti- 
tation of the chromatograms was accomplished 
by manual measurement of peak heights and 
effective elution times (see Fig. 5), which to- 
gether with other information on the sample 
and run conditions were evaluated by  a com- 
puter technique described in some detail else- 
where (19). 

Infrared Analysis 

The infrared spectrophotometric method for 
quantitation of the isolated S~ > 400 !ipopro- 
teins makes use of the fact that the major con- 
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stituent (about 85-90% by weight) of these 
macromolecules is triglyceride. The infrared 
absorption by ester carbonyl groups of the 
triglycerides at 1742 cm -~ (5.74 /~) provides a 
convenient measure of this lipid class. Choles- 
teryl esters and phospholipids are present in 
relatively small amounts, and it is estimated 
that their contribution to the peak carbonyl 
absorption is no more than about 5% of the 
total. This can be taken into account in the 
calibration procedure. (See Fig. 7). 

Sample preparation is done by the pressed 
pellet method, taking advantage of the circum- 
stance that the top ml obtained in the density 
gradient centrifugation contains the isolated 
lipoproteins in a known concentration of so- 
dium chloride. An aliquot (equivalent to 5-6 
mg NaCI) of the top milliliter is lyophilized, 
and the resulting powder is pressed into a solid 
disk in a Perkin-Elmer microdie. The disk is 
1.5 mm in diameter, approximately 1 mm 
thick, and contains 3.5 to 4.5 mg of salt. For 
this size disk we have used a reflecting 6:1 
beam condenser on the spectrophotometer. 
Both the spectrophotometer (Model 421) and 
the auxilliary beam condenser are Perkin-Elmer 
instruments. Since the transmittance of the 
beam condenser is only about 30%, its use 
necessitates a variable attenuator in the refer- 
ence beam. Slit widths are doubled with re- 
spect to normal. 
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FIG. 7. Infrared absorption bands of triglycer- 
ides (1742 cm -1) and residual water (1640 cm -1) 
in pellets made from lyophilized chylomicron 
preparations. The dotted line ( . . . .  ) is a sketched- 
in water background for the solid curve. 
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Calibrations have been carried out by three 
different procedures, with reasonably good 
agreement among them. In the first procedure 
a highly concentrated preparation of chylomi- 
crons is analyzed by both elemental and in- 
frared methods. This is then used as a stock 
solution for serial dilution down to the level 
of about 1 ~g/ml. Dilutions are made with 
NaC1 solution of the same concentration as 
the ultracentrifugal top fraction. From the re- 
suiting series, chylomicron concentrations be- 
low 50 /zg/ml are used for infrared standard- 
ization. 0.4 ml of each solution is lyophilized, 
and a pellet is prepared from the resulting 
powder. The pellet is formed in a hole in the 
center of a tared stainless steel disk, and the 
weight of the pellet is readily obtained. Since 
it is not possible to reproduce precisely the 
amount of powder incorporated into different 
pellets, their thicknesses will differ, and this 
fact must be taken in to  account in the appli-  
cation of Beer's law. Weight of the pellet is 
proportional to thickness, hence it can be used 
as a corresponding factor. Also, the concen- 
tration of lipoprotein can be expressed as 
/~g/mg NaC1. Beer's law may be written as 

Absorbance = A ---- a X b X c 
where a = absorptivity 

b = sample thickness 
c = concentration 

Substituting expressions for thickness and con- 
centration 
A = a X (k.mg) X (~mg/mg) = k' X /~g 
The dimension of either a, the absorptivity, or 
k', the calibration coefficient, is then (/~g)-l, 
or absorbance per /~g. A plot of the data ob- 
tained in this manner is shown in Fig. 8. Al- 
though the highest concentration point was 
not obtained in duplicate, other calibration 
procedures show similar curvature in the upper 
concentration range. 

A second calibration method is carried out 
in the manner described, using a commercial 
oral fat emulsion (Ediol, Schenlabs, New 
York, N. Y.) instead of chylomicrons as a 
standard material. When corrected for the 
molecular weight of the fat (coconut oil) and 
the estimated fat content of chylomicrons, the 
slope of the Ediol calibration curve is about 
10% higher than that of chylomicrons, and 
shows less curvature. 

In a third calibration procedure, mixtures of 
triglyceride and KBr are prepared by adding 
aliquots of a triglyceride solution in a volatile 
organic solvent (CC14 or CHClz) to a dry 
bed of KBr powder, mixing as a slurry, and 
allowing the solvent to evaporate on a 50C 



I S O L A T I O N  O F  S E R U M  C H Y L O M I C R O N - C O N T A I N I N G  F R A C T I O N S  1 8 9  

0.7 / [ I [ [ 

0.6 i.~" -- 
,,s 

f 

, /  
0.5 / ' /  

/ 

/ 
/ 

/ 

o/ 
o 

0.2 / 
0.I o 

o / ~  
/o 

0 I I I I I 
0 5 10 15 20 25 30 

M i c r o g r a m s  o f  c h y l o m i c r o n s  in pel le t  

Fro. 8. Calibration curve for infrared analysis 
of chylomicrons. Amounts of chylomicrons were 
determined from known dilutions of an analyzed 
stock preparation of chylomicrons (sample A) .  

0.4 

o 

hot  plate. Pellets are then  pressed f r o m  these 
mixtures,  for  which  concent ra t ions  of triglycer- 
ides are expressed as i~g/mg of  KBr.  A cali- 
bra t ion  curve obta ined by this me thod  had  
about  the same initial s lope as the Ediol  curve,  
but  exhibi ted earlier and more  p r o n o u n c e d  
curvature.  

M e a s u r e m e n t  of the absorbance  of  the 1742 
cm -a peak  is made  f r o m  a r ecorded  curve sample 
(scan rate  ca. 200 c m - 1 / m i n ) ,  on which  a 
background  is d rawn  to simulate the shape  of 1 1 R a 
the b lank (zero tr iglyceride) curve (see Fig. 2 
7) .  The  peak  occurs  on the side of  a water  3 

3 R a 
absorption band, which is somewhat variable 4 

in intensity because of  nonreproducib i l i ty  in 5 
6 

the f reeze-drying process.  Howeve r  there  is 7 
no difficulty in est imat ing the con tour  of  this 8 
band.  A m o r e  serious difficulty, which  is 9 10 
mainly responsible for the curvature of the 11 
cal ibrat ion curves, is the low order  of  energy 12 

13 
available. In addit ion to the 70% loss in the 14 
beam condense r  itself, there  are addit ional  15 

15 ( D u p i )  b 
losses in the pellet  that  are subject  to con- 15 R l a 
siderable variability. Thus  the energy available 15 R 2a 
as background  may  be only 10-20% of  normal ,  15 R 3a 15 R 4 a 
and at high absorbances  the remain ing  signal 16 
may  be as little as 1%.  Some compensa t ion  
is possible by increasing the gain and slowing 
the scan rate. Unfo r tuna te ly  these compen-  
sating measures  were  not  taken in runn ing  

this initial series of  samples,  and several o f  
t hem were  too high in chylomicrons  to analyze 
under  these condit ions.  

RESULTS AND DISCUSSION 

Table  I presents  duplicate e lemental  analyses 
of  chy lomicron  samples isolated f r o m  16 
normal  nonfas t ing  males,  aged 35-49  years. 
Fo r  clarity, the results are p resen ted  in te rms 
of  total N C H  mass present  in 0.1 ml  fraction.  
Cor rec t ing  this value to serum concent ra t ions  
involves a 3% increase because of dilution 
after salt addi t ion and a 12% increase for  
l ipoprotein  mass o ther  than the e lements  N, C 
and H. Thus,  the mean  values of  our series are 
9.62 • 11.18/~g N C H / . 1  ml f rac t ion or 11.00 
• 12.78 m g / 1 0 0  ml total l ipoprotein.  A s tand-  
ard er ror  of m e a s u r e m e n t  calculated f rom all 
duplicate  analyses p resen ted  in Table  I is 
approximate ly  • 0.6 /zg/0.1 ml. However ,  in 
considera t ion  of the errors in the total pro-  
cedure  and the data  f rom seven repeat  analyses, 
an error  o f  m e a s u r e m e n t  of  • 1-2 /~g/0.1 ml 
is more  realistic. A l though  it is not  r ecom-  
m e n d e d  to delay chy lomicron  f rac t ionat ion  
any longer  than  necessary  after  serum with-  
drawal,  it is encouraging  to note  reproducibi l i ty  
of  results,  even after 62 days'  se rum storage 
under  N2 at 4C. 

T A B L E  I 

C h y l o m i c r o n  Q u a n t i t a t i o n  b y  T o t a l  N C H  
E l e m e n t a l  A n a l y s i s  

Fractionation 
(days a~er 

Z NCH, #g/0.1ml Difference, blood 
1 2 #g/0.1ml withdrawM) 

15.95 15.91 0.04 8 
19.51 18.78 0.73 15 
12.67 12.60 - 0.07 8 
32.60 33.48 0.88 1 
34.44 33.17 1.27 8 
0.6l 0.72 0.11 1 

14.03 13.85 0.18 1 
3.46 2.53 0.93 1 
0.43 0.97 0.54 8 
4.46 5.05 0.59 8 

33.46 32.77 0.69 1 
0.82 -0.87 1.69 8 

-4).95 -0.72 0.23 8 
1.75 1.45 0.30 1 
0.40 0.23 0.17 1 

12.97 11.57 1.40 8 
25.89 25.44 0.45 8 
28.I7 25.88 2.29 8 
26.73 26.27 0.46 62 
27.85 28.23 0.38 62 
25.85 25.23 0.62 62 
25.43 25.37 0.06 62 
-0.02 -1.18 1.16 8 

a Reruns. 
b Duplicate analyses of same 

error of measurement 16 cases • 
_+ 0.61 #g/0.1 ml. 

fractionation. Standard 
0.54 #g/0.1 ml, all cases 
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T A B L E  II  

Comparison of Chylomicron Frac t ion  Concentrat ions 
by Infrared Spectrometry and N C I t  Elementa l  Analysis 

Serum concentration, mg/100 ml 
Sample No.  Infrared N C H  

1 . . .  18.4 
2 . . .  14.6 
3 38.1 
4 "0~4 0.8 
5 16.1 
6 'l~i 3.5 
7 0.6 0.8 
8 5.8 5.5 
9 38.2 

lO bib o.o 
11 < 0.4 -1.0 
12 3.6 1.9 
13 3.4 0.4 
14 8.9 14.2 
15 29.6 
16 < 0.4 -0.7 

Mean values, 10 samples 2.5 2.5 

Mean  values, 16 samples ( N C H  data)  11.0 + 12.8. 

In addition to the mean NCH data for all 
samples, Table II presents the infrared data for 
ten serum samples. For comparison, the mean 
value of the NCH data corrected to total lipo- 
protein concentration is given. Only the infra- 
red values below 10 mg/100 ml are included 
and the highest of these are in the upper range 
of the calibration curve, where accuracy is be- 
ginning to deteriorate. More recent work indi- 
cates that improvement is possible in both 
sensitivity and reproducibility when more ap- 
propriate instrumental conditions are used. 

A principal reason for using an overlayering 
technique in preparing the salt gradient was to 
permit chylomicron isolation in a single run, 
without the difficulties of washing (8), to 

Sample Concentration 
ml IENCH (/zg/0.1 ml} 

1 2 1 2 

Analysis I 0.1008 0.09ql 220.01 216.09 

Analysis I1 0.0996 0.0984 205.24 20650 

C H Y L O M I C R O N ,  SAMPLE B, Stat ic c o n t a m i n a t i o n ,  31/2 hou rs  

tO~o Sample Concenlration 
(fl/m]) T ml ~NCH (/zg/0.1 ml} 

I 2 1 2 

1.0095 [ 0 0937 0.0992 -0.04 0.22 
1- -  

1.0143 I 0.0929 0.0964 1.15 0.39 
*~ 2- 

-= 1.0210 I 00925 0.0926 0.82 2.67 
.--- 3 

1.0303 I 00986 0.0969 11.88 10.99 

~ - 1.0392 0 0B98 0.0961 91.70 81.83 
" ' - '~ '  I 0 0450 0.0453 1766 1743 

J 0.0208 0.0204 6272 6362 
6 

Fro. 9. Static contamination of chylomicron frac- 
tion from serum sample B (high in chylomicron 
content). 
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eliminate contamination and to minimize arti- 
facts (20). In a gradient prepared by suc- 
cessive layering at the bottom of the tube with 
a spinal needle, the last operation consists of 
layering the sample into the bottom region. It 
is almost impossible in this step to avoid con- 
tamination of all layers of the gradient in- 
cluding the uppermost ones as the needle is 
lowered and raised. Results given in Fig. 9 
show the freedom from contamination ob- 
tained by our procedure. Values are given for 
successive fractions from a 31/2 hr static con- 
trol at 1 ?( g. The essential absence of con- 
tamination in the first 3 ml fractions in spite 
of a very large chylomicron concentration in- 
dicate that during our fractionation, little or no 
material is transferred from the bottom serum 
layer to the top fraction by convection or dif- 
fusion. Further, of the sixteen chylomicron 
samples, six top fractions that were essentially 
water-clear showed duplicate total NCH values 
of less than 1 ~g/0.1 ml, suggesting no con- 
tamination above this magnitude. With the 
exception of case 13; these very low lipoprotein 
concentrations were confirmed by the infrared 
analysis. 

One of the occasional difficulties was a con- 
tamination of 5-8 /zg which may occur during 
manipulation. However, such a contamination 
may be present in the folds of the Coleman 
type boats, presumably resulting from their 
cardboard packaging. Although all boats were 
washed 3 times with redistilled hexane in dust- 
proof containers, this potential contamination 
was not eliminated. When such contamination 
was observed in any low level sample, a new 
pair of duplicate samples were run the follow- 
ing day. 

A potentially valuable analytical result from 
NCH elemental analysis of lipoproteins is a 
precise evaluation of protein content. If the 
N / N C H  ratios for the lipid and protein 
moieties of a given lipoprotein class are known, 
an experimental value of N / N C H  for the total 
lipoprotein uniquely determines the protein 
content. Table III presents elemental analyses 
of the chylomicron fraction from sample A 
at mass levels of from 60-500 t~g. For the 
purposes of accurate protein evaluation, a 
sample mass of from 250-700 ttg is needed. 
The N / N C H  ratio for the lipid moiety 
(0.0010) was based upon a lipid analysis of 
the chylomicron fraction in which the 4.9% 
phospholipid content was all assumed to be 
lecithin. The corresponding ratio of 0.2000 
for protein was calculated from the amino acid 
composition of St 0-20 lipoprotein (21) cor- 



ISOLATION OF SERUM CHYLOMICRON-CONTAINING FRACTIONS 191 

TABLE I l I  
Protein Content a, Chylomicron Sample A 

Chylomicron Sample Z NCH V N 
concentrationvolume, ml (ggm) (#gm) N/NCH % P 

1.0 co 0.01314 372.21 1.72 0.0046 2.11 
1.0 co 0.01342 366.75 1.78 0.0048 2.23 
1.0 Co 0.01471 432.46 2.15 0.0050 2.35 
1.0 co 0.01496 424.36 2.08 0.0049 2.29 
1.0 co 0.01727 482.78 2.27 0.0047 2.17 
1.0 co 0.01785 481.78 2.59 0.0054 2.58 
0.1 co 0.10089 272.54 1.21 0.0045 2.05 
0.1 co 0.10075 272.61 1.33 0.0049 2.29 
0.05 co b 0.10051 123.68 0.79 0.0064 3.17 
0.05 Co b 0.09306 112.00 0.86 0.0077 3.92 
0.025 Co h 0.10221 60.52 0.46 0.0075 3.80 
0.025 Cob 0.10304 59.63 0.39 0.0065 3.22 

Mean value + Standard Deviation (8 samples) 2.26 
• 0.21% protein. 

aCalculated N/NCH chylomicron lipid --~ 0.0010, Sr 0-20 
protein 0.2000. 

b Values below 200 #g Z NCH are not included in 
calculations. 

r e t t e d  fo r  H 2 0  r e m o v a l  f r o m  a 1 0 0 , 0 0 0  m o l  w t  

p e p t i d e  c h a i n .  F o r  t h e  8 a n a l y s e s  w i t h i n  th i s  

r a n g e ,  N / N C H  r a t i o s  of  f r o m  0 . 0 0 4 5 - 0 . 0 0 5 4  

c o r r e s p o n d i n g  to  2 . 0 5 - 2 . 5 8  % p r o t e i n ,  r e s p e c t -  

i ve ly ,  w e r e  o b t a i n e d ,  i n  a g r e e m e n t  w i t h  c o m -  

p o s i t i o n  d a t a  r e p o r t e d  b y  o t h e r s  ( 3 , 5 , 8 , 1 2 ) .  

S u c h  a n  e v a l u a t i o n  o f  p r o t e i n  c o n t e n t  w i t h  a 

r e l a t i v e  e r r o r  o f  t h e  o r d e r  o f  0 . 2 %  c o m p a r e s  

f a v o r a b l y  w i t h  s u c h  t e c h n i q u e s  as  t h e  L o w r y  

( 2 2 )  m i c r o d e t e r m i n a t i o n  o f  p r o t e i n ,  w i t h  t he  

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

W e  h a v e  e x p e r i e n c e d  n o  d i f f i cu l t y  i n  t he  

a n a l y s i s  o f  s e r u m  c o n t a i n i n g  h i g h  c o n c e n t r a -  

t i o n s  o f  c h y l o m i c r o n s  w i t h  t h e  N C H  m e t h o d .  

F o r  e x a m p l e ,  n e i t h e r  s e r u m  d i l u t i o n  n o r  m o d i -  

f i c a t i o n  o f  t h e  i s o l a t i o n  p r o c e d u r e  w a s  re-  

q u i r e d  i n  t h e  a n a l y s i s  o f  s a m p l e s  A ( 3 1 0 0  

r a g / 1 0 0  m l )  a n d  B ( 2 2 0  m g / 1 0 0  m l ) .  H o w -  

ever ,  t h e  i n f r a r e d  a s s a y  c a n n o t  b e  u s e d  w i t h -  

o u t  d i l u t i o n  f o r  s e r u m  c h y l o m i c r o n  c o n c e n t r a -  

t i ons  e x c e e d i n g  10 r a g / 1 0 0  ml .  T h e  h i g h e r  
s e n s i t i v i t y  o f  t h e  i n f r a r e d  a n a l y s i s  p e r m i t s  

a n a l y s i s  o f  v e r y  l o w  c h y l o m i c r o n  l eve l s ,  in-  

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

m i c r o n s  f r o m  f a s t i n g  sera .  O n  the  o t h e r  h a n d ,  

e l e m e n t a l  a n a l y s i s  a l l o w s  e v a l u a t i o n  o f  t o t a l  

N C H  m a s s  fo r  a n y  c h y l o m i c r o n  c o n c e n t r a t i o n  
a b o v e  10 m g / 1 0 0  ml .  B e c a u s e  of  t he  e n o r m o u s  

r a n g e  o f  c h y l o m i c r o n  c o n c e n t r a t i o n s  t h a t  m a y  

o c c u r  in  m a n  a n d  e x p e r i m e n t a l  a n i m a l s ,  b o t h  

m e t h o d s  o f  m a s s  a s s a y  m a y  b e  r e q u i r e d ,  o n e  

c o m p l e m e n t i n g  t h e  o t h e r .  
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SHORT COMMUNICATIONS 

Contamination of Methyl Ester Preparations During 
Methylation of Fatty Acids on an ion Exchange Resin 

E STERIFICATION OF FATTY ACIDS by the 
method of Hornstein et al. (1) appears 

to offer a clean preparation of methyl esters. 
In this procedure, the fatty acids released upon 
saponification are selectively adsorbed on the 
sodium hydroxide pretreated anion exchange 
resin Amberlite IRA 400. Then the acids are 
methylated on the resin with anhydrous methyl 
alcohol-hydrochloric acid mixture. Impurities 
in the hydroxyl form of the resin are removed 
by washing in succession with water, ethanol, 
and petroleum ether before adsorption of the 
fatty acids, After adsorption of the fatty acids, 
products of saponification other than fatty acids 
are removed from the resin by washing three 
times with petroleum ether. However, in this 
laboratory it was observed that when various 
lots of this resin were employed some methyl 
ester preparations gave a distinct peak between 
undecanoate and dodecanoate on gas-liquid 
chromatograms obtained with a diethylene gly- 
col adipate column at 200C. Seemingly this 
peak did not belong to the fatty acid family. 

1 ) Reference methyl palmitate (Applied Science 
Labs) dissolved in 75 ml of petroleum ether and 

FIG. 1. GLC illustration of the presence of a 
contaminant in the hydroxyl form of Amberlite 
IRA-400 ion exchange resin. 

stirred 15 min with 10 g of resin which had been 
converted to the hydroxyl form and washed ac- 
cording to Horstein et al. (1). The procedure in- 
cluded washing three times with 25 ml of petro- 
leum ether. The methyl ester solution in petroleum 
ether was concentrated to 0.5 ml before GLC. 

2) Same as 1 except the petroleum ether did not 
contain methyl esters. 

3) Same as 2 except the resin was washed once 
more with 75 ml of petroleum ether. 

4) Same as 3 except the resin was washed 2 
more times with petroleum ether. 

5) Reference methyl palmitate dissolved in 
petroleum ether and stirred with resin treated as 
described in (4). 

6) Reference methyl palmitate dissolved in pe- 
troleum ether and concentrated to 0.5 ml before 
GLC. 

Experiments illustrating the source of this 
contaminant and how to remove it are given 
in Fig. 1. As can be seen in chromatograms 
1 and 2, the contaminant was present in the 
hydroxyl form of the resin. This resin had been 
washed with water, ethanol, and petroleum 
ether as described by Hornstein et at. (1). 
However, as shown in chromatograms 3, 4, and 
5 of Fig. 1, three additional 15-minute wash- 
ings with 7.5 volumes of petroleum ether were 
necessary in order to remove the contaminant. 

Control experiments showed that the con- 
taminant was not present in any of the other 
reagents used. Neither was the contaminant 
removed by washing the chloride form of the 
ion exchange resin with petroleum ether prior 
to conversion of the resin to the hydroxyl form. 

Evidently the conditions described by Horn- 
stein et at. (1) are not adequate to remove the 
contaminant. More thorough washing with 
petroleum ether is required. The conditions 
described in this communication offer a pro- 
cedure for the effective removal of this inter- 
fering material. 

MYRON KUCHMAK 
Lipid Standardization Laboratory 
Heart Disease Control Unit 
Laboratory Branch 
Communicable Disease Center, 
Atlanta, Georgia 
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Lipid Droplets and Glyceryl Ether Diesters in 
Ehrlich Ascites Cells Grown in Tissue Culture 

A SIGNIFICANT QUANTITY of an unidentified 
lipid was recently found in Ehrlich 

ascites cells (EAC) and other tumors by Sny- 
der and co-workers (1). This class of lipids 
has now been identified by Wood and Snyder 
(2) as glyceryl alkyl ether diesters; only the 
1-isomeric form of glyceryl ethers was ob- 
tained after deacylation of the lipid by saponi- 
fication and LiA1H 4 reduction. The identifi- 
cation was based on thin-layer chromatography, 
gas-liquid chromatography, infrared spectros- 
copy, and nuclear magnetic resonance of the 
intact and deacylated glyceryl ether. Such non- 
phospholipid ethers can not be seen in normal 
tissues from healthy or tumor-bearing animals 
under similar chromatographic loads (1). This 
note describes experiments designed to deter- 

mine whether glyceryl ether diesters can be 
synthesized by EAC grown for extended peri- 
ods and after multiple transfers in tissue culture 
media containing no trace of alkoxyglycerols. 

The cells were grown in screw-cap serum 
bottles (Kimax-14250) containing 15-16 ml 
culture medium 199 (Microbiological Associ- 
ates, Inc.) with calf serum (10%) ,  K salt of 
penicillin G (330 uni ts /ml) ,  and streptomycin 
sulfate (100 /xg/ml). The medium was ad- 
justed to a pH of 7.3 ~ 0.1. All solutions, 
glassware, and instruments were sterilized be- 
fore use, and all procedures were carried out 
aseptically. The cells initially transferred to 
culture bottles were collected from our colony 
of Swiss albino mice ( H A / I C R  strain) bearing 
Ehrlich ascites cells. The EAC were grown in 

FIG. 1. Ehrlich ascites carcinoma cells after incubating for four days in medium 199 con- 
taining 10% calf serum. The lipid droplets show up as light circles within the ceils and are 
stainable with oil red O. 

LIPIDS, VOL. 2, No. 2 
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an air atmosphere in an incubator at 37 + 2C. 
The culture medium was changed every 3 days 
and the cell population in each bottle was 
divided every 6 days. After  various periods of 
growth in the culture bottles, the cells were 
harvested by centrifugation and washed twice 
with water. Lipids were extracted from the 
EAC and their growth media, and thin-layer 
chromatograms of the total lipids were pre- 
pared (1) .  Occasionally smears of the EAC 
were stained with oil red O for microscopic 
examination. In a separate series of experi- 
ments the lipids of strain L fibroblasts, orig- 
inally derived from mouse skin, were grown 
under identical conditions and examined for the 
presence of glyceryl ether diesters. 

The EAC grown in tissue culture appeared 
morphologically identical to those grown in 
the peritoneal cavities of mice. An important  
observation was the appearance of intracellu- 
lar lipid droplets stainable with oil red O (Fig. 
1 ) and extractable with diethyl ether. The num- 
ber of these droplets multiply with increasing 
duration of incubation. These droplets formed 
in vitro are indistinguishable from those which 
have been previously reported in tumor cells 
grown in vivo (3,4).  

Thin-layer chromatography of the total lipids 
extracted from EAC grown in vitro demon- 
strated that glyceryl ether diesters occurred in 
the population of cells even after 4-6 transfers; 
the TLC patterns were identical to those re- 
ported previously for EAC grown in vivo (1).  
There did not appear to be any relation be- 
tween the concentration of glyceryl ether di- 

esters and the number of lipid droplets in  EAC. 
The glyeeryl ether component was never ob- 
served in the lipids extracted from the media 
either before or after proliferation of the EAC. 
Furthermore,  the glyceryl ether diesters were 
not found in the L-cells or their growth media 
under conditions similar to those used for the 
EAC tissue cultures. 

These data rule out the possibility that tumor 
cells incorporate and concentrate glyceryl alkyl 
monoethers from other tissues or from dietary 
intake. The data show clearly that the EAC are 
capable of synthesizing the lipid ether bond in 
the absense of other tissues. 
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Phosphonolipids. IX. Phosphonolipid Metabolites: Synthesis 
of L-a-Glyceryl-(2-trirnethylammoniumethyl) Phosphonate 

I N THE FOLLOWING we report  briefly a chemi- 
cal synthesis of a phosphonic acid analogue 

of L-e-glyceryl-phosphorylcholine, viz. L-a- 
g l y c e r y l -  (2-tr imethylammoniumetbyl)  phos- 

H~C-OH 

[ vi  
HO-C-H 

I o 
H2C--  O- -P - -CH2-CH2N(CH3)  3 + (OH) - 

i - -  + 
O H  

Formula 1, L-a-Glyceryl-(2-trimethyl- 
ammoniumethyl )phosphonate 

LIPIDS, VOL. 2, No. 2 

phonate (Formula  1). We believe that this 
compound possesses considerable interest as a 
possible intermediate in phosphonolipid metab- 
olism, as saponification product for the identifi- 
cation of naturally occurring phosphonolipids, 
and as starting material for the chemical and 
enzymatic synthesis of phosphonic acid ana- 
logues of saturated and unsaturated e-~-leci- 
thins. 

T h e  L- ~ -g lyce ry l - (2 - t r ime thy lammonium-  
ethyl) phosphonate (VI)  was obtained by 
condensing D-acetone glycerol ( I )  with bromo- 
ethylmetaphosphonate (II ,  Calculated: P 
18.12, Br 46.75. Found:  P 18.08, Br 46.41) 
in boiling benzene, removing the acetone group 
of acetone L-~-glyceryl-(2-bromoethyl)phos- 
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an air atmosphere in an incubator at 37 + 2C. 
The culture medium was changed every 3 days 
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with water. Lipids were extracted from the 
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phonate (Formula  1). We believe that this 
compound possesses considerable interest as a 
possible intermediate in phosphonolipid metab- 
olism, as saponification product for the identifi- 
cation of naturally occurring phosphonolipids, 
and as starting material for the chemical and 
enzymatic synthesis of phosphonic acid ana- 
logues of saturated and unsaturated e-~-leci- 
thins. 

T h e  L- ~ -g lyce ry l - (2 - t r ime thy lammonium-  
ethyl) phosphonate (VI)  was obtained by 
condensing D-acetone glycerol ( I )  with bromo- 
ethylmetaphosphonate (II ,  Calculated: P 
18.12, Br 46.75. Found:  P 18.08, Br 46.41) 
in boiling benzene, removing the acetone group 
of acetone L-~-glyceryl-(2-bromoethyl)phos- 
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phonate (III)  by acid hydrolysis (pH 1-2), 
treating the L-e-glyceryl-(2-bromoethyl)phos- 
phonate (IV) in dimethylformamide with tri- 
methylamine at 60-65C for 3 days, and isolat-  
ing the L-e-glyceryI-(2-trimethylammonium- 
ethyl)phosphonate as cadmium chloride com- 
plex (V). The preparation of compound V 
was carried out without isolating compounds 
II, III  or IV in a pure state. The over-all yield 
of compound V was 37.5% o/ theory (calcu- 
lated for acetone glycerol). Anal. Calcd. for 
[CsH2~O~NP]2[CdCI~]~ (1068.5) : C 17.98, 
H 4.15, N 2.62, P 5.80, Cd 31.56. Found: 
C I6.92, H 4.11, N 2.63, P 5.74, Cd 31.49, 
[~]o  -0.6C in water (c 7). Vincinal-Glycol 
Titration: An aqueous solution of compound 
V was freed of cadmium chloride with potas- 
sium carbonate, and the amount of L-~-glycer- 
yl- (2-trimethylammoniumethyl) phosphonate in 
the filtrate was ascertained by a phosphorus 
determination. An aliquot of the solution con- 

t a i n i n g  0.0355 mmole of the monoester con- 
sumed 0.0350 mmole (98.5%) of periodic 
acid. 

Removal of the cadmium chloride moiety 
of compound V by treatment of its aqueous 
solution with a 1:1 mixture of Amberlites IR 
45 and IRC 50 (H form) gave L-~-glyceryl- 

(2-trimethylammoniumethyl) phosphonate (VI) 
in a yield of 80%. Over-all yield 30% based 
on acetone glycerol. The highly hygroscopic, 
glass-like material is soluble in water, methanol 
and 99% ethanol, but insoluble in chloroform, 
acetone, ether or benzene. [~]D 24 -1.5C in 
water (c 3.6). A 0.1 molar solution of com- 
pound VI  in carbon dioxide-free water has a 
pH of 4.3 at 24C. Anal. Calcd.: for CsH220,- 
NP (259.2):  C 37.06, H 8.56, N 5.40, P 
11.95. Found: C 37.13, H 8.61, N 5.42, P 
11.99. Vicinal-Glycol Titration: 0.240 mmole 
of compound VI consumed 0.237 mmole 
(98.7%) of periodic acid. 
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Effect of Phenazine Methosulfate on the Incorporation of 
C-Labeled Glucose into Lipids of Newborn Brain 

I N THE NEWBORN dog cerebral cortex, neuro- 
physiologic function is minimal, possibly 

due to the incomplete formation of lipid-con- 
taining neuronal substructure such as myelin 
and nerve endings. In mature cortex, glucose, 
the primary energy source, is metabolized 
principally via glycolysis and the energy de- 
rived supports function. An alternate route 
for glucose metabolism, the hexose mono- 
phosphate pathway (HMP) ,  has previously 
been shown by McLean to be intimately as- 
sociated with lipid biosynthesis in lactating 
mammary gland, where stimulation of glucose 
incorporation into lipids was paralleled by in- 
creased HMP activity (1). In this communica- 
tion, data are presented to demonstrate that 
phenazine methosulfate, an artificial electron 
acceptor which stimulates HMP activity in 
newborn brain (2), inhibits the incorporation 
of l~C-glucose carbon into brain lipids. 

Dogs 1-3 days old were decapitated and 
slices of cerebral cortex (gray matter) were 

prepared and incubated at 37C in standard 
Warburg vessels (see Table I for conditions). 
After 100 min. incubations, the reactions were 
stopped by quick-freezing at -75C (Cellosolve- 
dry ice mixture). The frozen tissues were 
homogenized, extracted with chloroform/meth- 
anol (2 /1) ,  and the nonlipid contaminants 
removed on Sephadex G-25 (3). The indi- 
vidual phospholipids were determined after 
separation by two-dimensional t h i n - l a y e r  
chromatography (4). 

In Table I are recorded the relative amounts 
of ~C-glucose carbon incorporated into new- 
born brain lipids. Maximum activity occurred 
in the phospholipid fraction, while free fatty 
acids and cholesterol ester contained the low- 
est amount of isotope. No attempt was made 
to distinguish between net lipid synthesis and 
turnover because of the variation in individual 
lipid pools. With phenazine methosulfate a 
4- 5-fold decrease was observed in the ~4C- 
incorporation into neutral lipids, whereas the 
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phonate (III)  by acid hydrolysis (pH 1-2), 
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of compound V was 37.5% o/ theory (calcu- 
lated for acetone glycerol). Anal. Calcd. for 
[CsH2~O~NP]2[CdCI~]~ (1068.5) : C 17.98, 
H 4.15, N 2.62, P 5.80, Cd 31.56. Found: 
C I6.92, H 4.11, N 2.63, P 5.74, Cd 31.49, 
[~]o  -0.6C in water (c 7). Vincinal-Glycol 
Titration: An aqueous solution of compound 
V was freed of cadmium chloride with potas- 
sium carbonate, and the amount of L-~-glycer- 
yl- (2-trimethylammoniumethyl) phosphonate in 
the filtrate was ascertained by a phosphorus 
determination. An aliquot of the solution con- 
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for glucose metabolism, the hexose mono- 
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been shown by McLean to be intimately as- 
sociated with lipid biosynthesis in lactating 
mammary gland, where stimulation of glucose 
incorporation into lipids was paralleled by in- 
creased HMP activity (1). In this communica- 
tion, data are presented to demonstrate that 
phenazine methosulfate, an artificial electron 
acceptor which stimulates HMP activity in 
newborn brain (2), inhibits the incorporation 
of l~C-glucose carbon into brain lipids. 

Dogs 1-3 days old were decapitated and 
slices of cerebral cortex (gray matter) were 

prepared and incubated at 37C in standard 
Warburg vessels (see Table I for conditions). 
After 100 min. incubations, the reactions were 
stopped by quick-freezing at -75C (Cellosolve- 
dry ice mixture). The frozen tissues were 
homogenized, extracted with chloroform/meth- 
anol (2 /1) ,  and the nonlipid contaminants 
removed on Sephadex G-25 (3). The indi- 
vidual phospholipids were determined after 
separation by two-dimensional t h i n - l a y e r  
chromatography (4). 

In Table I are recorded the relative amounts 
of ~C-glucose carbon incorporated into new- 
born brain lipids. Maximum activity occurred 
in the phospholipid fraction, while free fatty 
acids and cholesterol ester contained the low- 
est amount of isotope. No attempt was made 
to distinguish between net lipid synthesis and 
turnover because of the variation in individual 
lipid pools. With phenazine methosulfate a 
4- 5-fold decrease was observed in the ~4C- 
incorporation into neutral lipids, whereas the 
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TABLE I 
Incorporation of x4C-Glucose [U.L.] into Newborn 

Brain Lipids a 

Control b Phenazine Methosulfatee 
(#c/dry gram) (#c/dry gram) 

Phospholipid 3.21 1.62 
Triglyceride 1.30 0.30 
Cholesterol 0.91 0.16 
Cholesterol ester 0.55 0.10 
Free fatty acids 0.20 0.05 

aResults are expressed as averages of three experiments. 
bCounting yield (%)  ---- 

#c in total lipids/300 mg fresh brain 
~C ~4C-glucose added/flask x 100 

Counting yields: Control, 1.98%; phenazme methosul- 
fate, 0.72%, 

ePhenazine methosulfate concentration: [1 x 10-4M]. 
The incubation mixture (200-300 nag fresh weight of 

brain in 2.0 ml of Krebs-Ringer-bicarbonate buffer, pH 
7.4) contained 10 r e  of a4C-glucose [U.L.]; substrate 5 
mM cold glucose. Gas phase was 95% oxygen-5% carbon 
dioxide. The lipids were chromatographed by one-dimen- 
sional TLC in 4/1 chloroform/methanol with 1% acetic 
acid on plate spread with silicic acid-magnesium silicate 
(9/1).  Authentic standards were used for identifications. 
Developed plates were exposed to iodine vapors and 
the silicic acid phospholipids suctioned into 20 ml scin- 
tillation vials. The silicic acid-lipid mixtures were then 
counted ira a liquid scintillation spectrometer. 

TABLE II  
Incorporation of 14C-Glucose [U,L.] 
Into Newborn Brain Phosphoiipids 

Phenazine 
Control Methosulfate 

#mole #mole 
P m a c  S.A. a P m#C S.A. 

dry g dry g dry g dry g 

Phosphatidic acid 2.2 57.3 26.0 2.4 62.9 26.2 
Phosphatidyl serine 26.1 80.2 3.1 23.8 56.7 2.4 
Phosphatidyl choline 124.6 917.1 7.4 118.1 227.8 1.9 
Phosphatidyl 

Ethanolamine 56.7 327.9 5.8 53.3 97.1 1.8 
Phosphatidyl 

inositol + 
sphingomyelin 25.0 150.0 6.0 23.6 63.9 2.7 

234.6 221.2 
Total sample 265.0 280.5 
% Recovery 88.6% 78,8% 

a Specific activities are expressed as m,~C/#mole phos- 
phorus. Phospholipids were separated using chloroform/ 
methanol/30% aqueous ammonia 65/35/5 followed by 
chloroform~acetone~methanol/acetic acid/water 5/2/1/1/0.5 
and the phosphorus of each spot determined (4).  The 
lipid samples for radioisotope assay were detected on 
duplicate plates with iodine vapor and the silicic acid-lipid 
mixtures collected and counted as noted in the legend 
for Table I. 

phospholipid counts were reduced by one half. 
Phosphatidic acid had the highest specific 

activity among the phospholipids (Table II) 
but was of relatively small pool size. Phos- 
phatidyl choline and phosphatidyl ethanol- 
amine were the largest constituents in this 
fraction based upon phosphorus analysis. Al- 
though comprising the bulk of the total radio- 
isotope content, these phospholipids have 
specific activities only 20-30% of phosphatidic 
acid in control tissue. In the presence of phena- 
zinc methosulfate, there occurred a 5-fold de- 
crease in isotope content in the major phospho- 
lipid components, a difference not observed in 
their tissue concentrations. Since such change 
resulted in a fall in specific activity, we in- 
terpret this to indicate a phenazine methosulfate 
inhibition of turnover rather than new syn- 
thesis. 

Phenazine methosulfate stimulates the direct 
oxidation of glucose in newborn brain but in- 
hibits the incorporation of 14C-glucose carbon 
into brain lipids. The observation that phos- 
phatidic acid maintains a relatively constant 
and high specific activity, even when phospho- 
lipid turnover is generally decreased, suggests 
that either phosphatidic acid formation pre- 
cedes the site affected by phenazine metho- 
sulfate or that compartmentation renders it in- 
accessible. Current studies in this laboratory 
also indicate concomitant decreases in the in- 
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corporation of ~C-glucose carbon into brain 
nucleic acid and protein with phenazine metho- 
sulfate. Therefore, the effects reported here 
may not be specific for inhibition of lipid 
metabolism but reflect a general action of 
phenazine methosulfate on processes requiring 
an adequate energy supply. 

THOMAS E .  D U F F Y  1 

JOHN J.  O ' N E I L L  

Department of Cell Biology 
and Pharmacology 

University of Maryland 
School of Medicine 
Baltimore, Maryland 
A. N. SIAKOTOS 
Medical Research Laboratory 
Edgewood Arsenal, M a r y l a n d  

ACKNOWLEDGMENT 

Supported by USPHS Grant No. MH-05317-06. 

aPredoctoral Fellow. National Institute of General 
Medical Sciences (T. E. Duffy). 

REFERENCES 

1. McLean, P,, Biochim. Biophys. Acta 57, 620 (1962). 
2. O'Neill, J. J., and T. E. Duffy, Life Sciences, 5,'1849 

(1966). 
3. Siakotos, A. N. and G. Rouser, JAOCS, 42, 913 

(1965). 
4. Rouser, G., A. N. Siakotos and S. Fleischer, Lipids 

1, 85-86 (1966). 

[Received Sept. 9, 1966] 



S H O R T  C O M M U N I C A T I O N S  1 9 7  

Elimination of Contaminants During the Isolation of Fatty Acid 
Esters by Preparative Gas-Liquid Chromatography 

T HE ISOLATION of pure fatty acids by prepa- 
rative gas-liquid chromatography (GLC)  

is complicated by the persistence of traces of 
the preceding acids even though the chromato- 
gram may show clear separations. This be- 
comes intolerable in radioactive tracer studies 
in which the contaminating acid may have a 
relatively high degree of radioactivity. Elovson 
(1) claims to have circumvented this difficulty 
by rechromatography. In our hands this does 
not Completely remove all the contaminating 
materials. 

palmitate and palmitoleate can be seen. How- 
ever, when the preparative equipment was in- 
jected with 10 /zl of hexane after the emer- 
gence of the C16 group but just before the Cls 
fraction, the analytical chromatogram (Fig. 
1B) of the latter contained no peaks repre- 
sentative of C16 acids. 

Reiss et al. (2) have reported a collection 
system by which they isolate "a relatively pure 
sample." Actually, the chromatogram of the 
octanoic acid they isolated shows clearly the 
presence of heptanoic acid. 

The difficulty in the isolation of pure fatty 
acids by GLC is most probably due to traces 
of the preceding emerging acids which remain 
in the outlet tubes. This difficulty can be cir- 
cumvented by injecting from 10-15 /~1 of hex- 
ane at such a time that the peak due to hexane 
appears just before the peak of the acid to be 
collected. 

It is the usual procedure for fatty acid iso- 
lation in our laboratory to first isolate groups 
of acids of common carbon numbers by GLC 
on a nonpolar liquid phase, and to subse- 
quently separate them into acids of differing 
degrees of unsaturation by silver-ion thin-layer 
chromatography. As is the case with individual 
fatty acids, the groups of common carbon 
number acids are usually contaminated with 
the preceding group. 

The following example demonstrates the ef- 
ficacy of the technique. Methyl esters of rat  
endogenous fatty acids of adipose tissue tri- 
glycerides were separated and collected by the 
procedure described by Wood and Reiser (3).  
(Aerograph A-90-P Gas Chromatograph. Col- 
umn: 12 ft • 3~ in. coiled copper tubing 
packed with 25% SE-30 on Chromosorb W, 
50-100 mesh; temperature 220C; helium flow 
rate 60 ml /min . )  Fig. 1A represents the analy- 
sis of the 18 carbon acid ester fraction by an 
analytical gas chromatograph (Research Spe- 
cialties Model 600, Warner-Chilcott  Labora- 
tories Div., Richmond, Calif.) equipped with a 
flame ionization detector. The presence of 
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FIG. 1. Gas-chromatographic a n a l y s i s  
of the fatty acid methyl esters collected on 
preparative gas chromatography: ,4, with- 
out hexane injection; B, after injecting 10 
~1 of hexane. Column: 6 X V4 in. copper 
packed with 15% diethylene glycol suc- 
cinate polyester on Gaschom RZ, 60-80 
mesh (Applied Science Labs, State College, 
Pa.). Column temperature 180C; helium 
flow 50 ml/min. 
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Stored in Standard Soil Bags," Lipids, January, 
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FIG. ]. A, infrared spectrum (1.82% in potas- 
sium bromide) of the phthalate ester isolated from 
a soil sample; B, authentic didecylphthalate. 
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GLC and TLC Analysis of Isopropylidene Derivatives of Isomeric 
Polyhydroxy Acids Derived from Positional and Geometrical 
Isomers of Unsaturated Fatty Acids 
RANDALL WOOD, Medical Division, t 
Oak Ridge Institute of Nuclear Studies,-" Oak Ridge, Tennessee 

ABSTRACT 

Gas-liquid chromatography (GLC)  and 
thin-layer chromatography (TLC) were 
used to investigate the isomeric positional 
geometrical isopropylidene derivatives of 
nine isomeric dihydroxy esters, four iso- 
meric methyl 9,10-12-trihydroxystearates, 
and eight isomeric methyl 9,10-12,13- 
tetrahydroxystearates prepared from un- 
saturated fatty acids. The isopropylidenes 
derived from cis and trans monounsatu- 
rated fatty acids were easily separated on 
both polar and nonpolar columns. Posi- 
tional isopropylidenes derived from posi- 
tional isomers of monounsaturated fatty 
acids were not separated on either liquid 
phase but were resolved by TLC. 

Four  of the eight isomeric isopropyli- 
denes derived from the four geometrical 
isomers of linoleic acid were resolved on 
the polar column; the other four isomers 
eluted as a single peak. The four isomeric 
isopropylidene-trifluoroacetate derivatives 
derived from ricinoleic and ricinelaidic 
acids were also resolved on the polar 
column. GLC analyses were carried out 
with liquid phases of ethylene glycol suc- 
cinate methyl silicone polymer (EGSS-X) 
and methyl silicone polymer (SE-30) 
packed columns. Isopropylidenes, in addi- 
tion to their applicability for the resolu- 
tion of polyhydroxy acid mixtures, are 
particularly useful for the determination 
of double bond �9 and geometrical 
configurations of fatty acids without cleav- 
age. 

INTRODUCTION 

T HE Q U A N T I T A T I V E  D E T E R M I N A T I O N  of 
double bond position and geometric con- 

figuration of unsaturated fatty acids in a mix- 
ture is one of the most difficult problems for 
the lipid chemist. Such a determination now 

tUnder  contract with the U. S. Atomic Energy Com- 
mission. 

~An operating unit of Oak Ridge Assoc ia ted  Llniver- 
sities Inc. 

requires the isolation of each acid, followed 
by determination of configuration by infrared 
spectroscopy (1) ,  gas-liquid chromatography 
(GLC)  (2) ,  or argentation thin-layer chro- 
matography (TLC) (3) ,  and subsequent an- 
alysis of double bond position by degradation 
and product analysis. The fragments of deg- 
radation formed by periodate-permanganate 
oxidation (4) or ozonolysis (5,6,7) are an- 
alyzed by GLC. Attempts to determine the 
double bond position of intact fatty acids or 
derivatives have been only partially successful: 
quantitative resolution of suitable monoene 
mixtures by argentation TLC has been reported 
(8) ,  and the positional isomers of methyl 
octadecanoate beyond the A9 position have 
been resolved by capillary GLC (9).  

Isopropylidene derivatives of 1-monoglyc- 
erides (10) and l-glyceryl ethers (11) have 
been used for their GLC analysis. Recently 
isopropylidene derivatives derived from un- 
saturated esters (12) and hydrocarbons (13) 
have been used in an attempt to determine the 
double bond position by tandem GLC-mass 
spectrometry. Only the details of the mass 
spectrometry data have been published, and 
they appear to be of little value, if any, in the 
quantitative identification of a mixture of posi- 
tional isomers. In view of the unexplored po- 
tential of the isopropylidene derivatives for 
determining fatty acid double bond position 
and configuration by GLC and TLC, experi- 
ments to determine such applicability were 
carried out. 

EXPERIMENTAL 

Materials 

The palmitoleic, oleic, elaidic, petroselenic, 
cis- and trans-vaccenic, 1 1-eicosenoic, erucic, 
linoleic, linoelaidic, ricinoleic, and ricinelaidic 
acids of high purity were obtained from the 
Hormel Institute, Austin, Minn. The cis, trans- 
and trans,cis-linoleic acids were gifts from O. 
S. Privett. The system of nomenclature and 
the physical propertie s of the polyhydroxy 
acids used in this study have been previously 
described (14).  Glass-distilled solvents were 
obtained from Burdick and Jackson Labora- 
tory Inc. Other reagents and materials were 
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r eagen t  grade  and  used wi thou t  f u r t he r  puri-  
fication. 

Gas-Liquid Chromatography 

Analyses  were  made  wi th  an A e r o g r a p h  
Mode l  204  Gas  C h r o m a t o g r a p h .  Pyrex  col- 
u m n s  (5 ft  x 1/~ in.)  packed  with 15% of  
e thy lene  glycol succ ina te  me thy l  s i l icone poly- 
me r  ( E G S S - X ) ,  coa ted  on  100-120 mesh  Gas-  
C h r o m  P, and  a stainless steel c o l u m n  (5 ft 
x 1/a in . )  packed  wi th  5 %  methy l  si l icone 
po lymer  ( S E - 3 0 ) ,  coa ted  on  60-80 mesh  
C h r o m o s o r b  W, were used. T h e  po la r  E G S S - X  
co lumns  were  opera ted  i so the rmal ly  at  180 
and  200C  for  the  analysis  of  the  i sopropyl idene  
der ivat ives  der ived f r o m  m o n o -  and  d i -unsatu-  
ra ted  acids. I sopropy l idene  T F A  der ivat ives  
der ived f r o m  r ic inoleate  and  r ic ine la ida te  were 
ana lyzed  on  E G S S - X  co l um ns  at  185C. T he  
t empe ra tu r e  for  SE-30 co l um ns  was m a n u a l l y  
p r o g r a m m e d  f r o m  200-230C for  all analyses.  
In jec to r  and  de tec tor  t em pe r a t u r e s  were ma in -  
ta ined  at  230  and  240C.  Ai r  and  h y d r o g e n  
f low rates  were regula ted  to give m a x i m u m  
sensi t ivi ty of  detec tors  at  60 c c / m i n  of  He  
car r ie r  gas. 

Thin-Layer Chromatography 

U n i f o r m  0 .5 - ram and  0 . 2 5 - m m  layers  of 
Silica Gel  G were  spread  on  20- x 20 -cm glass 
plates  with  a Co lab  appl ica tor  modif ied  in this 
l abo ra to ry  ( 1 5 ) .  T h e  ch romatop la t e s ,  a f te r  air- 
d ry ing  for  30 min,  were ac t iva ted  for  15 min  
at l l 0C .  T h e  i somer ic  i sopropyl idene  der iva-  
tives der ived f r o m  r icinoleic  and  r ic inelaidic  
acid (one  free  hydroxyl  g r o u p )  were  chro-  
m a t o g r a p h e d  in ch lo ro fo rm.  Hexaned i e thy l  
e t h e r - 3 0 %  aqueous  a m m o n i u m  hydrox ide  

9 0 : 1 2 : 0 . 2 5  ( v / v / v )  was  used for  c h r o m a t o g -  
r a p h y  of  the o the r  samples.  All  c h r o m a t o g -  
r a p h y  was car r ied  ou t  in sa tu ra ted  chambers .  
Separa t ions  on  p repa ra t ive  plates were  vis- 
ual ized by  spray ing  wi th  0 . 2 % ,  2 ' ,7 ' -d ich loro-  
f luorescein in e thano l  and  viewing u n d e r  U V  
light. Analy t ica l  plates  were cha r r ed  acco rd ing  
to the  p rocedure  of  Pr ive t t  and  Blank ( 1 6 ) ,  
and  results  were d o c u m e n t e d  by  pho tography .  

Derivative Preparation 

Potas s ium p e r m a n g a n a t e  hydroxy la t ions  
were  car r ied  ou t  as descr ibed previous ly  ( 1 4 ) .  
T h e  hydroxy  acids were  t hen  me thy la t ed  wi th  
an  e therea l  so lu t ion  of  d i azome thane ,  p repa red  
accord ing  to De  Boer  and  Backer  ( 1 7 ) .  Iso- 
p ropy l idene  der ivat ives  were p r epa red  by  a 
modif ied p rocedure  of  H a n a h a n  et al. ( 1 1 ) .  
One  to l 0  m g  of  the hydroxy  esters were  
p laced  in a screw-cap vial wi th  1 ml of  ace tone  
and  1 /d of  6 0 %  perch lo r ic  acid. A f t e r  15 rain 
the perch lor ic  acid was neu t ra l ized  with excess 
a m m o n i u m  hydroxide .  T h e  tota l  mix tu re  was 
used direct ly for  G L C  analysis,  wi th  the  excep- 
t ion of  the i sopropyl idene  der ivat ives  of  the  
t r ihydroxy  esters. These  samples  were  evap-  
o ra ted  to dryness,  and  the  f ree  hydroxyl  g roup  
was t r i f luoroacety la ted  (18)  and  ana lyzed  by  
GLC.  

RESULTS AND DISCUSSION 
Hydrexylation 

Quant i t a t ive  ox ida t ion  of  the double  b o n d  
to the  diol, i l lus t ra ted in Step 1 of the reac t ion  
scheme,  is the mos t  difficult step. T h e  s tereo-  
specific oxidat ion,  previous ly  s h o w n  to oxidize 
mix tures  of  oleic and  elaidic acids quan t i t a -  
t ively to i somer ic  diols ( 1 4 ) ,  is i ncomple t e  

TABLE I 
Analysis of  Monounsaturated Standard Mixtures of Fatty Acids by GLC Analyses of the 

Isopropylidene Derivatives Obtained from the Isomeric Dihydroxy Acids, Resulting 
from Alkaline Permanganate Oxidation a 

% Found % Found 
Parent Known on EGSS-X on SE-30 
acid weight % column b column b 

Mixture No. 1 
Palmitoleic 23.5 24.5 24.7 
Oleic 22.9 26. I 24.9 
Elaidic 21.6 17.8 16.7 
11 -Eicosenoic 16.7 19.1 20.0 
Erucic 15.4 12.4 13.6 

Mixture No. 2 
Palmitoleic 32.9 34.3 35.5 
Oleic 26.8 26.2 26.8 
Elaidic 18.3 14.7 14.8 
1 l-Eicosenoic 23.0 24.8 22.9 

a Comparison of known weight percentages of the parent acids with experimental values represents an 
over-all evaluation of the method.  The sum of the possible errors associated with hydroxylation, methylation, 
derivative preparation, and analysis are incorporated into the experimental values. 

b Each experimental value represents the mean of three determinations. Percentages were calculated from 
peak areas obtained by triangulation. The detector response of the isopropylidenes was found to be linear 
over the concentrations used. The precision and accuracy of the chromatographic data, including the peak 
area measurements, is estimated to he in the order of _-4=.. 2%. 
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when monoene mixtures of a wider molecular 
weight range are oxidized (Table I ) .  Incom- 
plete oxidation of the less soluble, longer chain 
monoenes was encountered. Prolonged reaction 
time increased the concentration of presumably 
ketols (monoketo-monohydroxy) .  Alkaline per- 
manganate oxidation of the geometrical iso- 
mers of linoleic acid produced tetraols with 
different degrees of water solubility. Lyophili- 
zation of the neutralized reaction mixture fail- 
ed to yield tetraols, presumably because oxida- 
tion continued during this process. Despite 
diene hydroxylation difficulties, sufficient quan- 
tifies of isomeric tetraols of known configura- 
tion (14) were obtained for the evaluation of 
isomeric isopropylidene GLC and TLC separa- 

H H 
R - - - C = C - - R  

Alkaline 
KMnO4 

Oxidation J" 
cis 
H 

R - - C  = C ~ R  
H 

OH OH 
R----C----C~R 

H H 

erythro 
H OH 

R - - C - - - - C ~ R  
OH H 

H H 
trans HCH H C H  threo 

\ C  / 

o/,o 
I I 

R - - C  C ~ R  
H H 

Isopropyl idenes Ace ton e  
R 

H I HCI04 
R---C CH 

I I 
O O 

H C H  H C H  
H H 

tion patterns. Quantitative hydroxylation of 
mono- and di-enes might be achieved by the 
osmium tetraoxide procedure referred to by 
MeCloskey and McClelland (12) .  

Isopropylidene Derivatives 
The preparation of the isopropylidene deriva- 

tives from the hydroxy esters, Step 2 of the re- 
action scheme was virtually complete after 5 
min of reaction time as determined by TLC; 
but 15 min of reaction time were allowed to 
assure completion. This is considerably faster 
than that reported for other methods (12,19).  
Contrary  to previous reports (19,20),  dif- 
ferences in reaction rates of the threo and 
erythro isomers could not be detected by the 
method used. Samples removed from the reac- 

tion mixture after neutralization with an excess 
of ammonium hydroxide were injected directly 
into the chromatograph. Neutralization is neces- 
sary because the build-up of perchloric acid 
on the columns from samples that had not been 
neutralized caused virtually comple te  break- 
down of derivatives. One major  breakdown 
product  was observed for each of t h e  isopro- 
pylidenes derived from oleic and linoleic acids 
(the only two derivatives chromatographed 
under these conditions).  The retention time of 
the breakdown product  corresponded to that 
of the original unsaturated ester; however no 
further identification attempt was made. 

GLC Analysis of Isopropylidenes 
Derived from Monenes 

Individual monounsaturated fatty acids and 
mixtures were hydroxylated; methylated, iso- 
propylidene derivatives were prepared and 
analyzed directly by GLC without any pre- 
l iminary purification. The total time required 
t o  prepare the derivatives and complete the 
analysis was less than three hours. Fig. 1 shows 
two typical chromatogram tracings obtained 
with SE-30 and EGSS-X liquid phases, de- 
picting the analysis of isopropylidenes derived 
from monounsaturated fatty esters ranging in 
chain length f rom C16 to C22. Isopropylidene 
derivatives derived from cis and trans mono- 
enes of the same chain length were easily 
separated on both liquid phases (Figure 1, 
peaks 2 and 3 ) .  The derivatives of the cis 
isomers had the longer retention times, as had 
been previously reported for isopropylidenes 

50 

40 

50 

~ eo 

~ 60 IO 

~ 50 0 ,  

~,o 
~3o 

2O 

IO 

0 
3 

3 

LA _ 
5 

4 

9 12 15 ~8 21 24 27 50 
TIME (MINUTES) 

FIG. 1. Chromatogram tracings of isopropyl- 
idenes derived from the following monounsatu- 
rated fatty acids: (1) palmitoleic; (2) elaidic; (3) 
oleic; (4) ll-eicosenoic; and (5) erucic. Analyses 
were made on a 5 ft x Vs in. 5% SE-30 column 
manually temperature-programmed from 200-230C 
(top) and a 5 ft x 1/s in. 15% EGSS-X colun-m 
operating at 187C (bottom). 
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T A B L E  I I  
Re la t ive  Re ten t ion  Times  of I sop ropy l i dene -TFA Der iva t ives  and T L C  R d s  of Isopropyl idene  

Der ivat ives ,  P r epa red  f rom Tr ihydroxys teara tes  Resul t ing f rom Akal ine  P e r m a n g a n a t e  
Oxida t ion  of Ric inole ic  and Ric ine la id ic  Acids  

Methy l  t r ihydroxysteara te  Relat ive  T L C  
der ivat ive  re tent ion  t ime a R~ b 

threo-9, lO-erythro-lO, 12- 1.0 (15 min )  0.5 c 
threo-9, lO-threo-lO, 12- 1.12 0.4 
erythro-9, lO-threo-lO, 12- 1.25 0.27 
erythro-9, lO-erythro-lO, 12- 1.46 d 0,43 e 

a Analysis  made  on E G S S - X  l iquid  phase.  
b One free hydroxyl  group. 

e The  R~ of methyl  12-hydroxystearate  ch roma tog raphed  under  the same condi t ions  was 0.5 whereas  methyl  
9, 10-12-tr ihydroxystearate  did not  move f rom the origin.  

d Con ta ined  a second component  wi th  a re ten t ion  t ime of 1.06. 
e Showed a double spot. 

derived from unsaturated hydrocarbons (13). 
Mixtures of positional isopropylidene isomers 
derived from methyl oleate, petroselenate, and 
cis-vaccinate were not resolved on either liquid 
phase. 

Table I shows, for two monoene mixtures, 
a comparison of known weight percentages 
with experimental values determined on polar 
and nonpolar columns. Discrepancies are at- 
tributable to incomplete hydroxylation pro- 
cedure and the lack of standard purity. Pre- 
sumably a quantitative hydroxylation would 
make this method applicable for the simulta- 
neous quantitative determination of composi- 
tion and configuration of a monoene mixture. 
Analysis of Isopropylidenes 
Derived from Monohydroxy-monoenes 

A mixture of isopropylidene-TFA deriva- 
tives of the four diastereoisomeric trihydroxy 
esters resulting from the oxidation of ricinoleic 
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FIG. 2. Chromatogram tracing of isopropyl- 
idenes derived from the four geometrical isomers 
of linoleic acid. The peak numbers are iso- 
propylidenes of (1) oleic; ( 2 +  3) cis,cis-lino- 
leic; (4) cis, trans- and trans, cis-linoleic; and 
(5 + 6) trans, trans-linoleic acids. Analysis was 
made on a 5 ft. • Va in. EGSS-X column at 
200C. 
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and ricinelaidic acids was resolved by GLC on 
the polar columns. Resolution had not been 
possible previously with the TF A  derivative 
alone (14). The relative retention times for 
the isopropylidene-TFA derivatives are shown 
in Table II. Analysis of the individual isomers 
revealed a second component (retention time 
1.06) in the isopropylidene-TFA derivative of 
methyl ery thro-9,10-ery thro- 10,12-trihydroxy- 
stearate. The second component was also ob- 
served on TLC. Although the unidentified com- 
ponent might be an artifact, other possible 
explanations include the formation of a 10,12- 
isopropylidene in addition to the expected 9,10- 
isomer (not observed in the corresponding 
threo-9,10-erythro-lO,12-isomer) or the forma- 
tion of other isomeric forms derived from the 
original ricinoleic acid. 

GLC of Isopropylidenes Derived from Dienes 

The four geometrical isomers of linoleic 
acid, upon oxidation with alkaline permanga- 
nate, give rise to eight diastereoisomeric tetra- 
hydroxystearic acids. The GLC analysis of the 
isopropylidenes prepared from all eight of the 
tetrahydroxy isomers is shown by the chro- 
matogram tracing in Fig. 2. Preliminary TLC 
purification was required to remove unoxidized 
and partially hydroxylated contaminants be- 
fore isopropylidene preparation. The isopropyl- 
idenes derived from the two threo, threo-tetra- 
hydroxy isomers (peaks 2 and 3) were re- 
solved and eluted several minutes before the 
two partially resolved erythro, erythro isomers 
(peaks 5 and 6), and the intermediate forms 
(the two erythro, threo plus the two threo, 
erythro isomers) were eluted as an intermedi- 
ate single peak (peak 4). The same elution 
order was obtained on the SE-30 column, but 
resolution was not so good as that obtained on 
the EGSS-X liquid phase. The partially re- 
solved isopropylidenes of the two threo, threo 
isomers were completely resolved from the four 
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threo, erythro-erythro, threo isomers shoulder- 
ed on the leading side of the single peak con- 
taining the two erythro, erythro isomers. 

The diastereoisomeric pairs of threo; threo- 
and erythro, erythro-tetrahydroxystearate T F A  
derivatives have previously been resolved by 
GLC (14);  however the resolution of a mix- 
ture such as that shown in Fig. 2 has not been 
reported. Such separations make possible the 
qualitative classification of the original diene 
double bond configurations into the following 
isomeric forms: cis cis, trans trans, and the 
indistinguishable cis trans and trans cis isomers. 

TLC of Isopropylidenes 

A chromatoplate depicting the resolution of 
isopropylidene fatty esters derived from mono- 
unsaturated positional isomers by TLC is 
shown in Fig. 3. It may b e  concluded, on the 
basis of the number and type of positional 
isomers examined, that polarity decreases with 
the increasing distance of the 1,3-dioxolane 
ring from the carbonyl group. Isopropylidenes 
derived from trans monoenes (lanes 5 and 6) 
are slightly less polar and migrate ahead of 
those derived from the corresponding cis 
monoenes (lanes 2 and 3). This order of mi- 
gration also holds for isopropylidenes derived 
from dienes with two 1,3-dioxolane rings 
(lanes 9 and 10). Isopropylidenes derived 
from cb, trans and trans, cis dienes had identical 
Rf's and showed intermediate polarity to those 
in lanes 9 and 10. The polar materials re- 
maining near the origin (Fig. 3) are products 
of acetone polymerization that occur upon 
storage rather than from unreacted hydroxy 
esters. These solvent products usually do not 
interfere with analysis; however they can be 
avoided by extracting the isopropylidenes from 
the reaction mixture. 

The resolution of positional isopropylidene 
isomers by TLC was unexpected, owing to the 
lack of resolution by GLC on the polar EGSS- 
X liquid phase. Other polar  liquid phases may 
prove satisfactory for the GLC resolution of 
positional isopropylidenes derived from mono- 
enes. 

TLC Rf values of isopropylidene derivatives 
derived from ricinoleic and ricinelaidic acids 
are shown in Table II. As expected, these com- 
pounds, which contain one free hydroxyl 
group, showed polarities equal to or greater 
than methyl 12-hydroxystearate. A double spot 
was observed for the isopropylidene derivative 
of  methyl erythro-9,10-erythro-10,12-trihy- 
droxystearate, and its possible origin is dis- 
cussed in the GLC section. 

FIG. 3. Thin-layer chromatograms of isopro- 
pylidene fatty esters derived from (1) petroselenic; 
(2) oleic; (3) cis-vaccenic; (4) mixture of 1, 2, 
and 3; (5) elaidic; (6) trans-vaccenic; (7) mixture 
analyzed in Fig. 1; (8) palmitoleic; (9) linoleic; 
and (10) linoelaidic acids. Solvent system was 
hexane-diethyl ether-30% aqueous ammonium hy- 
droxide 90:12:0.25 (v/v/v) .  

Presently GLC and TLC of the isopropyl- 
idenes derived from monoenes can be used to 
determine the homogeneity of the double bond 
position and configuration of fatty esters with- 
out cleavage. 
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X-ray Diffraction Study of Some Normal 
Alkyl Esters of Long-Chain Acids t 
9. A. LUTZ, C. R. EDDY, and J. J. HUNTER, Eastern Regional Research Laboratory) 
Philadelphia, Pennsylvania 

ABSTRACT 

X-ray  powder  diffract ion data are re- 
por ted  for  15 normal  long-chain  esters. 
The  c o m p o u n d s  represen t  all combina t ions  
of  acid and  alcohol where  the acid por-  
t ion is n- te t radecanoic ,  n -hexadecanoic ,  or 
n -oc tadecanoic  acid, and the alcohol por-  
tion is n- te t radecanol ,  n -pentadecanol ,  n- 
hexadecanol ,  n -heptadecanol ,  or  n-octa-  
decanol.  The  individual  c o m p o u n d s  can 
be identified and dist inguished by  the  dif- 
f rac t ion data. Several o f  the esters have  
long spacings that  are a l inear f u n c t i o n  of  
the n u m b e r  of  ca rbon  a toms in the mole-  
cule and  are consis tent  wi th  a similar func-  
t ion for  ethyl esters of  long-chain  acids. 
The  r ema inde r  of  the  c o m p o u n d s  crystal-  
lize in o ther  po lymorph ic  fo rms  and there-  
fore  do not  fol low this funct ion.  

INTRODUCTION 

K OHLHAAS (4)  HAS REPORTED the uni t  cell 
and space group for  hexadecyl  hexadec-  

anoate.  The  methyl  and ethyl  esters of normal  
long-chain  acids were  charac ter ized  by powde r  
diffraction by Malkin  (6 ) ,  Francis  et  al. (2, 3) 

1 Presented at AOCS Meeting, Philadr October 
1966. 

2 E. Utiliz. Res. Dev. Div., ARS, USDA. 

and P iper  et al. (10) .  H o w e v e r  little is k n o w n  
about  the crys ta l lography of  h igher  homologs  
of  normal  aliphatic esters. This  paper  repor ts  
x-ray diffract ion studies fo r  15 normal  long- 
chain  aliphatic esters whose  general  fo rmula  is 
CH~(CH~),COO(CH~)mCH 3 where  n is 12, 
14, or 16, and m is 13, 14, 15, 16, or 17. All  
compounds  unde r  s tudy are solid crystall ine 
materials,  the mel t ing  points  of  which  are 
above r o o m  tempera tu re  and  therefore  suitable 
for  s tudy by  x-ray  diffraction. 

EXPERIMENTAL 

Materials and Methods 

Sample Preparation. Observed  mel t ing-points  
and  l i terature values ( 11 ) for  these c o m p o u n d s  
are included in Table  I. The  major i ty  of  the 
samples were  purchased  f r o m  Lacha t  Chemi-  
cals Inc.  Two  samples (octadecyl  te t radecano-  
ate and octadecyl  oc tadecanoa te )  were  synthe-  
sized a t  this Labora tory .  T h e  commerc ia l  sam- 
pies had  to be .washed to  r emove  unreac ted  
acids. T h e  odd-cha in  alcohol esters had  to  be 
fur ther  purified by  passing th rough  a co lumn 
of  silicic acid to r emove  bo th  unreac ted  alcohol 
and acid. Thin- layer  c h r o m a t o g r a p h y  showed  
no  trace of  alcohol and acid after  this t reat-  
ment .  The  samples  were  then  crystall ized t h r e e  

TABLE I 
Long Spacings of Normal Alkyl Esters of Long-Chain Acids 

Melting Melting Total carbon No. of 
point point atoms Long spacing orders 

Name of compound (observed) (literature) in molecule A Used 

Tetradecyl tetradecanoate 39.1--39.8 28 34.54 -+- 0.06 14 
Pentadecyl tetradecanoate 45.8---46.4 29 36.70 ~__ 0.15 4 

35.76 -~- 0.05 4 
35.16 + 0.08 a 5 
32.67 + 0.12 b 3 

Tetradecyl liexadecanoate 49.5--49.8 30 36.79 • 0.01 13 
Hexadecyl tetradecanoate 46.4--46.5 30 41.36 • 0.04 8 
Pentadecyl hexadecanoate 55.8--56.4 55.5 31 37.62 + 0.01 13 
Heptadecyl tetradecanoate 50.6--51.4 31 39.83 • 0.05 8 

37.83 • 0.06 b 5 
Tetradecyl octadecanoate 51.2--51.8 32 43,44 -6- 0.01 14 
Hexade~yl hexadecanoate 49.8--50.4 51.6 32 38.90 + 0.01 15 
Octadecyl tetradecanoate 50.5 32 38.98 ___ 0.02 16 
Pentadecyl octadecanoate 55.4---55.8 33 39.75 • 0.01 20 
Heptadecyl hexadecanoate 57.6--58.2 33 39.84 4- 0.02 18 

36.74 + 0.08 5 
Hexadc, cyl octadecanoate 57.0--57.6 34 41.34 + 0.02 15 
Octadecyl hexadecanoate 58.3--58.8 59.0 34 45.98 4- 0.01 15 
Heptadecyl octadecanoate 65.0--65.6 64.7 35 42.08 +_ 0.01 20 
Octadecyl octadecanoate 62 62 36 43.47 4- 0.02 18 

a Found only in spectra 
b Found only in spectra 

taken from melt. 
taken from acetone. 
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TABLE II  
Relative Intensity of Orders of 001 (Long Spacing) 

Name of  Compound Rela t ive  intensities of orders of  long spacing 
1 2 3 4 5 6 7 

Hexadecyl hexadecanoate 1000 35 550 15 196 10 63 
Octadecyl tetradecanoate I000 178 375 275 13 174 2 
Hept adecyl tetradecanoate 1000 71 158 79 10 36 < 4  
Pentadecyl octadecanoa~e 1 ~  4 460 2 ]95 3 91 
Hevtadecyl hexadecanoate 1000 22 373 63 85 106 16 
Hexadeeyl tetradecanoate 1000 55 365 70 65 53 6 
Hexadecyl octadecanoate 1000 36 496 16 196 11 55 
Tetradeeyl oetadeeanoate 1000 22 500 40 190 50 58 
Oct ad*eyl octadeeanoate 1000 7 284 6 96 4 30 

times from an acetone solution before x-ray 
diffraction patterns were taken. 

Each compound was crystallized from the 
melt and also from acetone at room tempera- 
ture. In most cases the same form was ob- 
tained by both procedures. X-ray diffraction 
measurements were made with a General Elec- 
tric XRD-3 direct-recording unit, using nickel- 
filtered C U K a  radiation (~ = 1.5405 A), 10 
beam slit, 0.1 o detector slit, medium resolution 
sollar slit, scanning speed 0.2 ~ per minute, 
chart speed 12 in. per hour, linear scale, 8- 
seconds time constant. The x-ray data listed 
in Table I were obtained from unground sam- 
pies. Thin layers, measuring approximately 0.5 
X 1.O in., were firmly pressed on a glass slide 
to insure adherence. The long spacings listed 
in Table I are the averages for the number of  

�9 orders listed in column 6; column 5 also gives 
the 95% confidence limits. The first and some- 
times the second orders were often not in- 
cluded because of the limited accuracy with 
which they could be measured. Complete x- 
ray powder patterns are not, in general, in- 
cluded because of the space required. 

RESULTS AND DISCUSSION 

All the compounds investigated can be ident- 
ified and distinguished by  the x-ray diffraction 
powder data. Normally the long spacing alone 
is sufficient for identification. However exami- 
nation of Table I reveals a few Sets of com- 
pounds with almost identical long spacings: 
hexadecyl hexadecanoate and octadecyl tetra- 
decanoate; pentadecyl octadecanoate, hepta- 
decyl hexadecanoate (form with larger long 
spacing), and heptadecyl tetradecanoate (form 
with larger long spacing); hexadecyl tetradec- 
anoate and hexadecyl octadecanoate; and tet- 
radecyl octadecanoate and octadecyl octadec- 
anoate. In these cases the compounds can be 
identified and distinguished by gross differences 
in the relative intensities of  the long spacing 
orders (Table II) .  For example, examination 
of  Table II  shows that, for hexadecyl hexadec- 

anoate, the fourth order is much weaker than 
the fifth order whereas for octadecyl tetradee- 
anoate the reverse is true, thus permitting the 
two esters to be distinguished. Likewise the 
other sets of  compounds can be distinguished 
by the relative intensities of their long spacing 
orders. For example, in the x-ray powder pat- 
tern of heptadecyl tetradecanoate, the fourth 
order is much stronger than the fifth order and 
t h e  seventh order is missing; in pentadecyl 
octadecanoate the fourth order is much weaker 
than the fifth order and the seventh order is 
present and strong; and in heptadecyl hexadec- 
anoate the fourth and fifth orders are about 
the same intensity and the seventh order is 
present, though not very intense. These three 
can also be distinguished by the formation of 
the second phase on crystallization. Pentadecyl 
octadecanoate does not form a second phase; 
heptadecy! hexadecanoate forms a second 
phase (long spacing 36.74 A) from both melt 
and acetone; heptadecyl tetradecanoate forms 
a second phase (long spacing 37.83 A) f rom 
acetone but  not from melt. In the case of 
hexadecyl tetradecanoate and hexadecyl octa- 
decanoate, the sixth order is stronger than the 
seventh order for the tetradecanoate whereas 
the reverse is true for the octadecanoate, In 
the case of tetradecyl octadecanoate and octa- 
decyl octadecanoate, the sixth and seventh or= 
ders are about the same relative intensity for 
the tetradecyl derivative, but the sixth order 
is much weaker than the seventh order for the 
octadecyl derivative. 

Several of the esters have long spacings 
which are a linear function of  the number of 
carbon atoms in the molecule. Tetradecyl tet- 
radecanoate, tetradecyi hexadecanoate, hexa- 
decyl hexadecanoate, octadecyl tetradecanoatr 
hexadecyl octadecanoate, and octadeeyl oeta- 
decanoate fall on a straight line when the long 
spacing (y) is plotted against the number of 
carbon atoms in each molecule (x) as shown 
in Fig. 1. The least-squares equation of this 
line is y = (3.1440 • 0~9588) 4- 41.1205 
0.0298) x. This would indicate that these es- 
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FiG. l. Long spacing v e r s u s  total number of car- 
bon atoms per molecule for long-chain esters. 
Least-squares line derived from tetradecyl tetra- 
decanoate, tetradecyl hexadecanoate, hexadecyl 
hexadecanoate, octadecyl tetradecanoate, hexadecyl 
octadecanoate, and octadecyl octadecanoate. 

ters crystallize in the same polymorphic form. 
Therefore an attempt was made to index all 
reflections other than long spacings on the 
basis of the unit cell of hexadecyl hexadecano- 
ate reported by Kohlhaas (4). It was assumed 
that all cell parameters remain constant except 
the c parameter, where the long spacing was 
taken as 0.5 c sin /3. The attempt was suc- 
cessful, and the differences between observed 
and calculated values were within 0.01 A. The 
characteristic side spacings seem to be the 
(110), (020), and (200) reflections in that 
order. It may be that the molecules lie on or 
near these planes. 

A statistical analysis shows that the least- 
squares line of the above six compounds is in- 
distinguishable from a least-squares line for the 
long spacing values of the ethyl esters of nor- 
mal aliphatic acids (2, 3, 6). This would imply 
that the two series of compounds are iso- 
morphous. Fortunately the unit cell of one of 
the ethyl esters is known, namely, ethyl stear- 
ate. The unit cell of ethyl stearate (8) seems 
to be isomorphous with that of hexadecyl hexa- 
decanoate (4),  but Kohlhaas reports the space 
group of hexadecyl hexadecanoate as P21/a 
whereas Mathieson et al. report ethyl stearate 
as Ia. This would indicate that, although the 
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unit cells are isomorphous, the structures are 
not. 

If the long spacings of the six oxygen esters 
are compared with the values of the corres- 
ponding thiol esters (5), it is found that the 
long spacings of the corresponding sulfur com- 
pounds are greater on the average by 0.30 A. 
This would be equivalent to an increase in the 
c parameter of about 0.68 A. It may be as- 
sumed that the compounds are isomorphous 
and the same as hexadecyl hexadecanoate, 
that the covalent radii for oxygen and sulfur 
are those as given by Pauling (9), and that 
the aliphatic chain axis is roughly parallel to 
the c axis. If it is assumed that the asymmetric 
unit packs roughly as reported by Mathieson 
et al. (8), then the difference in the c axis 
between the corresponding sulfur and oxygen 
compounds should be about 1.18 A. On the 
other hand, if it should be assumed that the 
asymmetric unit packs roughly, as suggested 
by Aleby for ethyl stearate (1),  then the dif- 
ference i n  c axis between corresponding sulfur 
and oxygen compounds would be about 0.50 a .  
The observed 0.68 A difference comes closer 
to the latter and would suggest that the com- 
pounds pack more nearly like the structure 
proposed by Aleby if the assumptions are cor- 
rect. However, since the space group for ethyl 
stearate is different from the one reported for 
hexadecyl hexadecanoate, this Conclusion is not 
certain without further study. 

Normally an alternation in long spacing in 
a homologous series containing even and odd 
numbers of carbon atoms is typical of long- 
chain compounds (7). An examination of Fig. 
1 seems to indicate that pentadecyl hexadeca- 
noate, pentadecyl octadecanoate, heptadecyl 
hexadecanoate, and heptadecyl octadecanoate 
exist in the same polymorphic form. If their 
long spacing values are plotted against the total 
number of carbon atoms in each molecule 
(Fig. 1), it is seen that they do not fall in the 
same line with those containing an even num- 
ber of carbon atoms but are slightly lower. 
Pentadecyl hexadecanoate, pentadecyl octadec- 
anoate, and heptadecyl octadecanoate could 
be indexed by the same scheme as the evens, 
based on a unit cell of hexadecyl hexadecano- 
ate. This would imply that the odd and even 
series are isomorphous. However the largest  
differences between observed and calculated 
values were greater than for the even series. 
The line representing the odd series would not 
necessarily be expected to coincide with that 
of the even serie s because of the difference in 
end packing between the two series. Further 
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work is required in order to clarify this point. 
If the long spacing values of these odd- 

chained compounds are compared with the 
values of the corresponding thiol esters (5), 
on the average the sulfur compounds have long 
spacing values greater by 0.36 A with one 
value outstandingly high, 0.47A. With the even 
series, the average difference between the oxy- 
gen and sulfur compounds was 0.30 A; one 
value was outstandingly low, 0.20 A. If both 
these extreme values were eliminated, the aver- 
ages would be 0.33 A for the odds and 0.34 
A_ for the evens. Perhaps each class of oxygen 
compounds bears the same relationship to the 
corresponding class of sulfur compounds. This 
cannot be definitely established without further 
study. 

A graph of the long spacing values of the 
ethyl esters and long-chain acids (B form) 
(2,3,6) against the total number of carbon 
atoms per molecule (Fig. 2) shows that the 
values fall on two straight lines, one for the 
even and one for the odd series, with the line 
for the odd series above that of the even series. 
This is the reverse of findings for esters of 
long-chain alcohols and thiols. Perhaps a 
change in packing occurs between the ethyl 
derivatives and the higher homologs in the odd 
series. 

An examination of Table I and Fig. 1 shows 
that the compounds with odd numbers of car- 
bon atoms tend to display more polymorphic 
forms for each compound than in the even 
series, both in the total number of different 
forms and forms for each individual com- 
pound. The evens tend to crystallize in only 
one form, whether crystallized from acetone 
or melt, but the odds tend to display several 
forms under the same conditions. The odds 
seem to display at least five different polymor- 
phic forms, probably a sixth if the forms of 
pentadecyl tetradecanoate and heptadecyl tet- 
radecanoate with the largest long spacings are 
also different. This difference is suggested by 
the fact that a straight line drawn between 
these two points would have a negative inter- 
cept at zero number of carbon atoms. 

Fig. l suggests that the polymorphic forms 
of pentadecyl tetradecanoate and heptadecyl 
hexadecanoate which exhibit the smallest long 
spacing valnes are the same crystalline forms, 
but it cannot be said with certainty without 
further study. Fig. 1 also suggests that hexa- 
decyl tetradecanoate, tetradecyl octadecanoate, 
and octadecyl hexadecanoate crystallize in the 
same polymorphic forms, where the aliphatic 
chain axis would be almost parallel to the c 
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FIG. 2. Long spacing v e r s u s  total number of car- 
bon atoms per molecule, for ethyl esters of long- 
chain acids. Filled ciizles: Odd total number of 
carbon atoms. Open circles: Even total number 
of carbon atoms. 

axis, but it cannot be established at this time 
without further study. Fig.1 shows that the 
form of heptadecyl tetradecanoate which dis- 
plays the smaller long spacing value and one 
of the forms of pentadecyl tetradecanoate 
(second largest long spacing value) may crys- 
tallize in the same form as those isomorphous 
with hexadecyl hexadecanoate. 
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The Lactone Precursor in Fresh Milk Fat: 
Identification of the Hydroxy Fatty Acids 1 
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ABSTRACT 

A series of hydroxy fatty acids was 
identified from a polar glyceride milk-fat 
fraction. These acids were identified as tri- 
methylsilyl (TMS) ether methyl ester de- 
rivatives. Identification was achieved by 
mass spectral analysis and comparison of 
gas chromatographic retention times with 
authentic compounds. Mass spectral frag- 
mentation patterns of the TMS ether 
methyl esters were obtained, and correla- 
tion of important  ions for structural identi- 
fications were made. In addition, semi- 
quantitative data are presented. 

INTRODUCTION 

N ATURALLY OCCURRING HYDROXY ACIDS have 
been the subject of recent investigations 

(1,2).  In the last few years, knowledge of the 
chemistry of milk fat has progressed significant- 
ly, but all attempts to identify directly hydroxy 
fatty acids in milk fat have failed. Numerous 
lactones have been isolated from milk fat, 
ranging from Cs--Ca~ carbon atoms that includ- 
ed both saturated and unsaturated members 
(3,4,5). The logically suspected fatty acids, 
with the hydroxy group in the 4 and 5 position 
of the chain, are not stable; consequently the 
corresponding lactones are isolated. 

This investigation was undertaken to de- 
termine the hydroxy fatty acid composition of 
milk fat. 

EXPERIMENTAL PROCEDURE 

The polar glyceride lactone precursor was 
prepared from fresh raw sweet cream, as de- 
scribed elsewhere (5).  This fraction was sub- 
jected to BF3 catalyzed methanolysis (6) ,  and 
the methyl esters were separated into nonpolar  
and polar  fractions by a liquid partit ion 
c h r o m a t o g r a p h i c  procedure described by 
Frankel  et al. (7).  The hydroxy methyl esters 
in the polar  fraction were converted to tri- 
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methyl s i l y l  (TMS)  derivatives (8)  a n d  ex- 
tracted as described by Wood et al. (9) .  

Synthesis of Standard TMS Derivatives 

Hydroxy acids with the hydroxy group in the 
4 and 5 position are not readily available since 
cyclic esterification occurs rapidly. Therefore 
it was necessary to prepare standard reference 
compounds to assist in the  identification of the 
unknown compounds isolated from milk fat. 
8- and 7-Lactones are commercially available 
in high purity and can be hydrolyzed by alka- 
line solutions. Three ml of lactone were re- 
fluxed for 30 min with 10 ml of 1N NaOH, 
and after cooling the sample was lyophilized. 
The dried sodium salt of the hydroxy fatty 
acid was converted to the TMS derivative, as 
described above. Since the TMS ether linkag e 
is labile to weakly acidic conditions (9) ,  methyl 
esters were formed by esterification with di- 
azomethane (10).  

Analysis of the TMS Derivatives 

The TMS derivatives were separated with an 
F & M Scientific Corporat ion Model  810 gas 
chromatograph, equipped with a hydrogen 
flame ionization detector. A 5-ft x 1/s-in. O.D. 
stainless steel column was packed with 20% 
Apiezon L on 100-120 mesh  Celite 545. The 
column temperature was 230C. An  inlet pres- 
sure of 30 psi was required for a helium flow 
through the column o f  40 ml /min .  The de- 
tector and injector por t  were maintained at 
240C. 

The effluent from the gas chromatograph 
was split; one portion passed to the flame ioni- 
zation detector and the other to the heated 
EC-1 inlet of an Atlas M A T  C H - 4  Nier type 
mass spectrometer. M a s s  spectra were ob- 
tained by rapid ( m / e  24 450 in 6.5 sec) mag- 
netic scans of the chromatographic peaks and 
used for confirmation of retention data. 

RESULTS AND DISCUSSION 

Tentative identifications of the TMS deriva- 
tives from milk fat were made by comparison 
of retention times with a semilogarithmic plot 
of chain length and retention time obtained 
from authentic compounds. This line was 
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TABLE I 
Retention Data  of TMS Ether Methyl Esters Isolated from the Lactone Precursor from Fresh Milk Fat  

209 

Retention time Authentic retention time 
Compound ( minutes ) (minutes) 

5-TMS-Methyl octanoate 
4-TMS-Methyl decanoate 
5-TMS-Methyl decanoate 
4-TMS-Methyl undecanoate 
5-TMS-Methyl undecanoate 
5-TMS-Methyl dodecanoate 
5-TMS-Methyl tetradecanoate 
5-TMS-Methyl pentadecanoate 
5-TMS-Methyl hexadecanoate 
5 (? ) -TMS-Methyl  heptadecanoate 
5-TMS-Methyl octadecanoate 
5 (? ) -TMS-Methyl  nonadecanoate 

16.50 15.44a 
18.04 18.13 
18.78 18.17 
........ 20.16 
........ 20.08 

21.78 21.82 
26.50 26.42 a 
27.88 29.26 a 
30.65 32.11 a 
35.52 34.95 a 
38.37 38.21a 
42.43 42.27 a 

aBy extrapolation. 

extrapolated to include compounds for which 
no standards were available. The retention 
data are shown in Table I. 

In order to confirm these identifications by 
mass spectrometry, it was necessary to estab- 
lish typical fragmentation patterns from the 

m a s s  spectra of  authentic compounds and to 
use this information to predict the spectra of 
those compounds for which there were no 
standards. The mass spectrum of authentic 
5 -TMS-methy l  decanoate, shown in Figure 1, 
is a typical example. I t  should be noted that 
several of the fragments in Figure 1 are shown 
at 100% intensity. Analytical  conditions were 
chosen to ensure maximal concentration of the 
GLC column effluent in the ion source so that 
the small fragments in the parent ion region of 
the spectra would be visible. Under these con- 

ditions the more prominent fragments were 
so intense as to be off scale, even on the least 
sensitive recorder galvanometer. Thus, although 
the proportions of the spectral fragment ions in 
this study are in no way quantitative, the pat- 
tern of the fragmentation can be extremely 
useful in structural elucidation. 

Prominent  ions of m / e  89 [ (CH3) 3~Si-O] § 
73 [ (CH3)3-Si]  +, 75 (rearrangement?),  and 
147 [ ( C H 3 ) : S i - O - S i ( C H a ) 2 ]  + (11) were 
observed in the spectra of all standard TMS 
derivatives and were extremely useful in dis- 
tinguishing the TMS derivatives from normal 
milk fatty acid methyl esters. A peak at m / e  
59, became of cleavage at the methyl ester 
moiety, was also ubiquitous. 

Ce r t a in  prominent  fragments were helpful in 
establishing the structure of the TMS deriva- 
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FIG. I. The mass spectrum of 5-TMS methyl decanoate. 
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TABLE If  
Major Fragmentation Ions (m/e)  of Standard 

TMS Ether Methyl Esters 

Fragment 
Scission at 

Compound P P-15 A B 

4-TMS-Methyl decanoate 274 259 189 187 
5-TMS-Methyl decanoate 274 259 203 173 
4-TMS-Methyl undecanoate 288 273 189 201 
5-TMS-Methyl undecanoate 288 273 203 187 
5-TMS-Methyl dodecanoate 302 287 203 201 

tives. The parent  ion (P)  is frequently weak 
or nonexistent; however P-15  is usually suffi- 
ciently prominent  that an evaluation of the 
molecular weights can be made. The position 
of the TMS group can be readily established 
since prominent  ions are found to result from 
fragmentation of the carbon chain on either 
side of the oxygenated carbon atom. Thus, in 
the diagram below, cleavage at A gives a strong 
fragment peak at m / e  P-RCH2 [ (CH3)3-S i -  
O-CH(CH2)x-COOCH3]  +. When x = 2 in 
the case of 4-hydroxy acids, this fragment ap- 
pears at m / e  189; and when x = 3 as in 5 -  
hydroxy acids, at m / e  203. This fragment 
mass establishes the position of the original OH 
group in relation to the carboxylic ester group. 
Fragmentat ion at B yields a prominent  peak at 
P - ( C H 2 ) x - C O O C H a  or [ R C H 2 C H O - S i  
(CH3)3~ § The mass of this fragment estab- 
lishes the length of the R group. This fragment, 
with the molecular weight, is equally useful in 
establishing the position of the TMS moiety. 

A B 
I I o 
$ $ II 

R - C H 2 - C H -  (CH2) x-C-O-CH3 
I 

O 
I 

HaC-Si-CH3 
I 

CHa 

In addition, ions at m / e  P-47 and P-31 were 
commonly observed. P-31 probably results 

TABLE I I I  
Major Fragmentation Ions (m/e)  Predicted for Certain 

TMS Ether Methyl Esters 

Fragment 
Scission at 

Compound P P-15 A B 

5-TMS-Methyl octanoate 246, 231 203 145 
4-TMS-Methyl dodecanoate 302 287 189 215 
5-TMS-Methyl tetradecanoate 330 315 203 229 
5-TMS-Methyl pentadecanoate 344 329 203 243 
5-TMS-Methyl hexadecanoate 358 343 203 257 
5-TMS-Methyl heptadecanoate 372 357 203 271 
5-TMS-Methyl octadecanoate 386 371 203 285 
5-TMS'Methyl  nonadeeanoate 400 385 203 299 

from loss of [CH3-OI  § and P ~ 7  could result 
from a rearrangement involving the TMS 
group. One possibility would be [SiOHa] +. 

The fragmentation ions related to the struc- 
ture of authentic TMS ether methyl esters are 
"shown in Table II. On the basis of these pat- 
terns, the comparable ions were predicted for 
those compounds for which standards were 
not available. These predictions are shown in 
Table III. 

The major fragment ions of compounds 
identified from milk fat as TMS ether methyl 
esters are shown in Table IV. These spectra 
were, in most cases, weaker than those of the 
standard compounds and were often con- 
taminated by fragment ions from column 
bleed and from poorly resolved methyl esters 
of normal fatty acids. The fragments shown 
are those which were clearly prominent after 
subtracting the background spectra. Therefore, 
although many of the expected peaks do not 
appear in Table IV, sufficient mass spectral in- 
formation is present fo r  identification. The 
criteria for "positive identification" were 
coincidence of retention data and adequate 
mass spectral structural information. Com- 
pounds which did not fulfill both of these 
criteria were designated as being tentatively 
identified. 

An  approximation of the proportions of the 
various TMS-ether methyl esters was made 
from the peak areas of the respective GLC 

TABLE IV 
Major Fragmentation Ions (m/e )  of Compounds Identified from Milk Fat as TMS Ether Methyl Esters 

Source Scission at 
Compound P P-15 P-30 A B Other 

5-TMS-Methyl octanoate b 231 
4-TMS-Methyl decanoatea 259 
5-TMS-Methyl decanoate a 259 
5-TMS-Methyl dodecanoate a 302 287 
5-TMS-Methyl tetradecanoate a 315 
5-TMS-Methyl pentadeeanoate b 329 
5-TMS-Methyl hexadecanoate a 343 
5 (?)-TMS-Methyl  heptadecanoate b 357 
5-TMS-Methyl octadecanoate a 371 
5 (?)-TMS-Methyl  nonadecanoateb 400 385 

145 
189 187 
203 

272 203 201 
300 203 229 

203 
203 

342 
203 

89, 79, 75, 73 
89, 79, 75, 73 
201, 89, 75, 73, 59 
89, 79, 75, 73 
89, 79, 75, 73 
201, 89, 79, 75. 73 
201, 103, 89, 79, 75, 73 
89, 79, 75, 73 
201, 103, 73, 75, 59 
75, 73, 59 

a Positive identification. 
b Tentative identification. 
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p e a k s  b y  a s s u m i n g  l i n e a r  d e t e c t o r  r e s p o n s e  b y  
we igh t .  T h e  f o l l o w i n g  d i s t r i b u t i o n  o f  h y d r o x y  
f a t t y  a c id s  w a s  f o u n d  in f r e s h  m i l k  f a t  in t he  
i n d i c a t e d  m o l e  p e r c e n t a g e s :  5 - h y d r o x y  o c t a n o i c  
( 8 . 0 % ) ,  4 - h y d r o x y  d e c a n o i c  ( 9 . 5 % ) ,  5- 
h y d r o x y  d e c a n o i c  (1 0 . 9 %  ),  5 - h y d r o x y  d o d e c -  
a n o i c  ( 1 3 . 7 % ) ,  5 - h y d r o x y  t e t r a d e c a n o i c  
f 1 5 . 2 %  ),  5 - h y d r o x y  p e n t a d e c a n o i c  ( 4 . 8 % ) ,  
5 - h y d r o x y  h e x a d e c a n o i c  ( 1 6 . 8 % ) ,  a n d  5-  
h y d r o x y  o c t a d e c a n o i c  ( 1 7 . 4 % ) .  H y d r o x y  
h e p t a d e c a n o i c  ( 1 . 1 % )  a n d  h y d r o x y  n o n -  
a d e c a n o i c  ( 2 . 6 % )  w e r e  a l so  ident i f ied ,  b u t  t he  
p o s i t i o n  o f  t he  h y d r o x y  g r o u p s  c o u l d  n o t  be  
a s c e r t a i n e d .  

T h e s e  r e s u l t s  a g r e e  r e a s o n a b l y  wel l  w i t h  
t h o s e  o f  J u r r i e n s  a n d  Oele ,  w h o  r e p o r t e d  
s l i gh t l y  d i f f e r e n t  p r o p o r t i o n s  o f  C,~  to C~,~ 
" b o u n d  l a c t o n e s "  in a s a m p l e  o f  c o m m e r c i a l  
b u t t e r  ( 4 ) .  T h e  f i n d i n g  o f  s u c h  a l a r g e  q u a n -  
t i ty o f  5 - h y d r o x y  o c t a d e c a n o i c  ac id  is s o m e -  
w h a t  s u r p r i s i n g ,  b u t  t h e  q u a n t i t y  c o r r e l a t e s  
q u i t e  n i ce ly  w i t h  the  r e c e n t  f i n d i n g  o f  18.7 
m o l e  % o f  3 - o c t a d e c a l a c t o n e  a m o n g  t he  
l a c t o n e s  p r o d u c e d  f r o m  t he  s a m e  p r e c u r s o r  
(5). 

N o  u n s a t u r a t e d  h y d r o x y  ac i d s  w e r e  f o u n d ,  
e v e n  w i t h  a n  a t t e m p t  to  s e p a r a t e  t h e  p o l a r  
m e t h y l  e s t e r  f r a c t i o n  b y  s i lve r  n i t r a t e - i m p r e g -  
n a t e d  si l icic ac id  t h i n - l a y e r  c h r o m a t o g r a p h y .  
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ABSTRACT 

The reversible endogenous hyperlipemia 
in dogs, elicited by the detergent Triton 
which was given intravenously, was used 
to study the interrelations of serum lipids. 
In the cholesterol ester fraction an increase 
occurs in both monounsaturated and in 
saturated fatty acids, except ing myristic; 
while a decrease occurs in polyunsaturated 
fatty acids. The fatty acids of cholesterol 
esters of normal dogs contain 22% oleic 
acid, and only 24% when serum lipids 
are increased to almost double their nor- 
mal value ( T C = 4 0 0 - 5 0 0  mg/100 ml) .  
However there is a critical level above 
which a rapid rise in oleic acid occurs 
and, in severe hyperlipemia ( T C =  1500 
~430  mg/100 ml),  this acid constitutes 
almost half of the esterified fatty acid com- 
ponent. 

Since there is no evidence that Tri ton 
directly regulates fatty acid synthesis, the 
lipid fraction-fatty acid interrelationship 
may be secondary to lipid mobilization 
from endogenous sources. This concept 
is supported by the fact that the increased 
serum fatty acids are only those which 
can be synthesized by animals. It is sug- 
gested, on the basis of a marked increase 
of endogenously produced fatty acids, 
that, at critical lipid levels, shortage of 
polyunsaturated fatty acids from exogen- 
ous sources occurs. This might be of suf- 
ficient degree to accelerate fatty acid 
synthesis to meet the need for fatty acids 
for energy requirements. There may also 
be need of fatty acid for esterification of 
chiefly the accumulated free cholesterol 
split from lipoprotein by Triton. 

Triton-induced changes in cholesterol 
ester fatty acids result in patterns which 
closely resemble those in the adipose tissue 
of dog and man and in the serum of 
human endogenous hyperlipemia. 

INTRODUCTION 

B OTH CLINICAL ( 1 - - 5 )  AND E X P E R I M E N T A L  

(6,7) HYPERLIPEMIA suggest a correlation 
between the levels of serum or tissue choles- 

terol and the degree of saturation of the fatty 
acids esterified with cholesterol ester. 

With the increase in hyperlipemia that re- 
sulted from the detergent Triton-injection in 
this study, saturated and monounsaturated fatty 
acids greatly increased (almost doubled) at the 
expense of polyunsaturated FA. The evidence 
suggests that the increased serum cholesterol 
ester fatty acids are only those which can be 
synthesized by animals. The changed serum 
fatty acid patterns in hyperlipemia because of 
Triton are similar to FA patterns in the adi- 
pose tissue of normal dogs (7) and to serum 
F A  patterns in spontaneous hyperlipemia in 
man (5).  Triton hyperlipemia in dogs may 
resemble that of human endogenous hyper- 
lipemia, thus providing an experimental model 
for the investigation of correlative relation- 
ships among lipids inherent in the nature of 
endogenous hyperlipemia. 

METHODS 

Hyperlipemia was produced according to a 
slight modification of the method by Scanu 
et al. (8) .  Five male and five female mongrel 
dogs received 100 to 200 mg/kg  body weight 
of Triton WR-1339  (Winthrop Laboratories, 
New York, N. Y.) ,  dissolved one to five in a 
phosphate buffer (pH 7.2) solution and in- 
jected intravenously twice a week for a period 
of six to eight months. For  the base-line lipid 
values, two blood samples were drawn from 
each animal during four weeks prior to Triton 
injection. Biweekly samples of blood were 
taken during the control and experimental 
period and were analyzed for serum lipids by 
extracting of 1 ml of serum with 25 mi of 
chloroform-methanol mixture (2:1, v /v )  at 
room temperature. The organic extract was 
washed with 8 ml of 0.02% calcium chloride 
solution. On standing at 4C overnight, a two- 
phase system was produced. The chloroform 
phase was concentrated by evaporation in 
vacuum or under nitrogen. Nonpolar  lipids 
were separated from polar lipids on a 7-ram 
silicic acid column. The column was prepared 
by using 800 mg of 100-200 mesh silicic acid, 
which was suspended in chloroform, and the 
suspension was transferred to the column. The 
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packed co lumn was washed with methanol ,  
then  with ch loroform.  Lipid was applied in 
ch lo ro fo rm and eluted with 25 ml of  chloro-  
form,  fol lowed by 25 ml of  methanol .  Total  
cholesterol  ( T C ) ,  free cholesterol  ( F C ) ,  and 
triglycerides ( T G )  f rom the ch lo ro fo rm phase  
and phosphol ipids  (PL)  f rom the methanol  
phase  were de te rmined  ag in the earlier s tudy 
(9) .  In addit ion,  extracted se rum lipids were  
separa ted  on thin-layer ch romatography ,  using 
silica gel G as an adsorbent .  

The  slurry was made  by using equal parts  of  
silicai gel and 0 .01% o f  rhodamine  B solution 
( w / v )  and a 0 . 4 - m m  layer applied to 8 by 8 -  
in. glass plates. Cholesterol  ester, triglyceride, 
and phosphol ip id  fract ions were separated by 
using pe t ro leum ether:  diethyl e ther :  acetic acid 
( 9 0 : 1 0 : 1 )  solvent  system. Lipid f ract ions  
were  identified under  ultraviolet  light and 
t ransmethyla ted  in the presence  of  silica gel 
in 5% sulfuric acid in methanol  and a few 
crystals of  hydroqu inone  for two hours.  Methyl  
esters were extracted with pe t ro leum ether  and 
dried with sodium su l fa te : sod ium bicarbonate  
( 4 :1 ) .  The  solvent  was evapora ted  under  
nitrogen,  and the residue was redissolved in 
hexane for analysis by gas-liquid ch romatog-  
raphy.  Comple teness  of  t ransmethyla t ion  and 
quanti tat ive recovery  of  methyl  esters was 
verified. F & M model  810 with flame ioniza- 
tion detector  was used isothermally at 185C. 
Hel ium,  at a flow rate of  60 m l / m i n ,  was the 

carr ier  gas. A co lumn 1A in. in d iameter  and 
6 ft  long was packed  with 13 % ethylene glycol 
succinate  on 8 0 -1 0 0  mesh  G a s - C h r o m  P 
(Appl ied  Science Labora tor ies  Inc., State Col- 
lege, Pa . ) .  The  peak area was calculated by 
using a Disc integrator ,  and the results were  
rechecked  by tr iangulation.  On the basis of  
these s tandards  obta ined commercia l ly ,  de- 
tector  response  was cal ibrated for individual 
fatty acids; correc t ion  factors,  when necessary,  
were applied. C o l u m n  separa t ion was checked 
with methyl  ester mixtures  supplied by the 
Nat iona l  Insti tutes of  Health.  Dupl icate  chro-  
ma tog rams  were run on each sample.  

RESULTS 

The  effects of  periodic Tr i ton  injection on 
lipid mobi l izat ion and t ranspor t  in serum are 
evaluated in terms of  three categories.  

Changes in Lipid Fractions and Cholesterol Ester 
Fatty Acid Percentage Composition 

With  the injection of  Tr i ton all animals de- 
ve loped hyper l ipemia  during the e igh t -month  
s tudy period.  In general ,  the degree  of  hyper-  
l ipemia was propor t iona l  to the dosage a n d / o r  
to the length of  adminis t ra t ion of  Tri ton.  With  
the increase in lipid fractions,  there  was a 
change  in the fat ty acid percentage  composi t ion  
of  the cholesterol  ester fraction.  Total  
choles terol  varied f rom a low of  172 • 20.7 
m g / 1 0 0  ml in the normal  (pre-Tr i ton  per iod)  

TABLE I 
Averages and Standard Deviations of Serum Lipid Fractions in rag/100 ml and Serum Cholesterol Ester 

Fatty Acids in Percentage Composition at Increas ing  Levels of Total Cholesterol, 
Resulting from Triton-lnduced Lipemia 

(Two biweekly blood samples prior to Triton injection, then biweekly samples during six to eight months of 
twice-a-week Triton injection: Five male and five female dogs. Sample size : 183) 

Triton-lipemia Pre-Triton or 
stages normal Early Early Moderate High 

Total cholesterol 
levels in mg/100 ml 200 200-2i)9 300-499 500-999 > 1000 

Sample size ( n )  10 21 46 48 58 

Averages  and standard 
deviations Av. S.D. Av. S.D. Av. S.D. Av. S.D. Av. S.D. 

Lipid Fract ions  
Total cholesterol (TC) 172.0 + 20.7 255.0 -4- 25.8 412.0 ~ 55.6 701.0 • 142.0 1577.0 • 430.0 
Free cholesterol (FC) 42.0 + 12.1 68.0 __+ 17.2 123.0 + 55.5 355.0 • 222.0 1181.0 _+_ 376.0 
Phospholipid (PL) 316.0 • 38.1 372.0 ~+ 71.0 485.0 -4- 131.0 925.0 + 355.0 2204.0 -4- 534.0 
Triglyceride (TG) 42.0 ~ 9.1 59.0 __+ 37.3 109.0 +_ 105.0 711.0 ~ 702.0 2934.0 + 1664,0 

Fatty Acid Profile, 
Cholesterol Esters 
Myristic (14:0) 0.2 +_ 0.1 0.1 _+ 0.01 0.3 ._+ 0.3 0.3 -4- 0.7 0.4 __+ 0.5 
Palmitic (16:0) 11.4 +_ 1.3 11.1 + 1.9 11.1 • 2.3 11.7 + 2.9 15.8 _+ 2.0 
Palmitoleic (16:1) 1.8 + 0.7 3.1 + 0.7 3.0 + 0.6 3.7 + 1.6 5.1 ~ 1.0 
Stearic (18:0) 0.6 + 0.3 0.9 -4- 0.9 1.0 +_ 1.2 2.9 +~ 2.8 8.5 -+- 2.7 
Oleic (18:1) 24.3 -4- 2.1 25.6 __+ 3.2 25.1 + 4.6 32.3 .+_ 13.1 44.7 _.+ 6.3 
Linoleic (18:2) 47.1 +_ 5.3 48.0 + 7.9 45.0 ~ 5.9 36.8 ~ 10.9 21.4 +__ 7.3 
Arachidonic  ( 2 0 : 4 )  14.3 • 3.8 11.1 _+ 4.3 14.8 • 4.6 12.2 + 7.6 3.9 -+- 3.0 

LIPIDS, VOL. 2, NO. 3 



2 1 4  A N T A N A S  B U T K U S  AND J .  N .  BERRETONI  

% 
50. 

4030. ~ '  iS=l 

20- ""~18'2 
t6,0 

16: 1 

0 ,'--" ,-" ...... ~ . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~-11 14'0 
412 701 15tTT TC rag% 

PRE- EARLY MODERATE HIGH 
TRITON 

TRITON LIPEMIA STAGES 

FIG. 1. Average CE fatty acid percentage com- 
position at increasing levels of total cholesterol, 
resulting from Triton-induced lipemia. 

to a high of  1577 • 430.0 mg/100 ml in the 
late stages of Triton treatment (Table I ) .  Tri- 
glyceride varied from 42 ___ 9.1 to 2934 • 
1664 mg/100 ml respectively. 

Fat ty  acid composition of the cholesterol 
ester fraction was significantly different in 
severely hyperlipemic sera as compared with 
normal (pre-Triton period) or even moderately 
lipemic sera. In those animals with severe 
hyperlipemia the saturated and monounsatu- 
rated F A  represented a higher percentage in 
the total F A  whereas, in the pre- and early 
stages of Triton-induced lipemia, the polyun- 
saturated F A  made up a higher percentage of 
the total FA.  Table I and Figure 1 contain 
data from five stages of the development of 
Triton-induced hyperlipemia. The most notice- 
able changes were linoleic and oleic acid com- 
positions. In the pre- and early Triton treat- 
ment  stage, when TC values were low (172 • 
20.7 mg/100 ml) ,  linoleic acid constituted al- 
most half (47.1 -4- 5 .3%)  of all F A  present in 

the CE fraction. At  moderate hyperlipemia 
(TC level of 701 ~ 142 mg/100  ml) 36.8% 
of linoleic acid was still present, but  at severe 
hyperl ipemia (TC values of 1577 • 430 
rag/100 ml) only 21.4% of the same acid 
remained. For  the corresponding total choles- 
terol classification, the percentage composition 
of oleic acid was 24.3, 25.1, and 44.7% re- 
spectively. However myristic acid did not 
change, and the percentage of palmitoleic in- 
creased only in extreme hyperlipemia (TC 
over 1000 mg/100 ml) .  

Correlation Matrix of Lipid Fractions and 
Cholesterol Ester Fatty Acids 

The degree of association, measured by the 
coefficients of correlation, among lipid frac- 
tions is very high (Table I I ) .  TC correlates 
to the extent of 0.97 with TC 0.97 with PL 
and 0.84 with TG. All correlations are posi- 
tive, a result which signifies that hig h values 
of one lipid fraction are accompanied by high 
values of the other lipid fractions. In general, 
the degree of association among fatty acids 
is not  as high as among the lipid fractions. 
There is a high negative association ( -0 .93)  
between linoleic and oleic acid, and a fairly 
high positive association (0.80) between stearic 
and oleic acid. Also myristic acid is not  as- 
sociated with any fatty acid except palmitoleic, 
but  this association (0.27) is numerically 
small. There is also a fairly high degree of 
correlation between a cholesterol ester fatty 
acid and a lipid fraction. All  C E F A  yield 
similar correlations with total cholesterol, free 
cholesterol, phospholipid, and triglyceride. 

Correlation Matrix of Lipid Fractions and 
Triglyceride or Phospholipid Fatty Acids 

The degree of association, measured by the 
coeftieients of correlation, among lipid frac- 

T A B L E  I I  

Corre la t ion  M a t r i x  of  Cholesterol Ester Fatty Acids  ( C E F A )  and Lip id  F r a c t i o n s a  

14:0 16:0 16:1 18:0 18:1 18 :2  2 0 : 4  T C  F C  P L  T G  

14:0 ..... b 0.27 
16:0 0.75 0.82 0.68 -0.78 .-0.74 0.66 0.70 0.72 0.72 
16:1 0.71 0.70 -0 .74 -0.65 0.59 0.64 0.64 0.60 
18:0 0.80 -0 .88 -0 .77 0.83 0.84 0.87 0.80 
18:1 -0.93 -0 .82  0.70 0.74 0.75 0.71 
18:2 -0 .64 -0.77 -0.79 -0.81 -0.76 
20: 4 -0.63 -0.69 -0.70 -0.67 

T C  0.97 0.97 0.84 
F C  0.97 0.84 
PL  0.84 

=r  > 0.17 and  r < -0.17 are  s ignif icant  a t  1% level,  and  f f  ( I  + r l )  (1 - r 2 ) / ( 1  + r~) (1 - r~) is greater 
than  1.42 and  1.63, then the difference between rl and rz is s ignif icant  at the  5% and 1% levels respectively 
( N =  183).  

bNons ign i f ican t  r's denoted by  ...... 
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1 6 : 0  1 6 : 1  

TABLE III 
Correlation Matrix of Triglyceride Fatty Acids (TGFA) and Lipid Fractions a 

1 8 : 0  1 8 : 1  1 8 : 2  2 0 : 4  T C  F C  P L  T G  

1 4 : 0  .. . . .  b 0.41 - 0 . 2 8  - 0 . 2 9  
1 6 : 0  - 0 . 4 9  0 .38  - 0 . 2 9  - 0 . 2 9  - 0 . 2 6  0 .36  0135 0 .38  0 .33 
1 6 : 1  - 0 . 6 2  .. . . .  0 .35  .. . . .  --0.47 - 0 . 5 1  - 0 . 5 1  --0.44 
1 8 : 0  ..... - 0 . 4 6  .. . . .  0 .61 0 .65  0 .66  0 .55  
1 8 : 1  .. . . .  - 0 . 4 3  . . . . . . . . . . . . . . .  ..... 
1 8 : 2  . . . . . . . . . .  --0.26 . . . . . . . . . .  
2 0 : 4  . . . . . . . . . . . . . . . . . . . .  

a r  > 0 .25  a n d  r < - 0 . 2 5  a r e  s i g n i f i c a n t  a t  t h e  1 %  leve l ,  a n d  i f  (1 + r l )  (1 - r 2 ) / ( 1  + re) (1 - r l )  is  
g r e a t e r  t h a n  1.4 a n d  1.63,  t h e n  t h e  d i f f e r ence  b e t w e e n  rt  a n d  r2 is  s i g n i f i c a n t  a t  t h e  5 %  a n d  1% leve l s  re -  
spec t i ve ly  ( N  = 1 0 0 ) .  

b N o n s i g n i f i c a n t  r ' s  d e n o t e d  by . . . . . .  T h e  c o r r e l a t i o n s  a m o n g  the  l i p i d  f r a c t i o n s  is  t h e  s a m e  as  in  T a b l e  I I .  

tions and fatty acids esterified with triglyceride 
(Table III)  and phospholipids (Table IV) in 
the Triton-induced hyperlipemia is not as high 
as among cholesterol ester fatty acids. 

With the increase in lipid fractions the 
change in the fatty acid percentage composition 
of triglyceride and phospholipid fractions was 
not as marked as in the cholesterol ester frac- 
tion. R z x 100 ("percentage of association") 
is 71% for fatty acids esterified with choles- 
terol, only 35% for fatty acids esterified with 
trigtyceride, and 47% for fatty acids esterified 
with phospholipids. Because of this low cor- 
relation among lipids and FA esterified with 
TG and PL, these FA were excluded from fur- 
ther evaluation. 

DISCUSSION 

Scanu et at. (10) demonstrated in vitro 
that, after the addition of Triton to lipoproteins 
and chylomicrons, the detergent combines 
preferentially with their lipid moiety, weaken- 
ing the association between protein and lipid 
and displacing part of the protein moiety from 
chylomicrons. Scanu and Page (11), from 
data in dogs treated with Triton and injected 
with labeled cholesterol and phospholipids, 
suggested that these split lipids are not locked 

in circulation but that their rise in plasma is 
secondary to an imbalance between their rate 
of synthesis and their rate of removal. The 
synthesis exceeds the removal. 

The data show a slow rise of lipids for one to 
three months, which was accompanied with 
only a minor change in fatty acid composition. 
However, when serum lipid levels are almost 
double their normal value (total cholesterol = 
400-500 mg/100 ml) ,  a more rapid increase 
occurred in the cholesterol ester fraction in 
saturated, excepting myristic, and in mono- 
unsaturated along with a decrease in polyun- 
saturated fatty acids. The fatty acids of choles- 
terol esters of normal dogs contained 22% 
oleic acid, and only 24% when serum lipids 
were almost double their normal value. In 
severe hyperlipemia (total cholesterol = 1500 
+ 430 rag/100 mI) oleic acid constituted a t -  
most half of the esterified fatty acids. The 
corresponding amounts of linoleic acid were 
47, 37, and 21% respectively under these ex- 
perimental conditions. 

It was first established by Page and van 
Slyke in 1935 (12) and later confirmed by 
several other investigators that lipid fractions 
(classes) and their fatty acid percentage com- 
position in serum (1) and in the tissue of man 

TABLE IV 
Correlation Matrix of Phospholipid Fatty Acids (PLFA) and Lipid Fractions~ 

1 6 : 0  1 6 : 1  1 8 : 0  1 8 : 1  1 8 : 2  2 0 : 4  T C  F C  P L  T G  

1 4 : 0  ..... b 0 .30  - 0 . 4 4  
1 6 : 0  0 . 3 2  --0.41 0 . 3 2  0 .33  - 0 . 4 8  0 .53  0 . 5 6  0 .55  0145 
1 6 : 1  . . . . . . . . . . . . . . .  . . . . .  0 .39  0 .41 0 .40  0 . 3 9  
1 8 : 0  . . . . .  - 0 . 7 0  --0.30 --0.33 - 0 . 3 5  - 0 . 3 3  
1 8 : 1  .. . . .  --61;')6 0 .36  0 .40  0 .35  0 .37  
1 8 : 2  ..... 0 .29  0 .32  0 .35  0 .35 
2 0 : 4  - 0 . 4 4  - 0 . 4 7  --0.44 - 0 . 4 0  

a r  > 0 .25  a n d  r < - 0 . 2 5  a re  s i g n i f i c a n t  a t  t h e  1 %  leve l ,  a n d  i f  (1 + r~) (1 - r 2 ) / ( 1  + r~) (1 - r l )  is 
~ r e a t e r  t h a n  1.4 a n d  1.63,  t h e n  t h e  d i f f e r ence  b e t w e e n  r l  a n d  r._, is  s i g n i f i c a n t  a t  t h e  5 %  a n d  1 %  leve l s  re -  
spec t i ve ly  ( N  : 1 0 0 ) .  

b 'Nol~s ign i f fcan t  r ' s  deXaOtetl b y  ....... T h e  c o r r e l a t i o n s  a m o n g  t h e  l i p i d  f r a c t i o n s  is  t h e  s a m e  as  i n  T a b l e  11. 
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(13) and animal (14,9)  in health have char-  
acteristic patterns.  These  appear  to be main-  
tained in dynamic  equi l ibr ium and are not  
easily dis turbed even by cont inuous  Tr i ton  in- 
jection. Only after  lipids accumulate  in serum 
to approximate ly  double  their normal  levels 
does the shor tage  of long-chain F A  become  
p ronounced  enough  to upset  the equi l ibr ium 
and cause a significant change  in fatty acid 
patterns.  

The  intercorrelat ions of cholesterol  ester 
fat ty acids and serum lipid fract ions in this 
study (Figure  1 and Table  II)  suppor t  the 
concep t  o f  dynamic  equi l ibr ium of this system. 
In the data there  is a positive correlat ion of 
lipids with 18:0, 18:1, 16:0, and 16:1. There  
is a negative corre la t ion with 18:2 and 20:4  
and, because each correlat ion is significant, 
it is conc luded  that  each FA,  except  myristic,  
by itself is impor tan t  f rom a correlat ive point  
of  view. 

There  is no direct  evidence that  Tr i ton regu- 
lates fatty acid synthesis. The  lipid fraction- 
fatty acid interrelat ionship therefore  may be 
secondary  to lipid mobil izat ion f rom endoge-  
nous sources.  The  body has a limited ability 
to synthesize polyunsatura ted  al though it can 
readily p roduce  saturated and monounsa tu ra t ed  
fatty acids ( 1 5 - 1 7 ) .  Therefore ,  during the 
rapid deve lopment  of Tr i ton hyperl ipemia,  a 
relative deficiency of  polyunsatura ted  fatty 
acids occurs.  All fatty acids capable  of being 
synthesized by the animal ( 16 :0 ) ,  16:1, 18:0, 
and 18:1 except  14:0, increase in cholesterol  
ester fract ion;  essential fatty acids ( 18 : 2 and 
20 :4 ) ,  which are mainly derived f rom exog- 
enous sources,  are decreased.  The endogenous-  
ly p roduced  fatty acids may esterify in se rum 
with accumula ted  lipid (split  f rom l ipoprotein  
by Tr i ton) .  The  esterification of  sterol is 
necessary for complexing it with l ipoprotein for 
t ranspor t  (18) .  Thus  a change  in cholesterol  
ester fatty acid pat terns  occurs:  an increase in 
monounsa tu ra t ed  and saturated fatty acids 
except  myrist ic  (14 :0 )  and a decrease in poly- 
unsatura ted  fatty acids. The  cleavage of  lipid 
by Tr i ton f rom the vehicular  l ipoprotein  and 
its removal  th rough ret iculoendothel ia l  cells 
(7,8)  creates lipid shortage.  This shortage is 
more  apparen t  when  lipids in serum are almost  

double  their  normal  value. A t  this critical point  
a more  sudden  rise in lipid and a rapid change  
in fatty acid pat terns  occur  (Table  l I ) .  

With  the onset  of  Tr i ton  hyper l ipemia,  
typical fatty acid pat terns  develop which close- 
ly resemble  those in the adipose tissue of  dog 
(7) and m a n  (13) .  With  the mobil izat ion of  
lipids f rom endogenous  sources the changes  in 
fatty acid pa t te rns  are also somewha t  similar 
to those in spontaneous  hyper l ipemia  in serum 
as descr ibed by Schrade  (1 ) ,  F le tcher  (3 ) ,  
and Warembourg  (5 ) .  
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ABSTRACT 

A method is described for the separa- 
tion, identification, and quantitative esti- 
mation of the individual molecular species 
occurring in natural lecithin mixtures. 
Purified lecithin preparations are convert- 
ed into diglyceride acetates by enzymic 
dephosphorylation and acetylation. The 
diglyceride acetates are separated on the 
basis of the degree of unsaturation and the 
molecular geometry by means of chroma- 
tography on thin layers of silica gel which 
are impregnated with silver nitrate. The 
various acetates thus resolved are sepa- 
rately recovered from the plates and di- 
luted with tridecanoin internal standard; 
the quantitative distribution of the molecu- 
lar weights is determined by gas chroma- 
tography. 

Suitable aliquots of the saturated and 
unsaturated diglyceride acetates are fur- 
ther analyzed for over-all and for posi- 
tional distribution of fatty acids. The 
identity and proportions of the various 
lecithins are deduced by integration and 
normalization of all the experimental data. 
Where doubt exists, specific diglyceride 
acetates are isolated by preparative gas 
chromatography, and their fatty acid com- 
position is determined. The method is il- 
lustrated with data obtained for the mixed 
lecithins of egg yolk. The general ap- 
proach is applicable to the determination 
of the structure of other phospholipids of 
comparable complexity. 

INTRODUCTION 

T HE NATURAL LECITFIINS c o n t a i n  s e v e r a l  

different fatty acids and represent a com- 
plex mixture of various molecular species. Al- 
though a specific positional placement of the 
fatty acids within the lecithin molecule has 
been recognized ( I ) ,  the true composition of 
any natural lecithin mixtures has never been 
determined. 

Renkonen (2) has demonstrated that a 

1Presented in part at the AOCS Meeting in Philadelphia, 
October 1966. 

rather detailed description of many phospha- 
tides can be obtained by an investigation of 
the diglyceride parts of these molecules by the 
thin-layer chromatographic methods employed 
in triglyeeride analyses. The present study 
confirms this observation and demonstrates 
that the inclusion of a gas chromatographic an- 
alysis of the diglyeeride acetates in the pro- 
cedure permits a complete determination of 
the structure of natural glycerophosphatides. 

The diglyceride acetates however mttst be 
prepared by hydrolysis with specific phospho- 
lipases and acetylation. Direct conversion of 
lecithins into the diglyceride acetates by ac- 
etolysis has been shown (3, 4) to result in a 
partial migration of the acyl groups. Frac- 
tionation of unmodified lecithins by selective 
argentation (5) has not been sufficiently re- 
fined for accurate reproducibility. Both of 
these techniques however may serve as analyti- 
cal aids in specific eases. 

MATERIALS AND METHODS 

All solvents and reagents were of Fisher 
Certified Reagent-grade pur i ty  and were tested 
prior to use for lipid contaminants. The test 
consisted of evaporating 25-50 ml of the sol- 
vent, or a chloroform extract of the reagent to 
dryness, and injecting a chloroform solution of 
the residue into the gas chromatograph under 
the working conditions. All containers were 
rinsed prior to use with chloroform: methanol 
( 3 : l ) .  Phospholipase C (a-toxin of Clostrid- 
ium welchii) and pancreatic lipase (Steapsin) 
were purchased from the Sigma Chemical 
Company, St. Louis, Mo. Both enzymes were 
allowed to autodigest for about 30 rain under 
the incubation conditions, and the digests were 
exhaustively extracted with diethyl ether prior 
to the addition of the substrate. 

Preparation of Egg Yolk Lecithins 

The mixed lecithins were prepared from 
fresh eggs of White Leghorn hens as follows. 
An egg was carefully broken, the white poured 
off, and the yolk, while still in the sac, washed 
with 0.9% NaCI. After removing the sac with 
forceps, the yolk was homogenized with 100 
ml of saline and 100 ml of chloroform: meth- 
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anol (2 :1) ,  and the mixture was centrifuged 
to separate the phases. The total egg yolk lipid 
(7-10 g) was isolated from the lower phase in 
the usual manner. It was finally dissolved in 
10 ml of petroleum ether and stored at -20C 
in a tightly closed screw-cap vial. 

The lecithins were isolated as required, from 
the total lipid extract, by preparative thin-layer 
chromatography on silica gel H (Merck and 
Company) ,  using 0.5-ram thick layers and 20 
x 20-cm plates (DeSaga Equipment Com- 
pany) .  About  400-500 mg of total lipid were 
applied as a band to each plate, and the plates 
were developed twice with a mixture of chloro- 
form:methanol :water  (65:25:4,  v / v / v ) .  Be- 
tween developments the plates were allowed to 
dry by removing them from the developing 
tank for about one minute. No  acid was added 
to the system as it greatly prolonged the drying 
time of the plate after the run, caused over- 
lapping of the lysolecithins and sohinoomyelins 
with the lecithins, and upset the pH of the 
buffer mixture used in the subsequent enzyme 
digestion. The lipid bands were located by 
spraying the plate with a minimum of a solu- 
tion of 0.05% 2, 7-dichlorofluorescein in 50% 
methanol and viewin~ the plate under ultra- 
violet light. The lecithins separated in this 
way appeared free of the impurities which are 
readily demonstrated in other solvent systems 
that are commonly used for the resolution of 
phospholipids on thin-layer plates. 

Preparation of Oiglyceride Acetates 
For  the preparation of the free diglycerides, 

the lecithins were recovered from the plate to- 
gether with the silica gel and were dropped 
directly into the enzyme solution. About  50 ml 
of the buffered phospholipase C of Renkonen 
(2) were used to digest completely the lecithins 
from 2-3 thin-layer plates. The incubations 
were performed for 30 60 min at 28-30C 
under diethyl ether. At  the end of the digestion 
the phases were sevarated, and the extraction 
was completed with several small portions of 
fresh ether. The diglycerides were imme~niately 
purified by chromatogravhy on silica gel H 
(20 x 20-cm plates, 0.25 mm thick layers) ,  
using petroleum ether:diethyl ether: formic 
acid (60:20:1.5,  v / v / v )  as the developing sol- 
vents. The diglyceride bands were located by 
spraying the plates with the fluorescein solu- 
tion and viewing under ultra-violet l igh t .  The 
pure diglycerides were recovered by elution 
with chloroform. The diglycerides were dis- 
solved in about 0.1 ml of dry pyridine (dis- 
tilled over BaO) and were treated with 0.25-  
0.5 ml of acetic anhydride at room tempera- 

ture (12 hours) ,  The acetates were recovered 
after evaporation of the excess reagents under 
nitrogen. The diglyceride acetates (Rf 0.45) 
were purified by thin-layer chromatography, 
using the conditions just outlined for the prepa- 
ration of the diglycerides. The purification 
steps are absolutely essential since traces o/ 
mono-, di- or triglycerides remaining in the 
acetate mixture inevitably result in a contami- 
nation of the diglycerMe acetate bands re- 
covered from the silver nitrate plates. 

Separation of Diglyceride Acetates 

The separation of the diglyceride acetates, 
on the basis of the number of double bonds 
per molecule, was performed on silica gel G 
(Merck and Company)  plates (20 x 20 cm, 
0.25-ram thick layers) containing 20% silver 
nitrate. The material (10-25 mg) was applied 
as a band about 2.5 cm from the edee of the 
plate, and the plate was develc3ed twice in the 
same direction with a solution of 0.7 or 0.8% 
methanol in chloroform. The diglyceride ace- 
tate bands were located by spraying with the 
solution of fluorescein in aqueous methanol. 
The individual bands were recovered from the 
plate by elution with chloroform:methanol  
(9 :1) ,  to which 5% water was occasionally 
added to check on possible incomplete recovery 
of the more unsaturated components. The 
eluates were reduced to dryness under nitrogen, 
dissolved in petroleum ether, and imnnediately 
examined by gas chromatography. 

Positional Analysis of Fatty Acids 

The positional distribution of the fatty acids 
in the lecithin molecules was determined by 
pancreatic lipase hydrolysis of the dizlyceride 
acetates. The hydrolysis was performed under 
the general conditions of Luddy et al. (6) 
except that the reaction mixture was saturated 
with diethyl ether and that the substrate oc- 
casionally was added together with the silver 
nitrate and the silica gel. Five to fifty milli- 
grams of the total diglyceride acetate, or of the 
diglyceride acetates of specific degree of un- 
saturation, were incubated at one time. After  
10 rain of digestion the solution was acidified 
and extracted with diethyl ether. The ether ex- 
tracts were chromatographed on thin-layer 
plates, as described for the diglycerides. The 
free fatty acids and the monoglycerides were 
recovered separately, and the component acids 
were determined by gas chromatography. The 
positional distribution of the fatty acids in the 
original lecithin mixture was determined by 
hydrolysis with phospholipase A (7).  
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Gas Chromatography 

Gas chromatographic analyses of fatty acids 
were performed on the F & M High Efficiency 
Gas Chromatograph, Model 402. The fatty 
acid methyl esters were prepared by trans- 
methylating the lecithin or the diglyceride ace- 
tate mixtures with 10% (w/v )  H~.SO, in meth- 
anol at 80C for 10 hr in polyethylene-sealed 
screw-cap vials. The methyl esters were re- 
covered by extraction with petroleum ether. 
The chromatographic separations were per- 
formed isothermally at 190C and at 220C by 
using glass columns (4 ft x ~'/8 in. ID)  packed 
with 10% E G G S - X  on 100-120 mesh Gas- 
Chrom Q (Applied Science Laboratories Inc., 
State College, Pa.) .  The peak identity and the 
quantitative estimates of the long-chain esters 
were confirmed by chromatography on a col- 
umn containing 5% SE- 30 on 100-120 mesh 
Gas~2hrom Q, using temperature programming 
(I  50--250C, 4C/min) .  Quantitative results with 
National Heart  Institute Fat ty  Acid Standards 
(Mixtures D, E, and F)  agreed with the stated 
composition data, showing a relative error less 
than 1% for major components (more than 
10% of total mixture) and less than 5% for 
minor components (less than 10% of total mix- 
ture).  

Gas chromatographic separations of the 
diglyceride acetates were performed on a 
Beckman GC ~ ,  Gas Chromatograph with a 
specially modified on-column injector heater 
(8) .  The instrument was equipped with a dif- 
ferential electrometer and was operated with 
parallel coWumns. These were stainless steel 
tubes (Us in. O. D. x 2 ft) and were packed 
with 3% JXR or 1% OV-17 on 100-120 mesh 
Gas-Chrom Q (Applied Science Laboratories 
Inc.) .  The recordings were made on a Beck- 
man 10-in. Potentiometric 1 mv recorder, 
equipped with a disc inteqrator. One to five 
t,l of 0 .5-1% (w/v)  solutions of diglyceride 
acetate in chloroform were injected. Quanti- 
tative results with standard mixtures (made uo 
of trilaurin, trimyristin, tripalmitin, and tri- 
stearin) agreed with the weight oroportions. 
showing a relative error less than 2% for 
~lycerides up to tripalmitin and less than 10% 
for tristearin. 

Preparative gas chromatography of the 
diglyceride acetates was done on the Aerograph 
Autoprep 700, using the conditions described 
for collection of short-chain triglycerides (9).  
This instrument was equipped with a stream 
splitter and a hydrogen flame ionization kit. 

Scheme of Analysis 

A purified lecithin sample of known fatty 
acid composition is subjected to hydrolysis by 
phospholipase C. The released diglycerides are 
collected, purified, and acetylated. Part  of the 
acetate mixture is injected into the gas chroma- 
tograph, and the over-all molecular-weight dis- 
tribution is determined. The rest of the sample 
is segregated on the basis of unsaturation on 
thin-layer plates of silica gel which are im- 
pregnated with silver nitrate. The separately 
recovered diglyceride acetates of uniform 
geometry and the degree of unsaturation are 
examined in the gas chromatograph for mo- 
lecular-weight distribution and for proportional 
contributions, using tridecanoin as internal 
standard. The various diglyceride acetates are 
finally analyzed for over-all composition and 
for positional placement of the fatty acids. The 
structure of the original lecithin mixture is 
then derived from these data. 

RESULTS AND DISCUSSION 

The general method of analysis is sufficiently 
flexible to permit an amplification of any of the 
analytical steps and inclusion of new ones if 
additional information is required. For  ex- 
ample, specific diglyceride acetate peaks can be 
collected in the preparative gas chromatograph 
and the component fatty acids identified. 
Furthermore the system permits numerous 
cross-checks for correcting the recoveries of 
fatty acids and the diglyceride acetates. Hy- 
drolysis of the original lecithin mixture by 
phospholipase A allows an independent verifi- 
cation of the positional distribution of the fatty 
acids derived from the lipase digestions of the 
diglyceride acetates. Finally a judicious selec- 
tion of enzymes should permit the application 
of the technique to the determination of the 
structure of other phosphatides of comparable 
complexity. 

The total fatty acid composition of the 
diglyceride acetates was usually identical to 
that of the original lecithin, and the over-all 
proportions of the acids in the fl-position of the 
diglyceride acetates were similar to those of the 
acids released from the original lecithin by 
phospholipase A. Occasionally, however, lower 
levels of the more unsaturated long-chain acids 
were found in the diglyceride acetates. Table I 
shows the fatty acid composition of a rep- 
resentative sample of egg yolk lecithins and a 
comparison of the present values with those 
recorded by previous investigators (4,10). 
Every lecithin preparation contained small 
amounts of C~ and C= unsaturated acids, as did 
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TABLE I 
Fatty Acid Composition of Total Egg Yolk Lecithins 

(Mole, % ) 

Fatty Original Reconstituted 
acids Totala ab fib Total a .~ 

Literature 
Totale B a 

14:0 0.2 0.5 0.2 0.5 
16:0 31.6 61.3 1.6 33.4 65.7 1.0 
16: I 2.1 1.1 1.2 1.5 1.4 1.5 
18:0 12.3 27.0 0.1 13.0 25.7 0.1 
18:1 30.2 8.5 52.1 29.0 5.7 52.8 
18:2 16.2 1.2 33.2 16.4 0.8 33.0 
t8:3 0.t 0.1 0.l 
20:0 0.1 0.2 0.1 0.1 
20:1 0.1 0.1 0.1 0.1 0.1 0.I 
20:3 0.4 0.1 0.3 0.5 
20:4 3.8 6.5 3.2 6.3 
22:3 0.3 0.5 0.1 0.1 
22:4 0.6 1.0 0.6 1.2 
22:5 0.1 0.1 0.1 0.3 
22:6 1.9 3.5 2.0 4.0 

33.0 
2.1 

15.4 
31.7 
17.8 

0.9 
0.7 

55.1 
34.8 

8.5 

a Fatty acids of original egg yolk lecithins. 
b Fatty acids of diglyceride acetates as determined by pancreatic lipase hydrolyses. 
e Data of Blank et aL (10). 
a Data of Nntter and Privett (4). 

R e n k o n e n ' s  ( 2 ) .  Essent ia l ly  all of  these  acids, 
toge ther  wi th  the  18 :2  and  large a m o u n t s  of 
18:1 acid, were  p re fe ren t ia l ly  a t t ached  to the  
B-posi t ion,  w h e r e  on ly  smal l  a m o u n t s  of  
pa lmi t i c  acid could  be  s h o w n  to occur.  T h e  
selectivi ty in  the  p l a c e m e n t  of  the  C10, C18, and  
C~0 fa t ty  acids c o m p a r e s  well w i th  t ha t  no ted  

FIG. 1. Silver nitrate TLC of diglyceride acetates 
of egg yolk lecithins. Left lane, randomized 
mixture of triolein and trimyristin, representing 
( f rom top to bot tom) saturates, monoenes, dienes, 
trienes, and diolein. Right lane, diglyceride ace- 
tates of egg yolk lecithins, representing ( f rom top 
to bot tom) saturates, monoenes, dienes, trienes I, 
and trienes II. Hexaenes are retained at the 
origin. Tetraenes and pentaenes do not show up 
well in this print. Chromatography conditions are 
given under Materials and Methods. 

for  egg yo lk  leci thins  by  N u t t e r  and  Pr ive t t  (4)  
and  by  R e n k o n e n  (2 ) .  Tab le  I also records  
the  fa t ty  acid compos i t ions  ca lcu la ted  for  the  
recons t i tu ted  lec i th in  mixture .  These  la t ter  
values  are  in excel lent  a g r e e m e n t  wi th  the 
or iginal  data.  

F igure  1 shows a th in- layer  c h r o m a t o p l a t e  
of  the  diglyceride aceta tes  on  silica gel H,  
w h i c h  has  been  t rea ted  wi th  si lver ni t rate .  A t  
the  edges of  the  pla te  a r a n d o m i z e d  mix tu re  of  
t r imyr is t in  and  t r iole in  was spot ted  as a re fer ,  
ence  s tandard .  T h e  diglyceride aceta tes  appl ied 
to the  in te r io r  of  the  plate s h o w  bands  tha t  
co r r e spond  to the  sa tura ted ,  m o n o u n s a t u r a t e d ,  
d iunsa tura ted ,  and  t r i unsa tu r a t ed  glycerides in 
the  re fe rence  sample.  In  addi t ion ,  there  is a 
f a s t -moving  t r iene  band ,  w h i c h  can  be  seen 
just  be low the  d iene  band .  T h e  te t raenes  and  
pen t aenes  do no t  show up well in this  pho to -  
graph,  b u t  the ma jo r  h ex aen e  b a n d  can  be  
seen at the  origin.  F o r  an adequa te  quant i -  
ta t ive examina t ion ,  the  po lyene  b a n d s  ( te t ra-  
enes  to  hexaenes )  were  poo led  f r o m  five to six 
such  plates  an d  were r e c h r o m a t o g r a p h e d .  U p o n  
deve lop ing  the  pla te  two to th ree  t imes in the  
same d i rec t ion  wi th  0 .8% m e t h a n o l  in ch l o ro -  
fo rm,  it was possible  to see and  recover  one  
t e t r aene  band ,  a diffuse a rea  con ta in ing  vari-  
ous pentaenes ,  and  two h ex aen e  bands .  Oc- 
casional ly  the  d iene  b a n d  was separa ted  into 
two c o m p o n e n t s  du r ing  the  init ial  resolu t ion;  
a m a j o r  c o m p o n e n t  was p receded  b y  a m i n o r  
one. T h e  two d iene  b a n d s  showed  the  differ- 
ences  in the  fa t ty  acid compos i t ion ,  wh ich  are 
k n o w n  to p roduce  a reso lu t ion  of  d iunsa tu ra t ed  
tr iglycerides on  si lver n i t ra te  plates  (Tab le  I V ) .  

I t  shou ld  be  no t ed  t ha t  the  in tens i ty  of  
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TABLE II  
Major Diglycerlde Acetates of Egg Yolk Lecithins a 
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Chemical 
classes 

Carbon Molecular species, mole % 
numberb (1) (2) (3) Average 

Saturates 

Monoenes 

Dienes I 

Dienes II  

Trienes I 

Trienes II  

Tetraenes 

Pentaenes 

Hexaenes I 

Hexaenes II 

32 6 
34 72 
36 21 
38 1 
34 2 
36 78 
38 20 
34 2 
36 24 
38 72 
4O 2 
36 64 
38 36 
36 16 
38 80 
40 4 

36 5 
38 45 
40 50 
38 45 
40 54 
42 1 

36 10 
38 8 
40 57 
42 25 

38 10 
40 50 
42 40 

40 30 
42 70 

4 
1 75 

20 
1 

3 
49 79 

18 
0 

4 23 
75 

2 
31 66 

34 

24 
3 72 

4 

I 
1 45 

54 
42 

5 56 
2 
8 

Trace 6 
58 
28  

15 
5 45 

40 

Trace 20 
80 

3 )  4 
1 76  ) 2 75 

18 ) 20 
3 ) 1 
1 ) 2 

47 78 ) 50 78 
21 ) 20 

1 ) 1 
5 21 ) 3 23 

76 ) 74 
2 )  2 

32 69 ) 35 66 
31 ) 34 
20 ) 20 

2 75 ) 1 75 
5 ) 5 
o )  3 

1 50 ) 2 45 
50 ) 52 

40 ) 42 
8 57 ) 4 56 

3 )  2 
8 )  9 

Trace l0 ) Trace 8 
58 ) 57 
24 ) 26 
20 ) 15 

3 45 ) 3 46 
35 ) 39 

1 28 ) Trace 25 
72 ) 75 

) 
) 1 
) 
) 
) 
) 49 
) 
) 
) 4 
) 
) 

) 33 
) 

) 
) 2 
) 

) 
) 1 
) 

) 
) 6 
) 
) 
) Trace 
) 
) 

) 
) 4 
) 

) Trace 
) 

32 0.05 32 Trace 
Reconstituted 34 1.7 Original 34 1.5 

mixture 36 62.5 mixture 36 63.4 
(average) 38 28.4 (average) 38 27.9 

40 5.8 40 6.0 
42 1.6 42 1.2 

a Lecithins obtained from three different eggs from the same hen. 
b The number of acyl carbon atoms in the molecule including that of the acetic acid. 

fluorescence is not directly related to the con- 
centration of the lipid bands on the thin-layer 
plates. Thus the diene band would appear to be 
the major band on the basis of the fluorescence 
shown in Fig. 1 when, in fact, it accounted for 
only about one-half of the material present in 
the monoene band, which showed much less 
fluorescence. 

The diglyceride acetates, prepared from the 
lecithins isolated from the yolks of a dozen 
other eggs, showed nearly identical thin-layer 
chromatograms although small differences 
could usually be demonstrated in the gas chro- 
matograms of the acetates and the fatty acids. 
Parallel analyses of samples from t h e  same 
yolk showed excellent reproducibility. 

Table II  gives the molecular-weight distribu- 
tions derived by direct gas chromatography of 
the original diglyceride acetates and of the 
diglyceride acetates recovered from the various 
bands of the silver nitrate plates. In the total 
acetate mixture, major peaks were S~en for 

t h e  d i g l y c e r i d e  a c e t a t e s  c o n t a i n i n g  o n e  C1~ a n d  

o n e  Cls  a c i d  ( C ~ ) ,  a n d  t w o  C ~  a c i d s  ( C 3 0  p e r  

m o l e c u l e .  H o w e v e r  s m a l l  a m o u n t s  o f  o t h e r  

m o l e c u l a r  s p e c i e s  w e r e  a l s o  p r e s e n t ,  as  e v i -  

d e n c e d  b y  t h e  m i n o r  p e a k s  f o r  d i g l y c e r i d e  a c e -  

t a t e s  w i t h  c a r b o n  n u m b e r s  o f  3 4 ,  4 0 ,  a n d  42 .  

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

p e a k s  a r e  d e r i v e d  b y  s u m m i n g  a l l  t h e  a c y l  

c a r b o n s  i n  ~ t h e  m o l e c u l e ,  i n c l u d i n g  t h e  t w o  

c a r b o n s  o f  t h e  a c e t i c  a c i d  r e s i d u e .  

T h e  s a t u r a t e s  w e r e  m a d e  u p  l a r g e l y  o f  m o l -  

e c u l e s  c o n t a i n i n g  t w o  C10 a c i d s ,  a n d  o f  m o l -  

e c u l e s  c o n t a i n i n g  o n e  C1~ a n d  o n e  C1~ a c i d .  

T r a c e s  w e r e  s e e n  o f  d i g l y c e r i d e  a c e t a t e s  w i t h  

o n e  C ~  a n d  o n e  C ~  a c i d  a s  w e l l  a s  w i t h  t w o  

C~, a c i d s .  O t h e r  c o m b i n a t i o n s  o f  f a t t y  a c i d s  

g i v i n g  t o t a l  c a r b o n  n u m b e r s  o f  3 2  t o  3 8  m a y  

a l s o  h a v e  b e e n  p r e s e n t ,  b u t ,  o n  t h e  b a s i s  o f  
t h e  f a t t y  a c i d  p r o p o r t i o n s  a c t u a l l y  f o u n d  i n  t h e  

f u l l y  s a t u r a t e d  d i g l y c e r i d e  a c e t a t e  b a n d ,  t h e s e  

c o u l d  n o t  h a v e  c o n t r i b u t e d  s i g n i f i c a n t l y .  

T h e  m o n o e n e s  c o n t a i n e d  m a j o r  d i g l y c e r i d e  

L I P m s ,  ~r 2, N o .  3 
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acetates with carbon numbers of 36 and 38, 
and traces of 34. The total diene fraction had 
a molecular-weight distribution which was 
nearly identical to that of the monoene frac- 
tion. Both the monoenes and the dienes were 
made up of C1~ and C18 acids; most molecules 
contained at least one C18 acid. The diene band 
could usually be further resolved into two 
bands on the silver nitrate plate, in which case 
the faster-running minor band (Dienes I) 
showed the 36 and the 38 peaks in proportions 
opposite to those noted for the monoenes or 
the total dienes. As shown by determination 
of fatty acids (Table IV),  the dienes with two 
monounsaturated fatty acids per molecule mi- 
grated faster than the dienes containing one 
diunsaturated and one saturated fatty acid in 
their molecules. 

The trienes also showed two bands on silver 
nitrate-treated silica gel. The faster-moving 
fraction (Trienes I) contained a major peak 
for diglyceride acetates with a carbon number 
of 38, which consisted of one 18:1 and one 
18:2 fatty acid per molecule. Smaller amounts 
of acetates with carbon numbers of 36, 40, 
and 42 could also be seen. The more slowly- 
moving triene band (Trienes II) mostly was 
made up of 16: 0 and 18 : 0 acids in combina- 
tion with 20:3 acid, but diglyceride acetates 
containing other triunsaturated acids were pres- 
ent. The tetraene band contained about equal 
proportions of diglyceride acetates with carbon 
numbers of 38 and 40. It was made up of 
digtyceride species with one 20:4 acid and one 
16: 0 or 18: 0 acid residue per molecule. 

Only a few satisfactory gas chromatograms 
were obtained with the pentaene bands, which 
showed rather complex distributions of molecu- 
lar weights and apparently were made up of a 

variety of fatty acids combining to yield a 
total of five double bonds per molecule. Be- 
cause of the small amounts of the material and 
its complex nature, the estimates presented for 
this fraction in Table IV are less precise than 
those for the other fractions. 

The hexaenes were resolved into two bands 
under repeated development with the 0.8% 
methanol in chloroform. The more rapidly 
migrating band (Hexaenes I) contained one 
22:6 acid per molecule in combination with 
12:0 to 18:0 fatty acids. The other band 
(Hexaenes II) contained two unsaturated fatty 
acids per molecule; major contributions were 
made by linoleic and a 22:4 acid. This second 
hexaene band contributed only trace amounts 
of material to the total diglyceride acetate mix- 
ture. 

The good agreement obtained between the 
proportions of the diglyceride acetates in the 
original mixture and those calculated from re- 
constitution shows that the method of analysis 
is quantitatively valid. 

The fatty acid positions in the diglycerides 
were assigned on the basis of the data obtained 
from the pancreatic lipase hydrolyses of the 
total diglyceride acetate mixture and of the 
subfractions of the acetates recovered from the 
silver nitrate plates. In most cases it was suf- 
ficient to subject only the total-- the monoene, 
diene, and the pooled polyene (trienes to 
hexaenes) fractions--to the lipase digestion. 
From the information acquired from the en- 
zyme digestions and from the gas chroma- 
tography of the fatty acids and the diglyceride 
acetates, the composition of the original di- 
glyceride mixture, hence of the original lecithin 
mixture, was reconstructed. After noting all 
the possible diglycerides that could be made 

T A B L E  I I I  
Recons t i tu t ion  of the ComPosi t ion  of  a Monoenoic  Leci th in  F rac t ion  

(Yo lk  1, Table  I I I )  

Exper imen ta l  values  Calcula ted  values  a 
Glycerides Mole  % Fa t ty  acids Mole % Lecithins Mole  % 

Tota l  a fl a B 
Cat 2 16:0 40 80 16:0 16:1 2 

16:1 1.5 3 16:0 1 8 : 1  77 
Ca6 78 18:0 10 20 18:0 16>1 1 

18:1 48 96 18:0 18:1 19 
Cas 20 20:1 0.5 1 16:0 20:1 1 

18:0 20:1 Trace  

Calculat ions:  
(Ca4) ----(16:0 16:1)  ----2% 
(Ca6) = (16:0  18:1)  + (18 :0  16:1)  z 7 8 %  
Since (18 :0  1 6 : 1 ) - - 1 % ,  (16:0  1 8 : 1 ) = 7 7 %  
(Cas) ----(18:0 18:1)  + (16 :0  20 :1 )  = 2 0 %  
Since (16 :0  20 :1 )  = 1%, (18 :0  18:1)  = 19% 

a O n  a r a n d o m  basis  i t  wou ld  have  been ant ic ipated  that  some  2 0 : 1  would  also combine  wi th  18:0;  however  
the exper imenta l  values,  for  t he  .aCi4s. and .the. digkyceride .acetates .matched best  when such a combina t ion  was  
excluded. " 

LIPIDS,  VOL. "2, NO: 3 



COMPLETE STRUCTURE OF NATURAL LECITHINS 

TABLE IV 
Major L e d t h i ~  of Eg~ Yolkl- 
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Chemical 
classes 

Fatty acidsb Individual species, mole % 
a B (1) (2) (3) Average 

14:0 16:0 6 
14:0 18:0 2 

Saturate~ 16:0 16:0 70 
18:0 16:0 21 
18:0 18:D 1 

16:0 16:1 2 
16:0 18:1 77 

Monoenes 18:0 16:1 1 
18:0 18:1 19 
16:0 20:1 1 
16:1 16:1 2 
16:1 18:1 24 

Dienes I 18:1 18:1 72 
18:1 20:1 2 

16:0 18:2 64 
Dienes II 18:0 18:2 36 

16:1 18:2 16 
Trienes I 18:1 18:2 80 

20:1 18:2 4 

16:0 18:3 5 
16:0 20:3 45 

Trienes II 18:0 20:3 45 
16:0 22:3 5 

16:0 20:4 45 
Tetraenes 18:0 20:4 54 

20:0 20:4 1 

14:0 20:5 10 
16:0 20:5 8 

Pentaenes 16:0 22:5 12 
18:1 20:4 45 
18:1 22:4 25 

14:0 22:6 10 
Hexaenes I 16:0 22:6 50 

18:0 22:6 40 

16:1 22:5 15 
18:1 22:5 40 

Hexaenes II 18:2 20:4 15 
18:2 22:4 30 

4 
4 

1 71 
20 

1 

3 
79 

49 0 
18 
0 

0 
23 

4 75 
2 

66 
31 34 

24 
3 72 

4 

1 
45 ) 

1 49 
5 

42. 
5 56 

2 

8 
6 )  

Trace 10 
48 ) 
28 
15 

5 45 ) 
40 

10 
45 ) 

Trace 10 
35 

3 
1 

1 75 
18 
3 
1 

78 
47 0 

20 
1 

1 
21 

5 76 
2 

69 
32 31 

20 
2 75 

5 
0 

50 
1 45 

5 

40 
8 57 

3 
8 

10 
Trace 7 

51 
24 

20 
3 45 

35 

8 
35 

1 20 
37 

4 
3 

2 72 
20 

1 

2 
78 

50 0 
19 

1 

1 
23 

3 74 
2 

66 
35 34 

20 
1 75 

5 

3 
45 

2 45 
7 

42 
4 56 

2 
9 
8 

Trace 9 
48 
26 
15 

3 46 
39 

10 
40 

Trace 15 
35 

49 

4 

33 

2 

Trace 

Trace 

a Yolks obtained from three different e.~gs 
h Fatty acid distribution established by 

monoene, diene, and polyene bands. 

but the same hen. 
specific lipase hydrolyses of the di~lyceride acetates of the 

from the fatty acids present, it was a matter of 
simple algebraic manipulation to obtain the 
proportions of the major diglyceride species 
in the mixture. Table III illustrates the method 
of calculation with data obtained for the 
monoene fraction of yolk 1, Table IV. 

Table IV gives detailed accounts of the vari- 
ous molecular species of yolk lecithins of three 
eggs obtained from the same hen within one 
week. Apparently only small amounts of the 
fully saturated lecithins occur in this tissue. 
The major species are monounsaturated (16:0 
18:1, 18:0 18:1) and diunsaturated (16:0 
18:2, 18:0 18:2) lecithins; there are much 
smaller amounts of tetraunsaturated (16:0 
20:4, 18:0, 20:4)  and hexaunsaturated com- 
ponents (14:0,  16:0 or 18:0 with 22:6) .  For 
many of the aft- and penta- and some hexa- 
unsaturated species, the identities and structure 
assignments must remain tentative. These latter 
lecithins however cannot account for more 
than a fraction of a per cent of the total mix- 

t u r e  a n d  c a n n o t  s i g n i f i c a n t l y  i n f l u e n c e  t he  o v e r -  

a l l  r e su l t .  E v e n  t he  l a t t e r  c o u l d  h a v e  b e e n  

i d e n t i f i e d  i f  l a r g e r  a m o u n t s  o f  m a t e r i a l  w e r e  

w o r k e d  up .  I n  v i e w  of  t h e  n e e d  f o r  a p r e -  
l i m i n a r y  l i p o p r o t e i n  f r a c t i o n a t i o n ,  h o w e v e r ,  i t  

w a s  f e l t  t h a t  a m o r e  d e t a i l e d  s t u d y  o f  t h e s e  

l e c i t h i n s  w o u l d  n o t  b e  w o r t h w h i l e .  

I n  t h i s  s t u d y  m o r e  t h a n  9 9 %  o f  t h e  t o t a l  

e g g  y o l k  l e c i t h i n  m i x t u r e  h a s  b e e n  a c c o u n t e d  
f o r  i n  t e r m s  of  m o l e c u l e s  of  e x a c t  c o m p o s i t i o n ,  

a n d  t h e i r  p r o p o r t i o n s  in  t h e  t o t a l  l e c i t h i n  p o p u -  

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

a c c o u n t s  o f  l e c i t h i n  c o m p o s i t i o n ,  o f  e g g  y o l k  
o r  a n y  o t h e r  t i s sues ,  e x i s t  in  t h e  l i t e r a t u r e ,  a n d  

t h e r e f o r e  n o  d i r e c t  c o m p a r i s o n s  c a n  b e  m a d e .  

T h e  p r e s e n t  d a t a  a r e  s u p p o r t e d ,  h o w e v e r ,  b y  

t h e  r e s u l t s  o b t a i n e d  f r o m  p a r t i a l  s e p a r a t i o n s  

r e p o r t e d  b y  R e n k o n e n  ( 2 ) ,  i n  w h i c h  1 - p a t m i -  

t o y l - 2 - m o n o u n s a t u r a t e d  a c y l  l e c i t h i n s  m a d e  u p  
7 4 %  a n d  1 - s t e a r o y l - 2 - m o n o t m s a t u r a t e d  a c y l  

l e c i t h i n s  m a d e  u p  2 6 %  o f  t h e  m o n o e n e  f r a c -  

t ion .  F u r t h e r m o r e  t h e  p r e s e n t  e s t i m a t e s  a r e  i n  
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excellent agreement with the proportions given 
by Renkonen for the diene fraction, which 
contained 1-palmitoyl-2-octadecadienoic  acyl 
lecithins ( 6 4 % )  and 1-s tearoyl-2-octadeca-  
dienoic acyl lecithins (36%)  as major com- 
ponents. Also, according to Renkonen, the 
polyenes contained about equal mole propor-  
tions of saturated and polyunsaturated fatty 
acids. Similarly Lands and Hart  (11) have 
shown that rat  liver lecithins contain major 
amounts of mono-, di-, and tetraunsaturated 
species; the unsaturated components are in the 
fl-position. 

In  contrast to the present data the lecithins 
examined by Renkonen (2) contained sig- 
nificantly more total monoenes (61 .5-62 .8%) 
and less dienes (22 .0-23 .6%) whereas the con- 
tributions of the saturates (2 .1 -3 .3%)  and 
polyenes (7 .5 -9 .7%)  were about the same as 
those found in the lecithin mixtures described 
in Table III. These differences in the propor- 
tions of the monoenoic and the dienoic lecithins 
are probably attributable to differences in the 
diets of the birds. Thus Rhodes (12) has re- 
ported, and Hanahan (1) has extensively dis- 
cussed, experiments in which chicks were 
maintained on diets containing varying degrees 
of unsaturation in the component fatty acids. 
The lecithins of the eggs were isolated in the 
usual manner and assayed for unsaturation of 
the fatty acids in the ~ and fl positions by 
means of lecithinase A. The predominating 
feature of the results was that, even though the 
proport ion of the unsaturated fat in the diet 
was increased, only the fl ester groups re- 
flected the change. [Both Rhodes (12) and 
Hanahan (1) incorrectly assumed that leci- 
thinase A was liberating unsaturated fatty acids 
from the ~ ' -  position ( C - l )  when, in fact, it 
was the f l -  or C - 2  position that was attacked 

by this enzyme, as shown since by Tattrie (7) l- 
The existence of a metabolic heterogeneity 

in the lecithin fraction has been emphasized by 
Hanahan (1);  Lands and Hart  (11) have 
demonstrated that even individual component 
fatty acids must be regarded as having separate 
metabolic fates. Therefore, in order to de- 
termine the role of lecithin in membranes and 
lipoprotein enzymes, it will apparently be 
necessary not only to effect a complete frac- 
tionation of the lecithin species but also to 
establish that the isolated lecithins are repre- 
sentative of a specific subcellular fraction or 
lipoprotein. The yolk lecithins investigated in 
this study presumably came from the pool of 
lipoproteins present in the original egg yolk. 
The determination of the composition of the 
lecithins of specific yolk lipoproteins must 
await the development of methods for their 
isolation in pure condition. 
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Ring Location in Cyclopropane Fatty Acid Esters 
by a Mass Spectrometric Method 

JAMES A. McCLOSKEY, Institute for Lipid Research, Baylor University College of Medicine, 
Houston, Texas; JOHN H. LAW, Department of Bioche.mi:stry, University of Chicago, Chicago, Illinois 

ABSTRACT 

Ring location in cyclopropane fatty acid 
esters is accomplished simply and unequiv- 
ocally with submilligram samples. The 
technique involves reductive ring opening 
with platinum catalyst and hydrogen in 
glacial acetic acid, to give a mixture of 
branched-chain and straight-chain acid es- 
ters. The sample is analyzed with a com- 
bination gas chromatograph-mass spectro- 
meter. Examination of the spectra obtained 
from the mixture of branched-chain acid 
esters permits assignment of the position 
of the methyl groups, and hence of the 
ring in the parent compound. 

INTRODUCTION 

C YCLOPROPANE FATTY acids occur widely in 
bacteria (1), plants (2) and protozoa (3). 

While identification of these compounds is 
relatively simple on a micro scale, using gas 
chromatography coupled with selective reduc- 
tion (4), infrared spectrometry (4), and nu- 
clear magnetic resonance (5), location of the 
position of the ring has been a difficult task, 
involving large samples of material. For ex- 
ample, the reductive ring opening procedure, 
followed by oxidative chain cleavage used by 
Kaneshiro and Marr (4) gives a very low 
yield of final product and requires several 
milligrams of starting material. 

Complete characterization of naturally oc- 
curring cyclopropane acids, as well as bio- 
synthetic studies on these compounds, requires 
a simple, rapid method of ring location which 
can be done with submilligram samples. 

Although mass spectrometry has proven 
highly useful in the structure determination of 
fatty acids (6), one of its few failings in this 
respect has been the inability to locate cyclo- 
propane rings or distinguish cyclopropane es- 
ters from their unsaturated isomers. It has 
been known for some time that both positional 
and geometrical isomers of isomeric mono- 
cyclopropane and monounsaturated esters give 
virtually indistinguishable mass spectra (7-9) 
which precludes the direct characterization of 
these compounds by mass spectrometry. Since 
the problem of double bond location has been 

solved for both long chain monoenoic esters 
(10) and hydrocarbons (11) through their O, 
isopropylidene derivatives, a satisfactory solu- 
tion to cyctopropane ring location remained 
to be found. 

A logical approach to the problem seemed 
to be the conversion of the cyclopropane 
moiety.to a product or products bearing a close 
structural relationship to the original molecule, 
and which also exhibit characteristic mass spec- 
tra permitting assignment of ring position. 
These requirements are met by catalytic hy- 
drogenation of the ring in the presence of 
Adam's catalyst and acetic acid which yields 
a straight chain ester and a mixture of the 
two possible branched chain isomers. 

Hj 
CH~(CH 2) CH2CHaCH2(CH 2) CO2CH s + CH~(CH~)"C~/CII(CH2)~C02CI|~ " ~ t  ~ ~ - 

CH 2 
CII~(CH2) CH2~}I(CH2)mCOzCH J + CH3(CII2)nCHCH2(CH2)mCO2CII 3 

CH 3 CH, 

This reaction is easily carried out on a mic- 
rogram scale, and the reaction mixture may be 
injected directly on to the gas chromatographic 

column connected to the mass spectrometer. 
The branched chain isomers precede and com- 
pletely separate from the straight chain com- 
pound on both polar (e.g., DEGS) and non- 
polar (e.g., SE-30) columns. No attempt is 
made to separate the branched compounds, 
which do not undergo any detectable separa- 
tion under the conditions employed, as deter- 
mined by repeatedly scanning mass spectra 
across the gas chromatographic peak as it is 
eluted from the column. Identification of peaks 
which are associated with the points of branch- 
ing is then facilitated by their appearance in 
the spectrum 14 mass units apart, as will 
be discussed. Comparison of the mass spec- 
trum of the mixture with those of the individ- 
ual branched chain compounds (12) indicates 
that the branched isomers are formed in ap- 
proximately equal proportion, and generally 
comprise about 80-90% of the products, the 
remainder being the straight chain isomer. 

As we have recently demonstrated (13), 
cyclopropane esters corresponding to the more 
common unsaturated esters may easily be ident- 
ified by comparison of mass spectra of the 
ring-opened products with reference spectra 
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such as Fig. 1-7. However, a detailed interpre- 
tation of the mass spectrum permits the un- 
equivocal location of the cyclopropane r ing  
without reference spectra, which may be highly 
useful in the characterization of  new or un- 
usual cyclopropane acids. 

EXPERIMENTAL 

Synthesis of Cyclopropane Esters 

Fat ty  acids were obtained from commercial 
sources as follows: cis-9-tetradecenoic acid, 
cis-9-hexadecenoic acid, cis-9-octadecenoic acid 
and cis-5-eicosenoic acid, Applied Science Lab- 
oratories, State College, Pa.; cis-ll-octadece- 

noic acid, and cis-6-octadecenoic acid, The 
Hormel Institute, Austin, Minn. 

These acids were treated with diazomethane 
and the resulting methyl esters were converted 
to cyclopropane compounds by the method of 
Blanchard and Simmons (14).  Samples of 
the esters (10-100 mg) were treated with ex- 
cess diiodomethane and Zn-Cu couple in order 
to drive the reaction toward completion. The 
reaction mixtures were purified on AgNOs- 
silicic acid columns (7) to yield the pure cyclo- 
propane esters. The identity of these esters is 
based upon their gas chromatographic be- 
havior (see 9) and upon their behav io r  on 
reduction. 

T A B L E  I 
Ident i ty  and Orig ins  of  Peaks  in  the  M a s s  Spect ra  of  Methyl  Branched  F a t t y  Acid  Methy l  Esters  a 

Des igna t ion  
in 

m/e Fig.  1-7 Or ig in  

74 ~-CH~OC = CH.,-]+ F o r m e d  by  r ea r rangement  of hydro-  

1 /  1 gen f r o m  C-4. 
L OH J 

CH.~OC = CH~ 
] 

+ O H :  

75 

87, 101, 115, 
129, 143, 157, 
171, 185, etc. 

144-145, 158- a + 1. 
159, 172-173, a q 2 
186-187, etc. 

153, 156, 181, c 
195, etc. 

135, 149, 163, d 
177, etc. 

M-76 e 
( M  molecular  
ion) 

M-43 

M-29 

M-31 

Types  I,  I I  and I I I :  ions of  the series 
73 + n ( 1 4 ) ,  where  n = 1, 2, 3 . . . 

I. C H  O C O ( C H  ):~ § 

a I I .  C H 3 O C O ( C H : ) , ,  § 

I l L  C H 3 O C O ( C H 2 )  nCH + 
T 

CH3 

F o r m e d  by  r ea r rangement  of  two 
hydrogens,  b Or ig in  of  the second hy- 
drogen is unknown.  

Ions  of  this type are fo rmed  both  
by s imple c leavage and by expuls ion 
of g roups  f r o m  wi th in  the chain  wi th  
hydrogen  rea r rangement .  

Same  m a s s  as I,  bu t  der ived by bond  
b reakage  a lpha to a methyl  b ranch  
on the  ester  side. N e u t r a l  f r agmen t  
lost is therefore  a secondary radical .  

Same  m a s s  as I and  I f ;  a lpha  cleav- 
age wi th  fo rma t ion  of a secondary 
c a r b o n i u m  ion and  loss of  a p r imary  
radical ,  

R e a r r a n g e m e n t  of  one and  two hy- 
drogens  f r o m  the r ema inde r  of the 
molecule  to a. b 

F o r m e d  predominan t ly  by e l iminat ion  
of  C H ~ O H  f r o m  b. 

D u e  to e l iminat ion  of  H.,O f r o m  c. 

Ar ises  f r o m  methyl  b ranch  at C-6; 
"probably involves e l i m i n a t i o n  of 
C H : O H  and C H . , = C H O H .  See ref.  
(16) .  

2 3 4 
Loss  of  - C H . : - C H - C H ~  + H f r o m  
wi th in  the chain,  e 

2 3 
Loss  of  - C H _ - C H : -  + H f r o m  with- 
in the chain,  c 

Loss  of the  methoxy  group  f r o m  the 
molecular  ion ( M ) .  

aSee Ref .  6. Cont r ibut ions  f r o m  isotope peaks  are not  l isted (e.g., m/e 75, e tc . ) .  

bAlso conta ins  a small  contr ibut ion f r o m  the isotope peak  of the preceding peak.  
e Shifts to a correspondingly  lower m a s s  i f  any of  the a toms lost  are subst i tuted (17) .  
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Dihydromalvalic acid (8, 9-methylenehepta- 
decanoic acid) was purified from the fatty 
acids of Hibiscus syriacus (following hydrog- 
enation under mild conditions) and presented 
to us by Kim Hooper.  

Reductive ring opening was accomplished by 
transferring a sample of cyclopropane ester 
(about 100 t~g) to the bottom of a screw cap 
culture tube (1.5 cm X 12 cm) ,  adding 2-3 
mg PtO (Adam's  catalyst) and 0.2 ml glacial 
acetic acid. The tube was placed inside the 
bottle of a Parr  hydrogenation apparatus, and 
the sample was hydrogenated at room tempera- 
ture and 20 psi, with shaking for 20 hr. The 
catalyst was filtered from the sample with the 
aid of a small amount of ethyl ether and the 
solvent was removed from the sample under 
reduced pressure. These reduced esters could 
be introduced into the gas chromatographic 
inlet of the mass spectrometer without further 
treatment. 

Mass Spectra 

Mass spectra were determined with an Atlas 
CH-4 mass spectrometer equipped with a gas 
chromatographic inlet system (1% SE-30, 100- 
120 mesh, in a 4-mm X 3-ft glass column, 
140-185C). The transfer system including He 
separators was maintained at 180C and the ion 
source 250C. Ion source pressure was ~ 2 X 
10 -6 mm Hg; ionizing current 60 ffamp; ion- 
izing potential 20 ev. Uses of higher energies, 
e.g., 70 ev, made no significant difference in 
the relative intensities of the peaks in the 
spectrum. The required sample size depends 
on the quality of spectrum required, and 
ranges from approximately 0.1 to 3 /~g. Com~ 
parison of standard and unknown spectra is 
possible with a spectrum of rather low inten- 
sity, while a search for metastable transitions 
i n  the spectrum of less common compounds 
necessitates greater absolute intensity. Experi- 
mental details of the combination instrument 
and discussion of the technique have recently 
been published (15).  

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

The mass spectra of branched chain esters 
are  similar in many respects to those of straight 
chain esters (6) .  The presence of a methyl 
branch may frequently be recognized by the 
appearance of a peak of  low relative intensity 
(usually less than 0.5% ) at M-15, probably due 
to loss of the methyl branch. Origins of the 
most common peaks in these spectra are sum- 
marized in Table I. 

Due to the great relative intensity of m/e  74, 
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FIG. 1. Partial mass spectrum of the branched 
acid esters derived from methyl 9,10-methyl- 
eneoctadecanoate (methyl dihydrosterculate). 

213 

II 2 2 7  
i 

I 
220 

the most intense peak in every case studied, 
many of the peaks of diagnostic interest are of 
low relative intensity when normalized to m/e  
74. However, the wide dynamic range (about 
5000) inherent in multitrace recording and in 
the technique itself still results in a highly ac- 
curate and reproducible recording of the less 
abundant ions even with very small samples. 
Therefore, for more legible representation, 
Fig. 1-5 are shown as enlarged partial  spectra 1 
of the mass region of interest, and contain all 
peaks of relative intensity greater than 0.5%. 

Of pr imary interest for location of the cyclo- 
propane ring (via the branch locations) are 
ions a, a + I ,  and a + 2 of the 73 + n(14)  

Complete mass spectra in tabular  form of Fig. 1-7 are 
available on request. 
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Fro. 2. Partial mass spectrum of the branched 
acid esters derived from methyl 9,10-methyl- 
enehexadecanoate. 
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FIO. 3. Partial mass  spectrum of  the branched 
acid esters derived f rom methyl 9, 10-methyl- 
enetetradecanoate. 

series. Although three different types of ions 
(I, II,  I I I  in Table I)  contribute to the 73 + 
n(14)  series, only the primary ion a formed 
by alpha cleavage to the points of branching 
will undergo abstraction of one and two hydro- 
gens to yield a + 1 and a + 2 (6).  The re- 
suiting characteristic sets of three adjacent 
peaks 14 mass units apart are easily Fecognized 
and used to establish the points of branching, 
as shown by comparison of Fig. 1 and 4. Each 
component of the mixture thus gives rise to a 
set of a peaks, which as for the esters derived 
from methyl dihydrosterculate (Fig. 1 ), occur 
I4 mass units apart. 

i57--] .~ 17fl 
C ~3OCO(CHz) -  ', C H ( C H z ) s C H  3 C H 3 O C O ( C H / ) ~  : C H ( C H z ) T C H 3  

' CH 3 'i CH 3 

16- 
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I,ll,, , ,  
I I 

140 
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( 

171 d c 

ill, 
! I I 

180 
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a l l  b b 

L 
I I 

220  

Fro. 4. Partial mass  spectrum of the branched 
acid esters derived f rom methyl  11, 12-methyl- 
eneoctadecanoate (methyl  lactobacillate).  
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FIG. 5. Partial mass  spectrum of the branched 
acid esters derived f rom methyl  8, 9-methyl- 
eneheptadecanoate.  

For closely related compounds differing only 
in chain length, as in Fig. 1 and 2, the ratios 
of the three ions will be very similar. The 
intensities of a + 1 and a + 2 relative to a 
may be very low in cases in which ions of type 
I (Table I) contribute strongly to the mass 
value at which a also falls. The most extreme 
example would occur with 'branched esters 
derived from 7, 8 or 8, 9-cyclopropane esters. 
In this latter case (shown in Fig. 5) the 
branch at C-8 gives rise to an ion of the type 
CH3OCO(CHe)G + (m/e  143), which is gen- 
erally much more intense in long chain ester 
spectra (6) than other members of the 73 + 
n(14)  series with the exception of m/e 87 
n ~ l .  However, a + 1 and a + 2 are still 
readily recognized at m/e 144 and 145. Mass 
144 in Fig. 5 is clearly in excess of the usual 
intensity of that peak (see Fig. 1-4), due 
mainly to the C la isotope peak of m/e 143. 

The greater stability of secondary over pri- 
mary earbonium ions gives rise to cleavage at 
points of branching, yielding ions of type b 
(Table I ) .  Mass spectral peaks representing 
such preferential cleavage should therefore in 

TABLE II. 
Metastable Peaks from the Mass Spectrum o f  t h e  Branched 
Acid :Esters Derived from Methyl 9, 10-Methyleneoctadec- 

anoate (Fig. 1) 

Transi t ion 
r ' ~  ' m / e  -~ . indicated, 
Calcd. F o u n d  m / e  

140.1 140.2 199 (b)  ----> 167 (c) 
132.9 133.0 167 (c) ---> 149 (d)  
126.5 126.6 185 (b)  ~ 153 (c)  
119,1 119.1 153 (c) ~ 135 (d)  
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25O m/e  
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312 

FIG. 6. Mass spectrum of the branched acid esters derived from methyl 6, 7-methyl- 
eneoctadecanoate. 

principle be useful for establishing the position 
of the branch; however, ions of type I (but 
not type II)  may also fall at the same mass as 
b in any given spectrum, making the recogni- 
tion of b, unlike a + 1 and a + 2, a matter 
of intensity. Therefore b may generally be 
used to corroborate the points of branching 
as determined by the a series. Thus m/e  227 
(b) in Fig. 4 is more intense than m/e  227 
in Fig. 1 or 2, where it is an ion of type I. Each 
b ion must be found 28 mass units higher than 
its corresponding a, since the structural differ- 

i 
ence is - C - C H  3. For  instance, although 
m/e  213 in Fig. 1 (due mainly to the 9-methyl 
component (12) )  appears to be unusually in- 
tense for type I (compare with m/e  213 of Fig. 
2) it does not appear 28 mass units higher than 
either of ions a, as required for b. In order to 
make approximate intensity predictions in the 
spectra of the mixed branched chain esters, 
reference may be made to the extensive com- 
pilation of 70 ev spectra of individual branched 
esters published by Ryhage and Stenhagen 
(12).  

Elimination of methanol from b results in 
ions of type c (e.g., m/e  199-->m/e 167 in 
Fig. 1). This process has generally been post- 
ulated to be a 1, 2-elimination, yielding ketene- 

type ions (12,6),  although it has been sug- 
gested (16) that this earlier assumption was 
incorrect. Further loss of water from c gives 
ion d (see Fig. 1-5), a process which on ener- 
getic grounds would seem less l ikCy from a 
ketene structure. On the other hand, elimina- 
tion of water from cyclic ketones, a l i k e l y  
product from a 1,n elimination of methanol 
(where n > 2),  is a minor but commonly ob- 
served process (17).  The sequence b-~'c---',,d 
(12) is substantiated by appropriate metastable 
transitions, listed in Table II. Although ions 
which are 32 and (32 + 18) mass units lower 
than type I ions may be observed in some ~ 
cases (e.g., rn/e 181 and 163 in Fig. 1), their 
intensities are considerably less (rn/e 167, 149, 
Fig. 1 ) than analogous ions derived from b. 
Though the apparent  absence of metastable 
transitions does not disprove the relationship 
between ions (i.e., that rn/e 181 is, or is not 
derived by loss of methanol from m/e  213),  
the observation of reasonably intense meta- 
stable transitions may be used to corroborate 
the identity of b, c and d ions. 

Cyclopropane esters containing the methyl- 
ene bridge at C-5, 6 or 6, 7 yield branched 
chain esters which exhibit mass spectra with a 
considerably different appearance, as shown 

3 o - : 4  
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FIG. 7. Mass spectrum of the branched acid esters derived from methyl 5, 6-methyl- 
eneeicosanoate. 
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by comparison of Fig. 1-5 with spectra derived 
from methyl 6,7-methyleneoctadecanoate (Fig. 
6) and m e t h y l  5, 6-methyleneeicosanoate 
(Fig. 7).  The spectra represented in Fig. 6 and 
7 are dominated in the upper mass range by 
M-76, ion e. Although M-76 is observed at 
very low abundance in spectra of 5- and 7- 
methyl branched esters (12) ,  its presence as 
an intense peak is characteristic of a methyl 
branch at C-6 (12) ,  and may thus be used to 
establish the location of the original cyclopro- 
pane ring as either 5, 6 or 6, 7. Ions of type 
a are then restricted to values of m/e 101 and 
115 (5, 6 position, Fig. 7) or 115 and 129 (6, 
7 position, Fig. 6) and are easily recognized, 
even though b and r are less obvious (or may 
be doublets) and d may be absent. In analogy 
to the origin of the M-76 ion in mass spectra 
of methyl 6-phenylhexanoate, Meyerson and 
Leitch have suggested that the same mechanism 
operates in the case of the 6-methyl branched 
esters (18) .  In terms of the 6-methyl com- 
ponent of the branched chain mixture derived 
from methyl 6,7-methyleneoctadecanoate (Fig. 
6) the mechanism may then be formulated as: 

O CH-CH= (CH2)t tCH ~ 
L ' "  "~.,'" J U 0"/ ~., ] 

M,.m/Z 312 M-32. role__ 2a0 

- c.-~.o. F.~*.-o,=~cca,~,,~a.-]' 
S ca, _3 

e , m/~ 236 
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Hepatic Lipid Metabolism in Experimental Diabetes: 
III. Synthesis and Utilization of Triglycerides 
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Department of Pharmacology, School of Medicine, Vanderbilt University, Nashville, Tennessee 

ABSTRACT 

Livers removed from normal rats, f rom 
alloxan diabetic rats maintained on insulin 
for two weeks (ADI  q-) ,  and from insulin- 
treated diabetic rats from which insulin 
had been withdrawn two days before use 
(AD)  were perfused in vitro with 120 mg 
(468 Fmoles) palmitic ac id- l -C 14. Under  
these conditions, output of T G  (triglycer- 
ide) was depressed in livers from 
A D I  + rats and was negligible with livers 
from A D  animals. The total incorporation 
of C 1~ into perfusate T G  paralleled the 
chemical measurements of T G  output. 
The concentration of hepatic TG increased 
during perfusion of livers from normal or 
ADI -F  rats but decreased during perfusion 
of livers from A D  animals. 

A load of 120 mg of palmitic acid/3 hr 
was inadequate to maintain net accumula- 
tion of T G  in livers from AD rats; fur- 
thermore it is implicit in this observation 
that the total load of N E F A  (nonesterified 
fatty acid) perfusing livers from A D  rats 
must be increased considerably to obtain 
a fatty liver. The total incorporation of 
C TM i n to  hepatic TG and the specific ac- 
tivity of hepatic TG were depressed dur- 
ing perfusion of livers from A D  rats. The 
production of ketone bodies by livers 
from A D  animals was about five times the 
normal rates; the output of ketone bodies 
did  not differ from results of other experi- 
ments (1) in which the load of palmitic 
acid added to the medium was varied from 
0-80 mg. These observations were dis- 
cussed with reference to mechanisms for 
ketogenesis and fatty liver in alloxan 
diabetes. 

INTRODUCTION 

I T HAS BEEN REPORTED PREVIOUSLY that the 
isolated perfused rat  liver released triglycer- 

ide (TG)  into the medium in direct proportion 
to the load of fatty acid which was presented 

1Postdoctoral FeUow of the National Institutes of Health, 
5 F2 AM 29, 395-02. 

2Established Investigator of the American Heart  Associa- 
tion. 

to i t  (1) .  Regardless of the load of non- 
esterified fatty acid ( N E F A ) ,  the rate of re- 
lease of triglyceride by livers from acute al- 
loxan diabetic rats (prepared 48 hours before 
use) was always less than that observed with 
livers from normal rats. The release of tri- 
glyceride into the very,low-density lipoprotein 
of the perfusate, the total incorporation of 
palmita te- l -C 14 into triglyceride, and the 
specific activity of the triglyceride released into 
this lipoprotein fraction were depressed during 
perfusion of livers from diabetic rats (2) .  In 
the intact rat made diabetic with alloxan, the 
concentration of triglyceride in the liver is in- 
creased considerably above normal levels; 
when the livers from acute alloxan diabetic 
rats were perfused in vitro with a medium con- 
taining a relatively small load of palmitic acid, 
the concentration of hepatic triglyceride fell 
during perfusion to levels which were not dif- 
ferent from those seen in perfused livers from 
normal  animals (2) .  

The impairment in release of triglyceride b y  
livers from alloxan diabetic rats may, in part, 
result from an increased rate of lipolysis of 
hepatic triglyceride. If  this were so, the load 
of nonesterified fatty acid employed in previous 
experiments might have been insufficient to 
maintain net synthesis of triglyceride in the 
face of greatly increased rates of lipotysis of 
triglyceride. The effect of increased palmitate- 
1-C 14 load on the transport  and metabolism of 
triglyceride by  livers from normal, diabetic, 
and controlled diabetic rats has been investi- 
gated further in the work to be reported in this 
paper. "Chronic" diabetic rats were employed 
in the present studies to circumvent any acute 
toxic effect of alloxan on the liver. 

METHODS 

Livers obtained from normal rats, diabetic 
rats, and diabetic rats treated with insulin were 
perfused in vitro by using the general proce- 
dures (3) and apparatus (4) which have been 
described in detail in earlier publications. 

Normal  male rats (obtained from Holtzman 
Company,  Madison, Wis.), weighing 350-450 g, 
were maintained on a balanced food ration and 
served as sources of blood and serum for all 
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experiments. The animals from which the 
livers were obtained were divided into three 
groups. One group consisted of normal male 
rats (body weights ranged from 370 to 420 g). 
A second group consisted of male rats made 
diabetic by the intravenous injection of alloxan 
monohydrate (60 mg/kg body weight); 48 hr 
later, diabetes was confirmed by measurement 
of the elevation of blood glucose. The rats 
were then given subcutaneous injections daily 
of Protamine Zinc Insulin (12 I .U./kg of body 
weight) for two weeks; these anima!s received 
the last injection of insulin approximately two 
to three hours before the livers were removed 
for perfusion. During this period the rats 
gained weight, and the urine was free of 
glucose and ketone bodies (estimated qualita- 
tively with Clinistix and Ketostix, Ames Com- 
pany, Elkhart, Ind.). This grou• is referred to 
as controlled chronic diabetic rats. The blood 
.~lucose of animals in this uroup varied from 
35 to 70 mg % at the time of surgical hepatec- 
tomy. A third group consisted of controlled 
chronic diabetic rats, from which insulin had 
been withdrawn 48 hr before use. This latter 
group is referred to as chronic diabetic rats. 
During this period of two days the rats lost 
weight and became glucosuric and ketonuric. 
The blood glucose concentration of these 
animals, determined according to the proce- 
dure of Nelson (5), was in excess of 350 mg 
% at the time of the liver removal. Animals 
in all groups were allowed free access to food 

(Purina Laboratory Chow) and water. 

Immediately following its surgical removal 
from the animal, the liver was inserted into the 
perfusion apparatus; it was then per(used for 
20 min with a medium consisting of 50 ml of 
defibrinated rat blood, 500 I.U. of heparin, and 
sufficient Krebs-Henseleit bicarbonate buffer. 
pH 7.4 (6), to make a volume of 70 ml. 
After the equilibration period 30 ml of a com- 
plex of rat serum and palmitate-l-C TM were 
added to the perfusion medium. The serum 
complex consisted of 20 ml of rat serum, 10 ml 
of 0.9% NaC1, and 40 mg (156 /~moles) of 
palmitic acid-l-C 14 (specific activity = 12.82 
mltC/i,mole palmitic acid) (7). Ten ml of 
perfusate were removed for analysis 4 min 
after the palmitate-serum complex was added 
to the medium. Immediately thereafter an in- 
fusion of palmitic acid-rat serum complex was 
started and was continued until an additional 
312 /Lmoles of palmitic acid-l-C ~4 (80 mg) 
had been infused. The infusion rate was 0.37 
ml /min  or 2.3 /~moles/min. The composition 
of the infused palmitic acid-serum complex 
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was as follows: 40 ml of rat serum, 10 ml of 
0.9% NaCI, and 312 pmoles (80 mg) of 
palmitic acid-l-C'L Additional 10-ml aliquots 
of perfusate were removed for analysis 90 and 
180 min after the first sample had been taken. 
At the termination of the experiment the livers 
were removed from the apparatus, were per- 
fused with ice-cold 0.9% NaCI solution to re- 
move blood, were trimmed free of extra 
hepatic tissue; blotted dry and weighed; then 
were assayed for lipid content. The hepatic 
content of the lipid of per(used livers was com- 
pared with livers which had not been per(used. 
For this purpose, rats from the three experi- 
mental groups were anesthetized and their 
livers removed as for perfusion; the livers were 
not inserted into the perfusion apparatus how- 
ever, but were assayed immediately for content 
of lipid. 

The lipids of the livers (8) and of samples 
of perfusate which had been centrifuged to re- 
move erythrocytes (1) were extracted as de- 
scribed earlier. Aliquots of the extracts were 
evaporated to dryness in vacuum at 50C, were 
dissolved in a minimal volume of CHCI:~, and 
were placed on 3.0-g silicic acid columns (1). 
Aliquots of the CHCI:~ eluates (35 ml) of the 
silicic acid columns were evaporated to dry- 
ness, taken up in a minimal volume of CHCIa, 
and banded on thin-layer silicic acid chroma- 
tography plates. Triglycerides and NEFA 
were separated from other lipids (9) and 
eluted from the plates with CHCI.~; aliquots of 
the eluates were taken for chemical and 
isotopic analysis. Triglycerides were estimated 
by the method of Van Handel and Zilversmit 
(10). Nonesterified fatty acids were deter- 
mined according to the procedure of Duncombe 
(11). For the measurement of hepatic phos- 
pholipid, aliquots of CH:~OH eluates (35 ml) of 
the silicic acid columns were taken to dryness. 
were dissolved in a minimal volume of CHCI:, 
and were chromatographed on thin-layer silicic 
acid plates to remove contaminating trace 
amounts of CrY~ acids (9).  The band of 
PI. (phospholipid) was eluted from the plates 
with a mixture of ethanol: chloroform: dis- 
tilled water: glacial acetic acid (100:30:20:2.  
v /v)  (12). The eluates were evaporated to 
dryness in vacuum and redissolved in CHCI3; 
aliquots of the eluates were taken for analysis. 
Lipid-soluble phosphorous was measured by the 
method of King (13). 

The radioactivity present in TG, NEFA, and 
PL was measured on samples of the appro- 
priate eluates from the silicic acid plates. The 
solvent was evaporated in vacuum; the lipids 
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Concentrat ion b Specific activity ~ 
/zeq/ml cell free perfusate ( D P M / # e q )  x 10 -~ 

Minutes Minutes  

Group  0 90 180 0 90 180 

N o r m a l  (5) 1 ,47~0.05 0.44--I-0.04 0 ,19•  2 .41•  1 .43+0.18  0 .80•  

Control led  
diabetic (5) 1.26__+0.18 0 .37•  0 .14•  2 .73•  1 .76•  1 .16•  

Diabe t i c  (6)  1.15+0.16 0.344-0.02 0.14__+0.03 2 ,97•  1.77-+-0.10 1 .02+0.18  

aAl l  values  are means  • s t andard  error .  The  decline of  the concen t ' a t i on  and  specific act ivi ty  of  N E F A  
were not  stat ist ically different  a m o n g  groups.  F igu res  in parentheses  indicate  n u m b e r  of  experiments .  

b Assuming  ins tantaneous  mix ing  of  added N E F A ,  the theoret ical  init ial  concent ra t ion  of  N E F A  (4 minutes  
before  zero t i m e )  was  2.08 # e q / m I  cell free supernatant .  

eSpecific act ivi ty  of  added N E F A  = 2.94 x 10 ~ D P M / # e q .  

were dissolved in toluene containing 4 g of 
diphenyloxazole and 100 mg of p-bis-1, 2 
(phenyloxazole)-l-benzene per liter and were 
counted in a Tracerlab liquid scintillation 
counter (Model LSC-10B). i 

One-ml aliquots of samples of perfusate, 
which were obtained at each period, were 
added to 3 ml of distilled water and were al- 
lowed to hemolyze. One nil each of 0.15 N Ba 
(OH) z and 2.5% ZnSO4-7H20 was added to 
the hemolysate to precipitate the proteins. 
Suitable samples of protein-free filtrate were 
analyzed for ketones by the method of 
Michaels (14) after oxidation in the apparatus 
described by Greenberg and Lester (15). 

The statistical significance of the differences 
between groups and treatments was evaluated 
with Student's distribution for "t" (two-tailed 
table) (16). The data presented in all tables 
and figures were derived from the same per- 
fusion experiments during which the various 
parameters were measured. 

RESULTS 

Disappearance of Palmitate-l-C ;4 from the Perfusate 

Table I presents the concentrations and 
specific activities of nonesterified fatty acid in 
the  perfusate. The concentration of N E F A  in 
the medium declined rapidly during perfusion 
of livers from all groups of animals despite the 
infusion of palmitate-l-C 14 during the course 
of the experiment. This rapid rate of removal 
of palmitate from the medium by the liver 
agrees with the data obtained by several in- 
vestigators (17-19).  There were no significant 
differences in the concentration of N E F A  in 
the perfusate among groups at any time. The 
specific activities of N E F A  declined during the 
perfusions; there were however no differences 
in the specific activities of N E F A  among 
groups. 

Net Release of Triglyceride by. Perfused Livers 

The rate of accumulation of TG in the 
medium when livers from normal, chronic 
diabetic, and controlled chronic diabetic rats 
were perfused is shown in Figure 1. An in- 
crease in the concentration of TG in the 
medium was observed with all preparations. 
The increase in concentration of TG was rela- 
tively linear during the 180-minute perfusion 
of livers from either normal or controlled 
diabetic rats. The rate of accumulation of TG 
in the medium, when livers from controlled 
diabetic rats were perfused, approached that 
observed when livers from normal rats were 
per fused. 

In contrast to these groups, the rate of ac- 
cumulation of TG in the perfusate was im- 
paired when livers from diabetic rats were 

OUTPUT OF TRIGLYCERIDE BY THE PERFUSED RAT LIVER 

A. o NORMAL (B) 

6.0 B. ~ CONTROLLED 
CHRONIC DIABETIC (5) T / 

:;~ ) c, �9 CHRONIC DIABETIC (61 / / / ~  
0- - 5.0 (MEANS*~ S.E ) 
~ w  
0 > 
W ~ 4 . 0  

go~ 3"0 I 

t- ~ 2.0 t aO  zg  

0 60 120 180 
MINUTES 

FIG. 1. Output of triglyceride by the perfused 
rat liver. Vertical bars in figure denote ----- one 
standard error. 
Probability: 

0-90 min. 0-180 min. 
A vs. B < 0.02 < 0.06 
A vs. C < 0.01 < 0.001 
B vs. C < 0.10 < 0.005 

LIPIDS, VOL. 2, No. 3 



234 DONALD R. VAN HARKEN, THOMAS O. BROWN AND MURRAY HEIMBERG 

TABLE II  
Incorporation of Palmitate-l-C 1. into Triglyceride of the Perfusion Fluid a 

Group 

Total incorporation Specific activity 
(DPM/g liver)b X 10 -4 (DPM/#mole TG)  x 10 -4 

Minutes Minutes 
0 90 180 0 90 180 

A. Normal (5) 0.10+_0.02 11.82• 23.19--+2.79 

B. Controlled 
diabetic (5) 0.04+__0.01 8.29-+0.60 14.30-+1.40 

C. Diabetic (6) 0.04-+0.01 2.09-+0.35 2.75-+0.63 

Prob ability: 
A v s .  B ........ <0.05 <0,025 
A v s .  C ........ <0.001 < 0 . 0 0 1  
B v s .  C ........ <0.001 <0.001 

0.05• 2.66• 3.28-+0.13 

0.03 • 3.32• 3.34___+0.27 

0.02___+0,004 1.02 • 0.22 1.28 • 

N~ 
<0.001 
<0.001 

N.S. 
<0.001 
<0.00t 

a All values are means • standard error. Figures in parentheses indicate number of experiments. 

bWet weight. 

perfused. In fact, no net accumulation of TG 
was noted between 90 and 180 min. It was 
reported previously that livers from normal 
and acute alloxan diabetic rats released TG 
into the perfusate in proportion to the total 
load of palmitate presented to the livers (1). 
A loss of TG from the perfusate was observed 
when livers from acute diabetic rats were per- 
fused with loads of palmitic acid less than 312 
/~moles; this was also observed when livers 
from chronic alloxan diabetic rats were per- 
fused. In these experiments a load of 468 
~moles of palmitate was provided the liver 
during the period of perfusion. 

Incorporation of Palmitate-l-C 14 into Triglyceride 
of the Perfusate 

The total incorporation of palmitate-l-C 14 
and the specific activity of the triglyceride of 
the perfusate can be seen in Table II. The in- 
corporation of palmitate-l-C 14 into TG paral- 
leled the rates of accumulation of TG in the 
perfusate. The incorporation of palmitate-l-C 14 
into TG of the perfusate was less than normal 
when livers from controlled chronic diabetic 
rats were perfused and was a minimum when 
livers from chronic diabetic rats were per- 
fused. No net increase in the incorporation of 
palmitate-l-C 14 into TG was observed between 
the 90-minute and 180-minute period when 
livers from chronic diabetic rats were per- 
fused. 

The specific activity of the perfusate TG 
reached a maximum after 90 min of perfusion 
and was the same with preparations from 
either normal or controlled diabetic rats. The 
specific activity of perfusate TG when livers 
from diabetic rats were perfused was about 0.3 
that obtained when the livers from normal or 
controlled diabetic rats were perfused. 

~ p m s ,  VOL. 2, N o .  3 

Hepatic Triglyceride Concentration 

The data presented in Table III  are the 
mean values for the concentration of hepatic 
TG in livers from normal, controlled diabetic, 
and diabetic rats. When the livers were not 
perfused, the concentration of TG in the organs 
from diabetic rats was observed to be three to 
four times greater than that which Was esti- 
mated in livers from normal or controlled 
diabetic rats. After 3 hr of perfusion the livers 
from animals in each of the experimental 
groups had the same TG concentration. The 
concentration of T G  in perfused livers from 
normal and from controlled diabetic rats was 
significantly higher than that in the cor- 
responding livers which had not been perfused. 
The mean concentration of TG in perfused 

TABLE I I I  
Hepatic Concentration of Triglyceride a 

pmoles T G / g  liver, wet weight 
Group Not perfusedb Perfusede Probabilityd 

A. Normal 8.29• (7) 13.30-4-0.45 (5) 

B. Controlled 
diabetic 6,39+1.14 (6) 11.78• (5) 

C. Diabetic 26.46• (6) 13.90__+2.02 (6) 

Probability: 
A vs. B N.S. N.S. 
A v s .  C <0.05 N.S. 
B v s .  C <0.05 N.S. 

<0.01 

<0.01 

<0.20 

aAll values are means -+ standard error. Figures in 
parentheses indicate number of experiments. 

bThe concentration of TG in the perfused livers at the 
beginning of the experiment was considered statistically to 
be identical with the concentration of TG in livers which 
were not perfused. 

eThe concentration of TG in perfused livers is that 
measured at the termination of the experiment (3 hr) .  

d Signiflcance of differences between perfused livers and 
livers which have not been perfused. 
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TABLE IV 
Incorporation of Palmitate-142 t* into Hepatic Trtgiycertde* 

Total ixtcorporation Specific activity 
Group ( D P M / g  liver) b x 10-' (DPM/pmole TG)  x 10 ' 

A. Normal (5) 28.68+2.92 2.16+__0.23 

B. Controlled 
diabetic (5) 27.52-+1.14 

C. Diabetic (6) 11.33+__2.03 

Probability: 
A vs. B N.S. N.S. 
A "VS. C <0.001 <0.001 
B vs .  C <0.001 <0.001 

2.38+0.16 

0.81-+0.09 

I A n  values are means _+ standard error. Figures in 
parentheses indicate mtmber of experiments, All analytical 
measurements were made at the termination of the per- 
fusion period (3 hr) .  

bWet weight. 

TABLE VI 
Incorporation of Palmitate-l-C*' into Hepatic Phospholipid a 

Total 
incorporatio~l 

(DPM/g  liver)b Specific activity 
Group x 10 -4 (DPM/#mole)  x 10 -2 

A. Normal (5) 14.91-+0.50 38.35~+0.77 
B. Controlled 

diabetic (5) 13.70• 37.84• 
C. Diabetic (6) 8.29• 27.74• 

Probability: 
A v s .  B N.S. N.S. 
A vs .  C <0.001 <0.001 
B vs .  C <0,001 <0.005 

a All values are means __+ standard error, Figures in 
parentheses indicate number of experiments. All analytical 
measurements were made at the termination of the per- 
fusion period (3 hr) .  

bWet weight. 

livers from diabetic rats was approximately 
0.5 that in livers which had not been per- 
fused; this difference in the means however was 
not statistically significant. The conclusion 
that can be derived from these data is that 
livers from normal and controlled diabetic rats 
accumulated TG during perfusion whereas 
livers from diabetic rats lost, or did not gain, 
TG when the livers were exposed to a load of 
468 /maoles of palmitic acid. 

Incorporation of Palmltate-l-C ~4 into 
Hepatic Triglyceride 

It can be seen that livers from normal and 
controlled diabetic rats incorporated the same 
amount of palmitate-l-C 14 into hepatic tri- 
glyceride (Table IV) .  Livers from diabetic 
rats incorporated approximately 0.3 as much 
radioactivity into hepatic TG as was incor- 
porated by livers from normal and controlled 
diabetic animals. Similarly the specific activity 
of TG in perfused livers from diabetic rats was 

TABLE V 
Hepatic Concentration of Phosphoiipid a 

Group 
#moles PL/g liver, wet weight 

Not perfused Perfused Probability b 

A. Normal 43.05-+1.00 (8) 38.93--+'~1.27 (5) 
B. Controlled 

diabetic 43.40_+3.09 (7) 36.40+--1.71 (5) 
C. Diabetic 42.31+3.37 (7) 33.47-+1.82 (6) 

Prob ability: 
A v s .  B N.S. N.S. 
A v s .  C N.S. <0.02 
B vs .  C N.S. N.S. 

<0.05 

<0.15 
<0.05 

aAll values are means --& standard error, Figures in 
parentheses indicate number of experiments. The concen- 
tration of PL in perfused livers is that measured at the 
termination of the experiment (3 hr ) .  

bSignificance of differences between perfused livers and 
livers which have not been perfused. 

about 0.3 the specific activity of TG in livers 
obtained from normal or controlled diabetic 
rats. 

Hepatic Phospholipid Concentration and 
Incorporation of Palmitate-l-C 14 

The concentration of phospholipid in livers 
which were not perfused and in perfused livers 
from normal, controlled diabetic, and diabetic. 
rats is presented in Table V. The concentra- 
tion of PL in livers which were not perfused 
did not differ among groups. Perfused livers 
from diabetic rats however contained less PL 
than perfused livers from normal rats. In gen- 
eral, it appeared that the concentration of PL 
in the liver declined in all groups during per- 
fusion. 

It can be seen in Table VI that livers from 
diabetic rats incorporated palmitate-1-C14 into 
hepatic PL to a lesser degree than did livers 
from normal or controlled diabetic rats. The 
specific activity of PL in livers from diabetic 
rats was also depressed in comparison to the 
control groups. 

TABLE VII  
Production of Ketone Bodies by the Perfused Rat Livera 

mg Acetone/g, liver, wet weight 
Minutes of perfusion 

Group 90 180 

A. Normal (5) 0.82-+0.12 1.43-+-0.26 
B. Controlled 

diabetic (5) 0.63-+0.06 1.09-+0.12 
C. Diabetic (6) 3.47-+0.65 4.94-+-0.76 

Probability: 
A vs. B ........ N.S. 
A vs .  C ........ <0.005 
B vs .  C ........ <0.005 

aAll values are means -+ standard error. Figures in 
parentheses indicate number of experiments. 
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Ketone Body Production 

The output of ketone bodies by livers from 
diabetic rats was about five times greater than 
that by livers from normal rats (Table VII) .  
Livers from controlled diabetic rats produced 
ketone bodies at a rate similar to that of livers 
from normal rats. 

DISCUSSION 

The release of triglyceride by livers from 
diabetic rats is depressed severely in contrast to 
the normal. It is unlikely that these observa- 
tions resulted from variations in substrate 
( N E F A )  concentration or from differences in 
precursor specific activity. In addition to a 
lack of differences among experimental groups 
in the concentration or the specific activity of 
N E F A  in the medium, the concentration of 
N E F A  in the livers from controlled diabetic 
rats and from diabetic animals was identical at 
the end of perfusion (0.72 -+- 0.20 and 1.07 + 
0.15 /zmoles/g liver, wet weight, respectively; 
P , ( 0 . 2 ) ,  as was also the specific activity 
(4210 ~ 322 and 3844 ~_ 835 dpm/t~mole, 
respectively; P < 0.8). The decrease in 
specific activity of the N E F A  of the medium 
during the experiment may have been a con- 
sequence of dilution by N E F A  of lower 
specific activity; whether the additional N E F A  
arose from the liver or resulted from hydrol- 
ysis of triglyceride in the medium cannot be 
determined from these experiments. The con- 
centration of TG in the medium however and 
the C ~4 present in the TG remained constant 
when the medium was perfused in the ap- 
paratus in the absence of the liver (M. Helm- 
berg and I. Weinstein, unpublished experi- 
ments).  

It is most probable that the biosynthesis of 
phospholipid by the livers from the chronic 
alloxan diabetic rats was depressed in com- 
parison with the normal, in agreement with ob- 
servations made in experiments in which livers 
from acute alloxan diabetic animals were per- 
fused (2).  The hepatic triglyceride which was 
being degraded during the course of the per- 
fusion may have contributed to the pool of 
fatty acid, diluted the specific activity of the 
precursor palmitic acid C "  with nonisotopic 
fatty acid, and resulted, in part, in an apparent 
inhibition of phospholipid biosynthesis. It is 
not possible to conclude from the data with any 
reasonable degree of certainty that the esterifi- 
cation of free fatty acids to triglyceride was 
also reduced in livers from chronic alloxan 
diabetic rats; unlike the phospholipids, wherein 

there was identity of magnitude of hepatic 
pools in all experimental groups, the concen- 
tration of triglyceride in livers from chronic 
alloxan diabetic animals at the beginning of the 
experiments was greater than that in the livers 
from control animals. It can be seen that, 
were equal numbers of molecules of palmitic 
ac id- l -C 14 converted into liver triglyceride by 
all groups, the specific activity would be re- 
duced in the diabetic to about 0.3 that of the 
control groups. Furthermore,  were the tri- 
glyceride pool oxidized more rapidly in the 
livers from the diabetic than from the control 
animals, without any further dilution of tri- 
glyceride specific activity, data similar to those 
obtained might be expected. To resolve the 
question of inhibition of hepatic biosynthesis 
of triglyceride as a result of alloxan diabetes, 
it might be more appropriate to employ enzyme 
preparations, in which substrate and enzyme 
concentration can be regulated, or to maintain 
the perfused liver under steady state conditions, 
wherein both perfusate concentration of N E F A  
and hepatic concentration of T G  remain con- 
stant. 

Some interesting comparisons of TG metab- 
olism can be made between livers from nor- 
mal rats and those from chronic alloxan dia- 
betic rats which were controlled with insulin. 
The TG that was released by the liver in either 
of these two experimental groups must have 
arisen from identical metabolic pools since the 
hepatic concentration of TG and the specific 
activity of hepatic and perfusate TG were the 
same in both groups. It can be surmised from 
these data and from the apparent inhibition of 
net release of TG that a partial block in out- 
ward transport of TG existed in the livers from 
the chronic alloxan diabetic rats even though 
the animals were maintained on insulin. The 
control of diabetes with single daily injections 
of protamine zinc insulin was evaluated in 
these experiments by the usual criteria of ab- 
sence of glucosuria, ketonuria, and hypergly- 
cemia, also by the presence of weight gain; 
these treatments however may not have been 
adequate to assure a normal hepatic lipid 
metabolic pattern. 

Data also are suggestive of a block in the 
outward transport of TG in livers from diabetic 
animals, in addition to any inhibition of the 
biosynthesis of triglyceride or acceleration of 
lipolysis of TG. This conclusion is derived 
from the following observations. The total in- 
corporation of palmitic acid- l-C 14 into hepatic 
TG by livers from chronic alloxan diabetic 
animals and the specific activity of the hepatic 
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TG were about 0.3 that of the controls. Al- 
though the specific activity of the T G  which 
was released by the livers from diabetic animals 
into the perfusate was also about 0.3 of that 
released by livers from normal rats, the total 
incorporation at the end of three hours of per- 
fusions was only about 0.1 that of the normal. 
It was reported previously that chylomicron 
triglyceride was removed from the perfusate 
by livers from alloxan diabetic rats at a faster 
rate than by livers from normal animals or 
from diabetic rats treated with insulin (1) ;  
thus the impairment in net release of triglycer- 
ide may result, in part, from an increased rate 
of re-uptake of perfusate triglyceride and, in 
part, from an inhibition of the rate or release 
of the very-low-density lipoprotein triglyceride 
by the livers from diabetic animals. 

In these experiments the livers from normal 
and from controlled diabetic rats accumulated 
T G  during the perfusion whereas livers from 
diabetic rats did not. In similar experiments, 
in which only a 40-rag load of palmitic acid 
was used, livers from normal rats showed no 
change in hepatic triglyceride concentration 
during perfusion whereas livers from acute 
alloxan diabetic rats lost significant quantities 
of triglyceride (2) .  The accumulation of TG 
in the perfused liver in vitro (D. R. Van Har- 
ken, C. Dixon, and M. Heimberg, unpublished 
experiments),  and the release of TG by the 
liver (1) appears to be proportional to the 
load of N E F A  presented to it. It  is quite prob- 
able that, had sufficient N E F A  been added to 
the perfusion medium in these experiments, ac- 
cumulation of T G  in livers from diabetic ani- 
mals would have been demonstrated. 

It seems reasonable that livers from diabetic 
rats, in contrast to livers from normal rats or 
from diabetic animals treated with insulin, 
were utilizing hepatic triglyceride as a major 
source of energy. The authors reported previ- 
ously that the output of ketone bodies by per- 
fused livers from normal or acute alloxan 
diabetic rats was independent of the load of 
palmitic acid (0-80 rag) added to the medium 
(1).  The output of ketone bodies by livers 
from acute diabetic rats was approximately five 
times that of the normal at all loads of N E F A  
presented to the liver. In this work, by using 
120 mg o f  palmitic acid, the output of ketone 
bodies by livers from normal and controlled 
diabetic rats, or from the chronic diabetic rats, 
was in complete agreement with the earlier 
data. The output of ketone bodies has in the 
past been correlated by many workers with in- 
creased availability of N E F A  to the liver (20, 

21).  Much of this work has been derived from 
experiments on intact animals, in which many 
direct correlations were observed between the 
concentration of N E F A  and ketone bodies in 
the plasma. 

The production of /?-hydroxybutyrate and  
acetoacetate by livers from fasted rats perfused 
in vitro with a synthetic medium lacking fatty 
acid was observed to be the equivalent of 0.15 
mg acetone/g l iver /hr  (22) ;  when 30 mg of 
oleic ac id/hr  were infused, the rate of ketone 
body production was increased to about 0.40 
mg acetone/g  l iver/hr.  This rate of ketone 
body output was not different from that re- 
ported earlier when 90 mg of oleic ac id /hr  
were infused (23).  I t  has been reported also 
that the rate of ketone body production by rat 
liver homogenates was proportional to the con- 
centration of palmitic acid in the medium (24).  
These discrepancies may be resolved some- 
what since, in recent experiments, it was neces- 
sary to maintain the concentration of N E F A  
in the medium at more elevated levels than had 
been employed previously in order to stimulate 
the output of ketone bodies by the perfused 
liver from normal fed rats (D. R. Van Harken, 
C. Dixon, and M. Heimberg, unpublished ex- 
periments).  I t  has therefore been necessary to 
revise upward some of the concepts concerning 
the capacity of the liver to metabolize N E F A .  

Since the concentration of triglyceride in 
livers from diabetic rats is elevated, since the 
triglyceride appeared to be depleted during per- 
fusion, and since the output of ketone bodies 
by the livers from diabetic rats exceeded that 
which could be supported theoretically by 
small loads (20 rag) of palmitic acid (1) ,  it 
may be argued that endogenous hepatic tri- 
glyceride is a major substrate for ketone body 
formation (2,25) and that hepatic triglyceride 
accumulation may accompany or precede in- 
creased rates of ketone body production. 

Regardless of the regulatory role that the 
concentration of N E F A  may have on the out- 
put of ketone bodies by the perfused liver, the 
synthesis of ketone bodies also appears to be 
dependent on the nutritional state or hormonal  
balance of the animal from which the liver 
was obtained. The output of ketone bodies by 
the liver, for example, is stimulated by epi- 
nephrine (4,26) or glucagon (27,28) added to 
the medium in vitro. Ketonemia in the intact 
animal may then not only vary with the supply 
of N E F A  to the liver from adipose tissue but  
may also vary with metabolic alterations of 
the ketogenic rates within the liver. 
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The Renal Phospholipid Composition of Choline-Deficient Rats 
MONA E. FEWSTER and MICHAEL O. HALL, Department of Biological Chemistry, 
UCLA School of Medicine, Los Angeles, California 

ABSTRACT 

The base composition of the phospho- 
lipids involved in the N• path- 
way for the biosynthesis of phosphatidyl 
choline was determined in normal and se- 
verely hemorrhagic rat kidneys. There was 
a decrease in the proportion of phospha- 
tidyl choline and phosphatidyl ethanola- 
mine in the renal total lipids. The signifi- 
cant decrease of phosphatidyl ethanola- 
mine in the kidney phospholipids appears 
to implicate this phospholipid to a greater 
extent than phosphatidyl choline in the 
etiology of the hemorrhagic syndrome. 

INTRODUCTION 

S INCE THE DISCOVERY by Griffith and Wade 
( i )  of renal hemorrhagic degeneration as 

one of the direct effects of a deficiency of 
choline in the diet of weanling rats, the rela- 
tionship between the appearance of fat drop- 
lets in the proximal epithelial cells of the cor- 
tex and the biochemical aberrations involved 
in the degenerative pathological process re- 
mains unelucidated (2). 

Baxter and Goodman (3) were unable to 
demonstrate an increase in renal lipids prior 
to the manifestation of degeneration. Patter- 
son and McHenry (4, 5) however showed that, 
although the amount of total renal lipids was 
approximately the same for the choline-defi- 
cient and choline-supplemented animals during 
the pre-lesion period, both the concentration 
and actual amount of the kidney phospholipids 
had decreased in the deficient group. These 
phospholipid changes were also observed after 
the development of the lesion when the total 
lipid concentration in the hemorrhagic kidneys 
was lower than for the control animals. 

Subsequent studies concerning the effect of 
choline deficiency on renal lipid composition 
confirmed the decreased concentration of total 
lipids and phosphotipids in hemorrhagic kid- 
neys (6). These later studies also showed that 
the fatty acid patterns of the total lipids from 
severely hemorrhagic kidneys exhibited a strik- 
ing decrease in the percentage of linoleic and 
arachidonic acids when compared with cor- 
responding data which were obtained from 
normal kidneys. This change in fatty acid 
composition was reflected primarily in the 

phospholipids and to a far lesser degree in the 
neutral lipids. The fatty acid changes in these 
studies appeared to be related to the severity 
of the kidney lesion caused by choline depriva- 
tion rather than to variations in the fatty acid 
composition of the diet. The same results were 
obtained whether a laboratory ration was used 
or whether the only dietary difference between 
the control and experimental animals involved 
supplementation of the control diet with cho- 
line. 

Two pathways are known for the de novo 
biosynthesis of phosphatidyl choline: Ken- 
nedy's scheme via cytidine diphosphocholine 
(7) and Bremer and Greenberg's scheme of 
direct methylation of phosphatidyl ethanola- 
mine, involving S-adenosylmethionine as meth- 
yl donor (8,9). This pathway also repre- 
sents a mechanism for the de novo biosynthesis 
of choline (10, 11 ). In the rat the methylating 
pathway is localized mainly in the liver; where 
it is quantitatively important (11, 12). In 
vitro experiments have shown however that 
measurable activity of the transmethylating 
enzyme system is also present in rat kidney 
(11). 

In severely hemorrhagic kidneys the rigid 
dietary restriction of methyl donors in the ex- 
perimental animals may conceivably alter the 
proportion of one or more phospholipids in- 
volved in the methylating pathway. 

The present studies were undertaken to de- 
termine whether the changes observed in the 
phospholipid fatty acid composition in severely 
hemorrhagic kidneys might be associated with 
changes in the composition of phospholipids 
involved in the methylating pathway. The kid- 
ney lipids of the choline-deficient animals were 
also examined for the presence of phosphatides 
containing monomethylethanolamine (MMEA) 
and dimethylethanolamine (DMEA), which 
would represent partially methylated precursors 
of lecithin. 

EXPERIMENTAL 

Male weanling rats of the Sprague Dawley 
strain weighing 40 to 60 g were used. During 
the third week of lactation, dams and their 
litters were fed a vitamin Bx~-deficient diet, 
which was normal with respect to other nu- 
trients and included 0.28% choline chloride. 
The reason for the inclusion of this diet as 
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well as its composition have been reported 
previously (6).  All  the animals received this 
preweanling diet. 

During the experimental period one group 
of rats was fed a semipurified, choline-deficient 
diet known to produce severely hemorrhagic 
kidneys. The composition of the diet, includ- 
ing its fatty acid composition, was the same as 
that reported previously (6).  

The animals in a second group were fed the 
same batch of laboratory ration (Purina Rat  
Chow, Ralston Purina Company, St. Louis, 
Mo.)  as that used nreviously since this had 
been shown to produce the same fatty acid 
patterns in normal kidneys as the semipurified 
diet supplemented with 0.28 % choline chloride 
(6).  Both aroups were given food and water 
ad libitum throughout the experimental period. 

Treatment of the Kidneys 
This was essentially the same as previously 

described for the preparation of the total lipid 
extracts (6) except that the kidneys from three 
animals were pooled for each sample in order 
to provide sufficient lipid extract for subse- 
quent analysis to be carried out on a single 
sample. Correspondingly larger volumes of 
extracting solvent were used. The dried lipid 
extracts were stored in chloroform: methanol 
(2 :1)  at -15C.  Suitable aliquots were re- 
moved for dry weight determinations, followed 
by phosphorous determinations using the Bart- 
lett procedure (13).  

Ion Exchange Chromatography 
The amounts of lipid used for ion exchange 

chromatography ranged from 80-106 mg for 
the normal kidneys and from 50-90 mg for the 
severely hemorrhagic kidneys. The lipid ex- 
tracts were hydrolyzed for 6 hr as described 
by Horowitz and Beadle (14) .  The cooled 
hydrolysates were extracted five times with 
chloroform to remove any lipid contaminants. 
The neutralized samples were chromatographed 
on Dowex-50 cation exchange columns (Mic- 

TABLE I 
Phosphorus,  Serine, Ethanolamine,  and Choline Content 
of Total Lipids f rom Normal  and Severely Hemorrhagic  

Rat Kidneys a 

/~Moles 
per 100 mg total  lipid 

Severely 
Normal  hemorrhagic  

Phosphorus 116.2-+1.7 71.0-4-2.6 
Serine 3 .2+0.4  2.5-+0.8 
Ethanolamine 25.44-2.1 11.94-1.4 
Choline 46.9 + 4 . 0  34.34-1.5 
Serine + Ethanolamine + Choline 75.54-6.1 48.7-+2.8 

aMean of five samples, each representing tissues Pooled 
from three animals, + standard error of the m e a n .  
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rochemical Specialties Company)  (15).  The 
eluates were examined for the presence of 
MMEA,  serine, and ethanolamine by the 
method of Hayashi et al. (16).  Before analy- 
sis the samples were neutralized by adding 
0.25 ml 6N NaOH and 0.75 ml 0.5 M Na._, H 
P O  4 to 1 ml of column eluate. Aliquots of 
appropriate fractions containing serine and 
ethanolamine were then combined, neutralized, 
and used for quantitative determination of 
these compounds (16).  Choline was detected 
by the "hanging drop" technique, using chro- 
motropic acid (17).  In addition, the eluates 
were tested for the presence of MMEA,  
DMEA,  and choline by assaying aliquots with 
Neurospora crassa strain 34486 (14).  Aliquots 
of appropriate fractions were then combined 
for quantitative assay of these compounds by 
the same procedure. ( M M E A  was obtained 
from Eli Lilly and Company; D M E A  from 
Eastman-Kodak Company.)  

RESULTS 

There was an increase in kidney weight from 
0.99 ( ~  0 .01)% body weight for the ration- 
fed rats to 1.89 ( •  0 .08)% body weight for 
the severely hemorrhagic kidneys of the cho- 
line-deficient animals. The value obtained for 
the kidneys of the ration-fed animals was es- 
sentially the same as that found previously for 
both the kidneys from animals which were fed 
the semipurified synthetic diet, supplemented 
with choline, and for ration-fed animals. The 
increased kidney weight of the severely hemor- 
rhagic kidneys was the same as the value pre- 
viously found in choline-deficient animals (6).  

Data obtained for the renal lipids (Table I)  
showed the typical decrease (35 .5%) in the 
proportion of lipid phosphorus, indicating a 
decrease in the percentage of phospholipids in 
the severely hemorrhagic kidneys compared 
with normal kidneys. This confirms the obser- 
vations in previous studies (5, 6).  

The analyses for the individual phosphatide 
bases showed that the decreased phospholipid 
concentration was reflected in the decreased 
concentrations of ethanolamine and choline in 
the total lipids of severely hemorrhagic kid- 
neys. The decrease was tnore marked for eth- 
anolamine (53.1% ) than for choline (26 .9%) .  
There was no significant change in serine con- 
centration. 

The proportions of these phosphatide bases 
in the renal phospholipids did not show large 
differences between the two tissues being com- 
pared (Table I I ) .  There was a statistically 
significant decrease of 5% in the ethanolamine 
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content of kidneys with lesions ( 0 . 0 2 ( P ( -  
0.05). There was no significant difference 
however in the proportions of choline or serine, 
or in the combined molar concentrations of  
choline, ethanolamine, and serine between the 
two experimental groups. 

Normal  kidneys showed a ratio of choline 
to ethanolamine concentration in the phospho- 
lipids of 2 to 1 compared with a 3 to l ratio 
observed in the kidneys with lesions (Table 
I I I ) .  The base ratio for ethanolamine to serine 
was 50% greater for the normal kidneys than 
for the severely hemorrhagic kidneys. 

No  evidence was found for the presence of 
MMEA,  DMEA,  or their corresponding phos- 
phate or phosphatide derivatives in either the 
normal or severely hemorrhagic kidneys under 
the conditions of the experiment. 

As the values for serine were lower than 
those reported by Marinetti  et al. (18),  the 
effect of the conditions of hydrolysis on serine 
stability was investigated. Serine solut ions 
were prepared which contained 2.5, 5, and 10 
times the amount of serine recovered from the 
Dowex ion exchange columns when renal lipid 
hydrolysates were examined. 

The samples were autoclaved and analyzed 
according to the same procedure used for ex- 
perimental samples. No  difference was ob- 
tained from control samples which were not 
autoclaved. 

DISCUSSION 

The implication of phospholipids in the 
etiology of renal lesions in choline-deficient 
weanling rats seems apparent, f rom the earlier 
findings of Patterson and McHenry  (4, 5) and 
from confirmatory findings both previously 
(6)  and in the present study, that there is a 
decreased concentration of phospholipids in 
rat kidneys which exhibit the hemorrhagic 
syndrome. This is reflected in a lower concen- 
tration of phospholipids in the renal total 
lipids. 

The decreased concentration of choline and 
ethanolamine, but  not of serine, in the hydroly- 
sates from the total lipids of severely hemor- 
rhagic kidneys indicates a lower concentration 
of phospha t idy l  choline and phosphatidyl 
ethanolamine in the diseased kidneys. This, in 
turn, suggests a decreased rate of N-transmeth- 
ylation since the CDP choline: diglyceride 
cholinephosphotransferase system is apparently 
not affected by choline deficiency (19).  These 
results however were obtained with hepatic 
tissue, and this system, if present in the kidney, 
may be influenced by a dietary lack of choline. 

TABLE I!  
Serine, Ethanolamine,  and Choline Content of Phospho- 
lipids from Normal  and Severely Hemorrhagic  Rat  Ktdneyla 

# Moles/100/z moles lipid P 
Severely 

Normal  hemorrhagic 

Serine 2.94-0.3 4.2__+0.5 
Ethanolamine 22.5-+1.8 16.7__+1.8 
Choline 44.2-+0.5 48.6-+1.7 
Ser ine+ Ethanolamine + Choline 69.6-+1.3 69.5•  

aMean of five samples, each representing tissues pooled 
from three animals, -4- s tandard error of the mean. 

When the proportions of choline, ethanola- 
mine, and serine were related to the renal lipid 
phosphorus content, the va lue  of 69.6% for 
their combined molar  concentration in normal 
kidneys Compares favorably with the value of 
67.3% reported by Marinetti  et al. (18).  In 
addition, the value of  25.4% for the combined 
molar concentration of ethanolarnine and ser- 
ine per total lipid phosphorus for normal rat  
kidneys compares with the value of 20% re- 
ported by Collins et al. (20). Results for 
choline confirm those of Patterson and Me- 
Henry (4) ,  who reported a 29% decrease in 
the concentration of choline in the hemorrhagic 
kidneys but found no difference in the average 
amount of choline per 100 mg phospholipid in 
the kidneys of choline-deficient or choline- 
treated rats. 

Jacobi and Baumann (21) observed that the 
actual choline content in hemorrhagic kidneys 
was higher than in the controls and suggested 
that the symptoms of choline deficiency are 
caused by the lack of an unidentified essential 
methyl-containing compound other than cho- 
line itself. In the present study the significant 
5% decrease in phosphatidyl ethanolamine 
concentration in the phospholipids of the se- 
verely hemorrhagic kidneys resulted in a de- 
crease in the ratio of phosphatidyl ethanola- 
mine to phosphatidyl serine and an increase in 
the phosphatidyl choline to phospha t idy l  eth- 
anolamine ratio. The hemorrhagic symptoms 
of choline deficiency may be related t o  this 

TABLE III  
Ratios of Phosphatide Bases in Phospholipids f rom Normal  

and Severely Hemorrhagic  Rat  Kddneys a 

Severely 
Normal  hemorrhagic  

Ratio, Cholineb to Serineb 15.9--+1.7 15.1-+3.1 
Ratio, Ethanolamineb to Serine b 8.3-+1.1 4.4-+0.8 
Ratio, Cholineb to Ethanolamineb 2 .0+0.1  3.1-+0.3 

aMean of five samples, each representing tissues pooled 
from three animals, • standard error of the mean. 

bConcentrations were calculated as #moles/lOO#moles 
lipid P. 
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decreased concentration of phosphatidyl eth- 
anolamine rather than to that of a methyl- 
containing compound, as suggested by Jacobi 
and Baumann. 

From these data it is not possible to deter- 
mine whether the decreased concentration of 
phosphatidyl ethanolamine in the renal lipids 
is a result of an increased rate of utilization, a 
decreased rate of synthesis, or a decreased in- 
flux from an extrarenal source. It has been 
suggested that the kidney may not synthesize 
phosphatidyl choline by transmethylation but 
receives it intact from the liver (12). It is 
conceivable that a similar mechanism operates 
for phosphatidyl ethanolamine and that, in the 
hemorrhagic syndrome, there is a decreased 
transport of phosphatidyl ethanolamine from 
the liver to the kidneys. Blumenstein (22) has 
reported a rise in hepatic phosphatidyl etha- 
nolamine in choline deficiency. 

Evidence for the existence of different leci- 
thin species has been reported (23, 24). 
Isozaki et al. (25) have related the formation 
of phosphatidyl choline containing a high pro- 
portion of stearic and arachidonic acids to the 
N-methylation of phosphatidyl ethanolamine. 
A second species contains more palmitate, 
oleate, and linoleate. Lands (26) has sug- 
gested that different biosynthetic pathways may 
be involved. 

A preliminary investigation was therefore 
carried out on the fatty acid composition of the 
basic phosphatides involved in the N-methylat- 
ing system. The pooled renal lipids obtained 
from three rats with severely hemorrhagic 
kidneys and those from three rats fed the 
identical choline-deficient diet but with normal- 
appearing kidneys were fractionated on DEAE 
and silicic acid-silicate-water columns (27). 
The purity of the fractions was checked by 
thin-layer chromatography. The f a t t y  acid 
compositions of the separated lipids were de- 
termined as described previously (6). The 
lecithin in the normal-appearing kidneys con- 
tained a lower proportion of linoleic, arachi- 
donic, eicosapentenoic, docosatetraenoic, and 
docosahexenoic acids and a higher proportion 
of palmitic and stearic acids. Phosphatidyl 
ethanolamine contained a lower proportion of 
arachidonic, eicosatetraenoic, and docosahex- 
enoic acids and a higher proportion of palmitic 
acid in the nornaal-appearing kidneys. Further 
studies however are required, using larger num- 
bers of animals to establish the fatty acid com- 
position of the basic phosphatides during the 
stages of initiation and repair of the hemor- 
rhagic syndrome. 
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Although this factor could be partly respon- 
sible for the decreases observed in the propor- 
tion of linoleate and arachidonate in the phos- 
pholipid fatty acids of severely hemorrhagic 
kidneys, it would seem unlikely to play a major 
role. The rapid recovery in surviving animals, 
without dietary change, suggests the persistence 
of an adaptive system throughout the recovery 
period (6). The decreased phosphatidyl eth- 
anolamine concentration in severely hemor- 
rhagic kidneys may rather result from an in- 
creased degree of utilization for the synthesis 
of phosphatidyl choline and choline. As the 
adaptive mechanism replaced or supplemented 
the N-methylating system, this would enable 
the amount of phosphatidyl ethanolamine to 
return to the concentration found in normal 
kidneys. 

In this connection, data were obtained from 
a limited number of "frosted" kidneys. This 
term was used by Griffith to describe a stage 
of regeneration and repair of  hemorrhagic kid- 
neys (28). The kidneys were analyzed by the 
same procedures and at the same time as the 
previous study (6). The same proportion of 
phospholipids (79.0%) in the total lipids and 
the same fatty acid composition was obtained 
for both the neutral lipid and phospholipid 
fractions of the total lipid extracts as for nor- 
mal kidneys. This suggests that the phospho- 
lipid composition of recovered kidneys is the 
same as that of normal kidneys. This would 
support the hypothesis that phosphatidyl cho- 
line and, to a greater extent, phoSphatidyl eth- 
anolamine concentrations, which are decreased 
in the lipids of severely hemorrhagic kidneys, 
are the same in recovered as in normal kidneys. 

Since the decrease in the proportions of lino- 
leic and arachidonic acids in hemorrhagic kid- 
ney phospholipids appears to be related to a 
deficiency of choline rather than other dietary 
factors (6),  it is conceivable that choline- 
deficiency in male weanling rats might result in 
a decrease in the percentage of phosphatidyl 
ethanolamine in the kidney phospholipids. This 
effect may be implicated in the etiology of the 
hemorrhagic syndrome to a greater extent than 
in the decreased concentration of phosphatidyl 
choline observed in the renal total lipids. 
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Identification and Composition of Turnip Root Lipids 
MARIUS LEPAGE, Food Research Institute, 
Canada Department of Agriculture, Ottawa 

ABSTRACT 

Two varieties of turnip, Laurentian and 
Wye, were examined for their lipid and 
fatty acid composition. Lipids extracted 
with 80% ethanol contained variable 
quantities of phosphatidic acid, which was 
considered to be an artifact. Crude lipids 
were fractionated by TLC, and fatty acids 
and sterols were analyzed by GLC. Among 
the common phospholipids, cardiolipid 
and phosphatidyl glycerol were abundant 
components. Linolenic acid comprised 
60% of the total fatty acids. /3-Sitosterol 
was the principal steroI, and about half  of 
the carotenoids was lycopene. No great 
differences between the two varieties 
studied were observed however. 

INTRODUCTION 

T URNIP IS A MEMBER of t h e  m u s t a r d  family, 
Cruciferae. Lipids of this genus are best 

known in cabbage (1,2) and more particularly 
in the oil-bearing seeds, mustard (3) and rape- 
seed (4,5) .  

Turnip roots are consumed as a vegetable 
and are also processed as instant food. Instant 
turnip has a long shelf-life, longer than instant 
potato, for example. It was therefore con- 
sidered of interest to determine the lipid com- 
position of turnip. 

The present paper sets forth a detailed study 
of the lipid and fatty acid composition of two 
turnip varieties, Laurentian and Wye. Chroma- 
tographic techniques and identification pro- 
cedures used in this study are described. 

EXPERIMENTAL PROCEDURE 

Materials and Extraction 

Turnips, the Laurentian and Wye varieties 
used in this study, were grown at the Experi- 
mental Farm, Nappan,  Nova Scotia, in 1964. 
Also Laurentian turnip was grown at the 
Central Experimental Farm, Ottawa, in 1965. 
This variety is a deep yellow turnip, indicating 
a high content of carotenoids, in contrast to the 
Wye variety, which is colorless. 

Samples (100 g) were  minced and homog- 

Contribution No. 53 of the Food Research Institute, 
Canada Department of Agriculture, Ottawa. 

enized for 2 rain in 3 vol of chloroform: 
methanol (2 :1) .  After  standing for 2 hr with 
intermittent shaking, the homogenate was 
filtered and the residue was re-extracted twice 
with the same solvent mixture. All  extracts 
were pooled and concentrated to dryness in a 
rotary evaporator under nitrogen, below 3012. 

Samples of turnip flakes were also extracted 
by the same procedure. In addition, samples of  
fresh turnip were extracted with 80% hot 
ethanol (6) and hot isopropyl alcohol (7) .  

Crude lipids were taken up in chloroform: 
methanol (19:1)  and purified through a 
Sephadex, G 25, column (8) .  Lipids were 
eluted with 35 ml of water-saturated chloro- 
form:methanol  (19: 1). The subsequent frac- 
tions, which had no lipid, were discarded. The 
lipid fraction was concentrated to dryness and 
was taken up in chloroform:methanol  ( 19:1 ) 
at a concentration of 25 mg/ml .  

Standard mixtures containing fat ty acids, 
triglycerides, sterol and sterol esters, or phos- 
phatidyl choline, phosphafidyl ethanolamine, 
phosphatidyl inositol, and cardiolipid (General  
Biochemicals, Chagrin Falls, Ohio) were pre- 
pared for TLC standardization. Commercial 
soya lecithin and egg lecithin were also used as 
reference material. 

Column Chromatography 

Turnip lipid extracts were then subjected to 
column chromatography, using a 0:9 cm x 13 
cm, silicic acid (Bio-Sil HA-325  mesh, Bio- 
Rad, Richmond, Calif.) column. Samples (50 
rag) were transferred onto the column in pure 
hexane, and the elution was started with hex- 
ane. It was continued with 2%,  5%,  and 50% 
ether in hexane, then with 2%,  5%,  10%, and 
50% methanol in chloroform. After  removal 
of the solvent in vacuum, the lipid was dis- 
solved in chloroform and aliquots were tested 
by TLC. 

Elution of carotenoids was carried out with 
pure hexane, then with 5% and 50% ether in 
hexane. The four bands which separated were 
collected separately and tested for their homo- 
geneity by TLC. 

Thin-Layer Chromatography 

Thin-layer chromatography was performed 
on standard 20 c m x  20 cm chromatoplates, 
coated with a 250 /z layer of silica gel G. The 
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solvent system hexane :isopropyl ether :diethyl 
ether: acetone: acetic acid (85:12:1 : 4:1, v / v )  
was found to be the most suitable for the sepa- 
ration of neutral lipids, including carotenoids 
and tocopherols. The hexane:ether:  acetic acid 
solvent system was used for the purification of 
fatty acid methyl esters. The solvent system 
(9) chloroform: acetone: methanol: acetic acid: 
water (5 :2 :1 :1 :0 .5 )  was used for the separa- 
tion of polar  lipids. A two-dimensional system 
consisting of solvents chloroform:methanol :  
water (65 :15 :2 ) ,  first in the x-direction, and 
chloroform: acetone: methanol: acetic acid: water 
(6 .5 :2 :1 :1 :0 .3)  then in the y-direction was 
also found to be useful. Spots were located by 
exposure to iodine vapor or by spraying with 
a dichromate solution in 50% sulfuric acid. 

The lipids separated by TLC were identified 
by comparing R~ values with those reported 
earlier (10) and with those of pure compounds, 
or by using specific sprays, such as ninhydrin, 
Dragendorff '  reagent, or molybdic acid (11) 
for phospholipids and perchloric acid for glyco- 
lipids (10).  L 

Individual lipids were isolated on a pre- 
parative scale by TLC. A guide strip con- 
taining the standard mixture was used as de- 
scribed (12).  After  development of the 
chromatoplate, the spots were visualized by 
spraying with dichlorofluorescein or by cover- 
ing the plate with Saran Wrap and exposing 
the guide strip to iodine vapors. The desired 
zones were then scraped off the  plate, and the 
lipid was eluted from the silica eel with a mix- 
ture of chloroform:methanol  (1 : 1 ) and used 
for the GLC analysis of their fatty acids. 

Certain fatty acids methyl esters were sepa- 
rated on 12.5% silver ni trate-si l ica gel plates 
prior to their separation by gas-liquid chroma- 
tography on a SE 30 silicone column. 

Gas-Liquid Chromatography 

The methyl esters of fatty acids were pre- 
pared according to the method of Morrison and 
Smith (13).  Samples were heated in screw-cap 
test tubes, containing 1 ml of boron trifluoride 
(Applied Science Laboratories) ,  1 ml benzene, 
and 1 ml methanol at 90C for 45 rain. M e t h y l  
esters were purified by TLC prior to GLC. 

The instrument used for GLC was a Re- 
search Specialties Series 600 gas chromato- 
graph, equipped with a flame detector and a 
6 ft x 3/16 in.-column of  5% w / w  DEGS on 
60/80  mesh Gas-Chrom P, operating at 183C 
(14).  Fa t ty  acids were identified by compari- 
son of their retention times with those of pure 
compounds (The Hormel Institute). Each 

methyl ester was calibrated by using 17:0 as 
marker  and plotting the relative peak heights 
vs. the amounts injected (15). 

Sterols were converted to their TMS deriva- 
tives and separated on a 3% JXR on Gas- 
Chrom Q, 100/120 mesh, column with the 
same instrument, at a column temperature of 
210C. Components were identified by compar- 
ing retention times with those of known com- 
pounds (14).  

Other Identification Techniques 

Fractions obtained by column chromatog- 
raphy were deacylated with 0.2N methanolic 
potassium hydroxide at 37C for 20 min. The 
hydrophyllic portions were separated by chro- 
matography on paper (10).  

Absorption spectra of carotenoids were ob- 
tained with a Bausch & Lomb (spectronic) 502 
spectrophotometer. Quantitative measurements 
were made with a Bausch & Lomb 340 spectro- 
photometer,  at the maximum wavelengths, in 
water-saturated n-butanol. 

Some carotenoid fractions were partit ioned 
between hexane and 90% methanol (16).  
Others were examined for epoxides by the 
hydrochloric acid-ether color test (17).  

Infrared spectra of phospholipid were ob- 
tained with a Perkin-Elmer Model 21 spec- 
trometer, equipped with sodium chloride op- 
tics. 

RESULTS 

The total lipid content of turnip was found 
to be 1.9%, as calculated on dry-weight basis. 
Moisture content was 82% in Laurentian and 
88% in Wye turnip. As determined by column 
chromatography, Laurentian turnip contained 
61.5% polar lipid and 38.5% neutral lipid~ 
In potato lipid this ratio was 83.5 to 16.5 (18).  

Polar kipids 

]n preliminary experiments it was noted that 
differences occurred in the composition of 
turnip lipids when various solvent systems were 
used. Three solvent systems, hot  80% ethanol 
followed by chloroform:methanol  (2 :1) ,  h o t  

isopropyl alcohol, and a mixture of chloro- 
form:methanol  (2 :1) ,  were tested. Results 
are shown in Figure 1. The ethanol extracts 
showed inconsistent amounts of phosphatidic 
acid (spot 8),  which appears as an artifact. 
This compound was present in much smaller 
amounts in the isopropyl alcohol extract and 
negligible in the chloroform:methanol  extract. 
In contrast, phosphatidyl glycerol and cardio- 
lipid seem to disappear in the first two sys- 
tems. Phosphat idyl  inositol, phosphatidyl cho- 
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FIG. 1. Thin-layer chromatography of polar lipids. Solvent s y s t e m - -  
chloroform:acetone:methanol:acetic acid:water (5:2:1:1:0.5). Spots were 
detected with iodine vapors. A and B, potato lipids used as reference; C, 
turnip lipids extracted with 80% ethanol; D, lipids extracted with C/M (2:1); 
and E, lipids extracted with isopropyl alcohol. Spots were identified as" 1, 
phosphatidyl inositol; 2, phosphatidyl choline; 3, phosphatidyl glycerol; 4, 
digalactosyl diglyceride; 5, phosphatidyl ethanolamine; 6, cardiolipid; 7, sterol 
glucoside; 8, phosphatidic acid; 9, monogalactosyl diglyceride; and 10, neutral 
lipid. 

line, phosphatidyl ethanolamine, and digalacto- 
syl diglyceride show the same proportions in 
all extracts however. Very little phosphatidic 
acid was encountered in the extraction of po- 
tato lipids with 80% ethanol (18). 

Fractionation of polar lipids by TLC showed 
similar patterns for both varieties, Laurentian 
and Wye. The incomplete separation of Laur- 
entian lipids by one-dimensional TLC (Figure 
1 ) was greatly improved by the two-dimen- 
sional techniques, as evidenced by the complete 
resolution of spots,,2,and 3, 8 and 9 in Figure 
2. 

Cardlolipid 

Spot 7, Figure 2, was identified as cardio- 
lipid (diphosphatidyl glycerol) by showing it 
to be similar to authentic cardiolipid (General 
Biochemicals). After its isolation by column 
chromatography and purification by TLC, its 
infrared spectrum revealed the same absorp- 
tion bands as those given for cardiolipid (19,). 
It showed OH group absorption at 3400 cm -I, 
strong CH2 absorptions at 2900 and 2825 cm -1, 
strong ester group absorption at 1735 cm -1, 
methyl and methylene group absorptions at 
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FIG. 2. Two-dimensional, thin-layer chromatography of polar lipids extracted 
from Laurentian turnip by chloroform:methanol (2 : t ) .  Solvent systems-- 
chloroform:methanol:water (65:15:2) in the x-direction and chloroform:ace- 
tone:methanol:acetic acid:water (6.5:2:1:1:0.3) in the y- direction. Spots 
were detected with iodine vapor and identified as follows: 1, phosphatidyl 
inositol; 2, unidentified; 3, phosphatidyl choline; 4, phosphatidyl glycerol, 
5, digalactosyl diglyceride; 6, phosphatidyl ethanolamine; 7, cardiolipid; 8, 
sterol glucoside; 9, phosphatidic acid; 10, monogalactosyl diglyceride; 11, free 
sterol and esterified sterol glucoside; and 12, triglycerides. 

1460 and 1380 cm -1, and P :O group absorp- 
tion at 1250 cm -1. 

After  its deacylation with 0.1N potassium 
h y d r o x i d e ,  d i g l y c e r o - p h o s p h o r y l  glycerol 
( G P G  P G )  was detected on paper chromato- 
grams, as demonstrated by Benson and Strick- 
land (20).  

Cardiolipid appears to be one of the most 
abundant phospholipids, with phosphatidyl 
choline and phosphatidyl ethanolamine, as evi- 
denced by the size of the s p o t i n  Figure 2 and 
by spraying with molybdic acid. 

Neutral Liplds 

Neutral  lipids were resolved by TLC as 
shown in Figure 3. The components were 
identified with the aid of pure compounds such 

a.s sterol, fatty acid, triglyceride, fatty acid 
methyl  ester, and sterol ester. Sterol ester, 
sterol, and triglyceride were the most import ,  
ant neutral lipids, b u t  traces of mono- and 

TABLE I 
Fatty Acid Composition of Turnip Lipids 

(Relative Weight Percentage) 

Fatty acids Wye Laurentian 

16:0 15.0 13.0 a 13.3 b 
16:1 0.7 0.8 1.1 
17:1 2.6 1.4 
18:0 1.5 1.7 018 
18:1 7.8 7.1 9.1 
18:2  13.9 18.7 19.1 
18:3 58'.6 57.3 56.6 

aThe 1964 crop. 
bThe 1965 crop. 
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FIG. 3. Thin-layer chromatography of neutral lipids. Solvent sys tem--  
hexane:isopropyl ether: diethyl ether-acetone:acetic acid (85:12:1:4:1) .  Spots 
were located with iodine vapors. A, fl-tocopherol; B, turnip flake, Laurentian; 
C, fresh turnip, Laurentian; D, turnip flake, Wye; E, fresh turnip, Wye; F, 
potato lipid; and G, standard mixture. Spots of standard mixture are: 1, sterol; 
2, fatty acid, 5, triglyceride; 6, fatty acid methyl ester; and 8, cholesterol ester. 

diglycerides,  fat ty acid, and tocophero l  were  
also present .  In the lipids extracted f rom 
turnip flakes (B and D)  some oxidized fats 
were  detected.  A p a r t  f r o m  the carotenoids  
found  in Laurent ian ,  no great  difference was 
encoun te red  be tween the two varieties. 

Fatty Acid Composition 
The  fat ty acid compos i t ion  was de te rmined  

by GLC.  The main  fat ty acids were  palmitic,  
oleic, linoleic, and l inolenic acids. The  per-  
centage composi t ion,  as calculated by the rela- 
tive peak height  ratio cal ibrat ion method ,  is 

TABLE II 
Fatty Acid Composition of Laurentian Turnip Liplds. 

Total, Polar, and Neutral Lipids and Their Components a 
(Relative Weight Percentage) 

Fatty acids Total Polar Neutral PC PE PI DG MG Cardiolipid 

16:0 13.3 14.2 10.9 10.2 12.6 33.6 21.2 12.1 11.3 
16:1 1.1 1.3 1.2 1.0 0.7 0.7 1.8 1.1 1.3 
18:0 0,8 0.9 1.2 0.8 0.9 0.8 1.2 0.9 0.8 
18:1 9.1 9.3 8.8 10.7 11.3 4.0 7.7 9.6 9.0 
18:2 19.1 19.6 17.0 19.6 24.9 14.6 13.5 20.4 20.8 
18: 3 56.6 54.7 60.9 57.7 49.7 47.1 54.7 55.8 56.9 

aPC, phosphatidyl choline; PE, phosphatidyl ethanolamine; PI, phosphatidyl inositol; DG, digaiactosyl 
diglyceride; MG, monogalactosyl diglyceride. 
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TABLE III 
Absorption Maxima (m/z) for Each Carotenoid Elnted from a Silicic Acid Column 
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Measured spectra Reference spectra 
Fractions max mg max m/z (20) Solvent Carotenoid 

A 441 468 499 441 469 500 Hexane Lycopene 
448 473 503 WSBa 

B 434 458 489 434 459 490 Hexane 3~-Carotene 
..... 463 493 WSB 

C 424 448 480 Hexane Unidentified 
430 456 487 WSB 

D 424 453 486 425 451 483 Hexane Cryptoxanthin 
428 458 490 WSB 

aWSB = water-saturated n-butanol. 

s h o w n  in T a b l e  I. I t  is no t ed  tha t  l inolenic  
acid is by  far  the  mos t  i m p o r t a n t  fa t ty  acid. 
A m i n o r  fa t ty  acid, wh ich  c h r o m a t o g r a p h e d  
wi th  the  same re t en t ion  t ime  as 17:1 ,  was also 
present ,  it was separa ted  by  si lver n i t ra te  T L C  
and  r u n  on  a SE 30 si l icone co lumn.  Bo th  
L a u r e n t i a n  and  Wye  turn ips  had  a b o u t  the  
same fa t ty  acid composi t ion .  N o  erucic  acid 
was de tec ted  however .  

Tab le  II  gives the  pe rcen tage  com pos i t i on  of  
fa t ty  acids in to ta l  lipids, in  neu t ra l  and  po la r  
lipids, and  also in the  indiv idual  componen t s .  
L inolen ic  acid was the m a j o r  fa t ty  a c i d i n  all  
o f  them.  Pa lmi t ic  acid was h igher  in p h o s -  
pha t idy l  inosi tol  and  digalactosyl  diglycer ide 
t han  in the o the r  componen t s .  O n  the  o the r  
hand ,  l inoleic acid was less in these two com-  
ponents .  

Sterol and Sterol Glucosides 

T h e  p re sence  o f  sterol, s terol  esters, and  
sterol  glucosides was s h o w n  b y  T L C  (F igures  
2 and  3 ) .  T h e  esterified s terol  g lucoside  f o u n d  
in po ta toes  (10 ,14 )  was also p resen t  i n  tu rn ip  
bu t  in smal ler  quant i t ies  t han  the  f r ee  s terol  glu- 
coside. T h e  s terol  por t ion ,  a f te r  l ibe ra t ion  by  
a lkal ine  and  acid hydrolysis ,  was  ana lyzed  b y  
G L C  as its T M S  der iva t ive  and  was f o u n d  to 
consis t  of  fl-sitosterol and  campes te ro l  in  the  
ra t io  of  10:1.  S t igmasterol  was p resen t  in t race  
amoun t s  only. 

�9 
(3 

0 1 

t3 

S A B C D 

FIG. 4. Thin-layer chroma- 
tography of turnip carotenoids. 
Solvent system hexane:isopro- 
pyl ether:diethyl ether:acetone:  
acetic acid (85 :12 :1 :4 :1 ) .  S/3- 
Carotene; A, fraction A (lyco- 
pene);  B, fraction B (y-caro- 
tene; C, fraction C (unidenti- 
fied); and D, fraction D (cryp- 
toxanthin) .  

Carotenoids 
Caro teno ids  f o u n d  in the  L a u r e n t i a n  tu rn ip  

were  f r ac t iona ted  by  c o l u m n  c h r o m a t o g r a p h y .  

TABLE IV 
Column Chromatographic Separation of Turnip Carotenoids 

Composition of Spectral absorption Percentage 
Fractions eluate max m/z composition a Carotenoids 

A Hexane 472 41.9 Lycopene 
B Hexane 462 28.3 7-Caroteae 
C 5% ether in hexane 456 12.3 Unidentified 
D 50% ether in hexane 460 17.5 Cryptoxamhin 

1% 
aE values for lycopene (3470), "y-carotene (2720), cryptoxanthin (2460), and fraction C (cald as 

lcm 
B-carotene ). 
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Elution,  carr ied out  with pure  hexane,  5% and 
50% ether  in hexane,  resul ted in the separa t ion 
of  four  componen t s .  These  were  checked  for  
puri ty by T L C  (Figure  4) .  Thei r  Rf values 
in the solvent  sys tem hexane : i sopropy l  e ther :  
diethyl  e the r : ace tone :ace t i c  acid were  0.69, 
0.64, 0.37, and  0.14 respectively,  f l -Carotene,  
which was no t  observed in these extracts ,  had a 
Rr value of  0.74. 

Par t i t ion of  these carotenoids  be tween  hex ,  
ane and 90% methano l  showed that  they were  
all hypophasic ,  therefore  no t  free xanthophyl l .  
Af te r  t r ea tment  with mild alkali they were  still 
hypophasic ,  which  el iminated the possibility of  
esters. The  hydrochlor ic  acid-ether  color  test 
was negative,  indicat ing that  they were  not  
epoxides.  

Table  III  gives absorpt ion max ima  for  each  
caro tenoid  eluted f rom the column.  By com- 
par ison of  their max ima  with those r epor ted  by 
G o o d w i n  (21) ,  it was no ted  that  f rac t ion A 
had  the same max ima  as lycopene,  that  frac- 
t ion B co r responded  to a -caro tene  and f rac t ion  
D to cryptoxanthin .  Frac t ion  C was n o t  identi-  
fied however .  

Table  IV gives relative weight  percentages  
of  carotenoids .  Measuremen t s  were  made  at 
the m a x i m u m  spectral  absorpt ion  of  each 
caro tenoid  in water-sa tura ted n-butanol .  Elema% 
values repor ted  by Goodwin  (21)  were  used in 
the calculat ion of  percentages.  The  mos t  im- 
por tan t  caro tenoid  was lycopene;  it amoun ted  
to 42% of  total carotenoids.  
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A Quantitation Problem in the Open Tubular Gas Chromatography 
of Fatty Acid Esters from Cod Liver Lipids 
R. G. ACKMAN, J. C. SIPOS and P. M. JANGAARD, Fisheries Research Board of Canada, 
Halifax Laboratory, Halifax, Nova Scotia 

ABSTRACT 

Methyl esters of fatty acids of marine 
origin contain large amounts of highly 
unsaturated long-chain fatty acids. It is 
shown that, although esters of saturated 
and monounsaturated fatty acids can be 
quantitatively analyzed on open tubular 
columns with a flame ionization detector, 
there are serious losses of the long-chain 
highly unsaturated fatty acids of marine 
oils on the column. Through comparison 
of chain-length composition and iodine 
value some correction factors are sug- 
gested for the highly unsaturated fatty 
acids which permit reasonably accurate 
analyses. 

INTRODUCTION 

T HE PROBLEM Of assuring accurate quantita- 
tion of analyses of esters of fatty acids 

by gas-liquid chromatography is one of con- 
tinuing interest as new types of apparatus, 
column packings, detectors, and other varia- 
tions in technology are introduced (1). Com- 
parisons of proportions of standards usually 
produce adequate results in the hands of ex- 
perienced operators although, even in these 
surveys, surprising results are sometimes ob- 
served (2, 3). 

It has been reported that satisfactory quanti- 
tation can b e  achieved with commercial gas 
chromatographic equipment, employing open 
tubular columns; an injection splitter system, 
and a flame ionization detector (4, 5). In 
initial work with a Perkin-Elmer Model 226, 
using a BDS (butanediolsuccinate polyester) 
coated open tubular column, these reports were 
verified with an NIH reference mixture of 

saturated acids (Table I). Subsequently ap- 
parently satisfactory quantitation of methyl 
esters of fatty acids from rapeseed oil was 
achieved, as indicated by agreement of calcu- 
lated and experimental iodine values, and of 
chain-length proportions with those obtained 
by hydrogenation of the sample (6). The 
monoethylenic fatty acids from herring oil 
were studied with both open tubular and 
Packed columns, and good comparative analy- 
ses were obtained (7). In all of these ex- 
periments appropriate flame ionization response 
corrections were employed (8). However 
these materials lacked any significant propor- 
tion o f  long-chain highly unsaturated fatty 
acids. The levels of triethylenic C18, C20, and 
C22 acids in the rapeseed oil esters were too 
low to have any recognizable effect on the 
iodine value or chain-length calculations. 

In marine lipids the longer-chain polyun- 
saturated fatty acids are particularly prominent 
components. Unexpectedly some comparisons 
of analyses of fatty acid esters from cod liver 
oil on the open tubular column with analyses 
on conventional packed columns in other ap- 
paratus showed serious losses of the C2o and 
C22 polyunsaturated components on the open 
tubular column. This report is concerned with 
a detailed study of the scope of the problem. 

EXPERIMENTAL 

All open tubular columns were BDS, 150 ft 
in length, and 0.01 in internal diameter. Op- 
erating conditions in a Perkin-Elmer Model 226 
were column temperature 170C, injection port 
temperature 260C, No. 2 splitter installed, car- 
rier gas helium (Union Carbide of Canada 
Ltd., Purified grade) at 40 psig. Peak areas 
were determined with a Disc Instruments Inc., 

TABLE I 
Results of Two Analyses of N I H  Quantitation Standard F (2).  Weight Percentage from Peak Areas 

Corrected for Flame Ionization Detector Response (S) 

Fatty Known weight 
acid percentage 

Gas-liquid chromatographic results 
Analysis A Analysis B 

14:0 '2.5 2.5 2.5 
16:0 4.2 5.1 4.4 
18:0 7.3 7.7 7.7 
20:0 13.6 12.4 13.5 
22:0 25.4 24.8 25.7 
24:0 47.0 47.6 46.2 
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T A B L E  I I  
Results  of  Cod Liver Triglyceride Fa t ty  Acid  Analysis  (as  W e i g h t  Percentage )  Be fore  and Af te r  Revis ion  

Comple te  analysis  a Chain- length  totals  

Co lumn  F r o m  F r o m  
Fa t ty  F r o m  peak  correct ion Af t e r  complete  hydrogenated  
acid r 18:0 areas  b fac tor  revision e analysis sample  

12:0  0.112 0.05 
13:0 0.165 0.02 
14:0 0.240 3.59 

A 0.258 0.09 
14:lo25 0.275 0.06 
Iso 15:0 0.290 0.23 
Anteiso 15:0 0.310 0.06 
15:0 0.342 0.34 
Iso 16:0 0.415 0.10 

B 0.449 0.06 
16:0 0.488 9.80 

C 0.525 0.28 
16:10:9 0.538 0.56 
16:10:7 0.555 10.86 
16:1m5 0.583 0.28 
lso 17:0 0.600 0.18 
Anteiso 17:0 ) ~ 0.I0 
16:20:7 ~ 0.633 t 0.02 
16:20:4 0.680 0.23 

/ I ~ 17:0 0.700 0.46 
16:30:6 0.765 0.06 
17:10:8 0.770 0,34 
16:30:4 0.810 0.34 
lso 18:0 0.845 0.10 
16:30:3 0.850 0.05 
16:40:3 0.948 0.02 
18 : 0 1.00 2.26 
16:4wl 1.02 0.34 
1 8 : l e 9  1.08 17.82 
18:10:7 1.13 5.94 
18:10:5 1.19 0.23 
18: 20:6 1.33 2.49 
19:0 1.44 0.12 
18:30:6 : ( 0.02 
19:10:10 j 1.53 ) 0.02 
19:10:8 1.57 0.02 
19:10:7 1.60 0.o2 
19 : 1o:6 1.65 0.02 
19:10:5? 1.69 0.06 
18:30:3 1.73 0.79 
19:? 1.88 0.06 
18:40:3 1.96 1.47 
20:0  2.06 0.09 
20:1oH1 2.18 2.77 
20:10:9 2.21 11.32 
20:10:7 2.28 0.28 
20:10:5 2.41 0.12 
20:30:9? 2.66 0.12 
20:20:6 2.70 0.28 
21:0  2.92 N S A  
20:30:6 3.03 0.06 
20: 40:6 3.29 0.27 
20:30:3 3.48 0.09 
20:40:3 3.88 0.33 
20:50:3 4.21 7.20 
22:0  4.25 N S A  
22:lol l3  "~ 
22:16011 I" 4.38 7.35 
22:lo99 4.49 1.10 
22:10:7 4.67 0.12 
21:50:2? 6.15 0.17 
21:6~2? 6.56 0.06 
22:4o~6 6.65 0.12 
22: 50:6 7.32 0.14 
22:50:3 8.47 1.33 
24:0  8.80 N S A  
24:10:9? 9.05 0.37 
22:6(o3 9.37 6.43 

i b5 

i'i5 
i?l 

i 5  
1.2 
1.3 
1.4 

0.04 
0.02 
3.32 
0.08 

0.21 
0.05 
0,31 
0.09 
0.05 

20.82 
0.26 

o:ig 
0.08 

05~ 
0.71 

o'ii 

28".ii 

0.24 

23.71 

0.31 

z0".~i 

0.04 
0.02 
3.27 
0.08 
0,05 
0.21 
0,05 
0.31 
0.09 
0.05 
8.94 
0.26 
0.52 
9.90 
0.26 
0.16 
0.08 
0.02 
0.21 
0.23 
0.40 
0.05 
0.31 
0.31 
0.11 
0.04 
0.02 
2.06 
0.31 

16.28 
5.41 
0.2! 
1.81 
0.11 
0.02 
0.02 
0.02 
0.02 
0.02 
0.05 
0.77 
0.05 
1.48 
0.08 
2.52 

10.37 
0.26 
0.10 
0.13 
0.32 

N S A  
0.07 
0.29 
0.10 
0.39 
9.18 

N S A  
6.70 
1.00 
0.15 
0.23 
0.08 
0.14 
0.18 
1.93 

N S A  
0,33 

10.52 

0.06 
0.02 
3.16 
0.17 

o'.i~ 
0.05 
0.38 
0.09 
0.04 

20.10 
0.20 

o'.i~ 
0.10 

0"56 
0,66 

0".68 

28'~ 

o:~ 

23"38 

0:~ 

26~: 

i3" : : :  : : :  
1.5 . . . . . .  
1.4 . . . . . .  
].6 . . . . . .  
1.6 
. . .  0:~ 0:~ 
i's" ::: ::: 

a N S A  = no significant amount .  
hi )e rec to r  correct ion applied. 
eBoth  detector  and co lumn correct ions  applied. 

Model 227 integrator fitted on a Honeywell  
ElectroniK 16 (1 mv)  recorder. Attenuation 
changes were kept within the range 2x to 50x. 
All injections of samples were by Hamilton 701 
syringe, with materials as solutions in petrol- 
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eum ether and a back-up slug of 0.001 ml 
p e t r o l e u m  ether to flush the s y r i n g e .  
Auxiliary analyses were carried out on a Wilk- 
ens/Varian Hy-FI with similar recording equip- 
ment. The column in this apparatus was 6 ft 
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in length and ~ in outside diameter, stainless 
steel, packed with 3% EGSP-Z oganosilicone 
polyester (9). 

The liver was removed from a healthy cod 
(Gadus morhua) and extracted by the method 
of Bligh and Dyer (10). It should be noted 
that some additional water should be added in 
this procedure when applied to obviously fatty 
livers. The lipid recovery was 36%. Part of 
the lipid was separated into phospholipids and 
triglycerides, and these were transesterified 
with BF.~-MeOH (11). Parts of the recovered 
esters from the respective lipids were used for 
gas-liquid chromatographic studies, and the 
remainder was hydrogenated (12). Sufficient 
esters from the triglycerides were used to ob- 
tain an iodine value of 1 5 2 2 1  from the hy- 
drogenation, but the hydrogenation of the esters 
from the phospholipids was qualitative only. 
The minor components were identified by com- 
parison of hydrogenated and unhydrogenated 
samples and the use of plotting and separation 
factor procedures. 

RESULTS 

Preliminary experiments, using marine oil 
esters with various cylinders of helium and two 
columns other than the one employed in this 
study, established that losses of 22:6o)31 were 
about 50% in all experimental combinations 
of these potential variables. 

The results of a detailed analysis of the 
freshly prepared esters recovered from the cod 
liver triglyeerides are given in Table II. The 
presentation of data to two decimal places does 
not imply this order of accuracy and is done 
solely to show the relative proportions of minor 
components although there may be large errors 
in quantitating these minor fatty acids. 

It must be stressed that no significant un- 
saturated components were observed in the 
analyses carried out for this study which could 
not be satisfactorily accounted for on the basis 
of recognized biochemical patterns in fatty 
acids (13). 

The iodine value calculated from the area 
percentage responses for the various com- 
ponents, corrected for detector response (8), 
was 132 as against 152 for the experimental 
value. The chain-length totals were also 
seriously in error when compared with the re- 
suits from the hydrogenated sample. 

In marine fish depot fats there is a significant 
distribution with chain length of highly un- 

aShor thand notat ion for chain length:number  of double 
bonds, and inclusive carbon atoms f rom ultimate double 
bond to terminal methyl group. 

saturated fatty acids. There are virtually none 
in the C14 acids, commonly less than 2% in 
the C16 acids, and usually less than 5% in the 
C~8 acids of which about half may be 18:3o3 
and 18:4t~3. The C20 fatty acids are charac- 
terized by 20:5t03 in a proportion greater than 
the total of other polyunsaturated fatty acids of 
this chain length by approximately an order of 
magnitude, and the same is true of 22:5o)3 and 
22:6c03 in the C22 fatty acids. Previous work 
had shown the possibility of losses of poly- 
unsaturated fatty acids through oxidation on 
metal columns or other metal parts (14, 15). 
This was assumed to be the case in the present 
study, and the further assumption was made, 
based on the NIH  standard (Table I) and 
monounsaturated acid studies (6, 7), that little 
or no loss of saturated and monounsaturated 
fatty acids would occur. On this basis the C14 
and C16 fatty acids could be used as internal 
standards to calculate the approximate losses 
of the longer-chain fatty acids of high degree of 
unsaturation. 

The percentages of the Ca4 and C16 fatty 
acids obtained from corrected area measure- 
ments of the total analysis (Table II)  required 
conversion to a figure comparable with the 
corresponding chain lengths indicated by the 
analysis of the hydrogenated methyl esters. 
The semiarbitrary factor of 0.9 (Table I II)  
gives a reasonable correlation for these two 
chain lengths (Table III, column two) if al- 
lowance is made for analytical errors and a 
small loss of polyunsaturated C16 fatty acids. 

The saturates and monounsaturated fatty 
acids in each of the C18, C20, and C22 chain 
lengths were similarly multiplied by 0.9 to give 
the other normalized totals of column two. 
The differences between the chain-length totals 
from the hydrogenated sample and from the 
normalized total saturated and monounsatu- 
rated fatty acids should then be attributable to 
the polyunsaturated fatty acids in each chain 
length (Table III, column three). 

The unrevised percentages of polyunsaturates 
in each chain length (Table II)  may be nor- 
malized by the same factor (0.9) to give the 
percentage figures in column four of Table III. 
By using the figures in columns three and four, 
it is then possible to calculate the percentag e 
of polyunsaturated fatty acids in each chain 
length which have passed unaltered through 
the open tubular column (Table III, column 
five). The estimated losses were nearly pro- 
portional to the increases in retention times for  
the major polyunsaturates in each chain length. 
Respective figures for 18:4t03, 20:5t03, and 
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TABLE I I I  
Calculation of Recovery of Polytmsatnrates by Comparison of Hydrogenation Data with Saturated and 

ionounsa tu ra ted  Fatty Acid Proportions 

Percentage from Normalized total Polyunsaturates Normalized Percentage 
Chain hydrogenated of saturates and by observed polyunsaturates 
length sample monounsaturates difference polyunsatnrates recovered 

C:4 3.2 3.3 (--0.1) . . .  
C:6 20.2 19.3 0.9 110 
C~s 28.7 23.6 5.1 4.3 85 
C_~0 23.4 13.1 10.3 7.5 73 
C~ 20.9 7.7 13.2 7.2 55 

22:6t~3 were: retention times 1.96, 4.21, and 
9.37; losses of C~8, C2o, and C2z polyunsatu- 
rated materials 15%, 27%, and 45 %. The 
oxidation rate for polyunsaturated fatty acids 
is roughly proportional to the number of 
double bonds except for mono- and diunsatu- 
rated acids (see below).  It was therefore 
reasonable to assume that, if losses of the dif- 

ferent polyunsaturated fatty acids of a given 
chain length occur on the column,: a major 
part of any correction should be based on time 
of exposure. With this in mind the large peaks 
for 20:5t03 and 22:6to3 from the Hy-FI an- 
alyses were used as a guide for developing 
empirical correction factors for the open- 
tubular analysis. Direct conversion was not 

TABLE IV 
Results of Cod Liver Phospholipid Fatty Acid Analysis After Revision 

Complete analysis Chain-length totals (Weight Percentage) 
Fatty weight percentage a from complete from hydrogenated 
acid after revisionb analysis sample 

14:0 1.09 
A 0.04 

Iso 15:0 0.12 
Ante~o 15:0 0.02 
15:0 0.32 

B 0.02 
16:0 14.51 

C 0.26 
16:1~9 0.24 
16:1~7 1.73 
16:1~5 0.12 
lso 17:0 0.24 
Antetso 17:0 0.12 

D 0.48 
17:0 0.69 
17:1~8 0.12 
lso 18:0 0.12 
18:0 5.71 
18:1~9 9.14 
18:1~7 4.58 
18:1~5 0.55 
18:2~6 1.10 
19:0 0.18 
18:3~6 0.06 
18:3~3 0.30 
18:4m3 0.36 
20:0 0.12 
20:1~11 0.30 
20:1~9 4.72 
20:1w7 1.02 
20:I~5 0.12 
20:2~6 0.48 
20:3~6 0.03 
20:4~6 3.65 
20:3w3 0.30 
20:4w3 0.51 
20:5w3 11.09 
21:0 NSA 
22:0 NSA 
22:1~13 
22:1~11 } 1.73 
22:1~9 0.42 
22:1~7 0.06 
21:5~27 0.06 
21:6~2? 0.04 
22:4w6 0.03 
22:5w6 0.26 
22:5~3 1.86 
24:0 NSA 
24:1w9? 0.42 
22:6~3 31.44 

1.09 
0.04 
0.12 
0.02 
0.32 
0.02 

16.60 
0.26 

6.~a 
0,12 
0.48 
0.81 

o.i~ 
21.80 

o'.i~ 

22~,i 

. .  

056 
35.80 

. . .  

0:ii 

0.97 
0.03 
0.11 
0.01 
0.34 
0.01 

16.47 
0.22 

0".~6 
0.i5 
0.41 
0.85 

6.i~ 
21.92 

. . .  

0,46 

22".ia 

0"59 
34.23 

. . .  
~  

0.67 

~  

aNSA ~ no significant amount. 
bBoth detector and column corrections applied. 
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practical for all components since only the 
large peaks in two analySes were accurate 
enough for reliable comparison. The factors 
listed in Table II  were applied to appropriate 
percentages based on areas corrected for de- 
tector response with the results shown as "after 
revision." The revised results gave a cal- 
culated iodine value of 155, in near agreement 
with the experimental 152. The chain-length 
proportions were also now substantially in 
agreement with the hydrogenated values 
(Table I I ) .  

Normal ly  the fatty acids derived from 
marine phospholipids have somewhat different 
compositions from any associated triglycerides 
(16).  The iodine values of the former are 
characteristically in the range 220-250 (17).  
Octadecenoic acids are the significant mono- 
ethylenic fatty acids, and the level of 20:4t06 
is about ten times that found in marine depot 
fats. The open tubular gas-lipid chromatog- 
raphy of the methyl esters of the fatty acids 
from the cod liver phospholipids gave an an- 
alysis again showing gross errors when com- 
pared with the chain-length data from the 
hydrogenated sample. The same column 
factors which were applied to the cod liver 
triglycerides were used to obtain the revised 
analysis given in Table IV. Wi th  the exception 
of the C:2 chain length, the larger even chain 
lengths are in excellent agreement. The differ- 
ence in the C= chain length is not excessive 
for analyses of this type even if conditions not 
requiring extensive corrections were employed. 

The presence of a high proport ion of 20:4t06 
in this sample permitted a mutual comparison 
of the suitability of the column factors for 
20:4t~6, 20:5c~3, and 22:6t03 by comparison 
of the Hy-FI  and Perkin-Elmer results. Agree- 
ment was better than § 3 % in all cases. 

DISCUSSION 

Gas-Liquid Chromatography 
The losses of the more highly unsaturated 

fatty acids are probably caused by oxidation of 
the very small samples by the trace amount of 
oxygen (normally about 1 ppm) in the helium 
carrier gas (14).  The metal of the open 
tubular column may also be involved (15).  
Radioactive fatty materials have been shown 
to be retained temporarily or permanently on 
polyester packed columns, presumably because 
of interaction with polyester and /o r  support 
(18-20) .  Other workers have reported op- 
posite results (21, 22).  If  these losses were 
caused by interesterification with the polymer, 
then esters of saturated and monounsaturated 

fatty acids would be affected equally with poly- 
unsaturated fatty acids. In  fact, it has been re- 
ported by Seher that esters of saturated fatty 
acids were not affected whereas up to 17% of 
the ester of 18:1o9 was irreversibly adsorbed 
by a particular column, and that another 
column showed losses of 22, 24, and 39% re- 
spectively for 18:1t~9, 18:2t~6, and 18:3t~3 
(20). 

The latter observation is in agreement with 
the view that the susceptibility of  unsaturated 
fatty acids to "oxidation" is not  directly re- 
lated to the number of double bonds unless 
these number three or more. Experimental 
studies in this regard depend on the type of 
measurement employed (23) and on the mode 
of exposure and /o r  other factors (24),  but in 
broad terms the results of a literature survey 
indicate that, if 18: l t09 is taken as the basis 
for susceptibility to autoxidation, then 18: 2t06 
is only 2 to 3 times as susceptible but 18:3~3 
is some 20 to 30 times as susceptible (23-29) .  

Autoxidation studies on more highly un- 
saturated fatty acids such as 20:4t~6, 20:5t~3, 
and 22:6t03 suggest that these are more sus- 
ceptible than 18:3t~3 in proportion to the num- 
ber of double bonds (27). The quantitative 
gas-liquid chromatography of esters of these 
longer-chain fatty acids has recently been in- 
ves t iga ted  in detail by Gerson et al. with a 
variety of column packings (30).  The results 
showed wide variations in responses for the 
same fatty acids with different columns, but  
for a column of 20% ethylene glycol adipate 
polyester on siliconized 30-80 mesh Ce l i t e  
operated with an argon ionization detector at 
205-206C the correction factors relative to 
18:0 were respectively 18:3t~3, 1.03; 20:4~6,  
1.58; 20:5t03, 1.72 and 22:6t~3, 3.03. These, 
with the exception of the factor for 22:6to3, 
are nearly proportional to the empirical factors 
proposed for the open-tubular analysis of cod 
lipid fatty acids (Table I I ) .  The inclusion in 
the latter of retention time as a rnaior con- 
sideration, as well as degree of unsaturation, 
seems justified by these experimental results. 

With thermal conductivity detectors, appro- 
priate corrections are necessary for detector 
response for methyl esters of fatty acids as for 
other compounds (2, 20).  Despite the wide- 
spread use of  argon ionization detectors there 
are few reports of erratic quantitation results 
for fatty acids of differing degrees of un- 
saturation (31-34) .  Possibly oxygen present in 
the argon at modest concentrations can cause 
oxidative scission (35) of oxidation-susceptible 
polyunsaturated fatty acids; the fragments then 
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give high results (33, 34).  Alternatively oxygen 
could induce polymerization, with low results 
(32).  

The flame ionization detector has given ac- 
curate results with mixtures rich in 18:3t03 
(8, 36) except where oxidation was involved 
(14).  There seems to be no accurate report  of 
anomalous flame ionization detector responses 
associated with ethylenic double bonds ex- 
cepting one of a rather large relative response 
difference between decane and 1-decene (37).  
Possibly this is a structurally unique case re- 
lated to a mode of scission in the flame, yield- 
ing formaldehyde as a pr imary product from 
1-decene. 

In one study of the response of fatty acids 
in flame ionization detectors to different fatty 
acids, some lower responses of 18:2c06 and 
more extreme losses of 18 : 3 t03 relative to 16: 0 
were shown to decrease further with the 
diminishing sample size (38).  The correlation 
of these losses with those of 18:0 and 18:1t~9 
discussed by the authors is very rough, and it 
seems likely that on-column oxidation of the 
more unsaturated acids was at least partially 
involved. 

Particular attention is drawn to the dangers 
inherent in assuming that quantitation in gas- 
liquid chromatography is justified for all classes 
of compounds if only one class, such as esters 
of saturated fatty acids, is verified as to ac- 
curacy in the particular analytical system. 
Losses of methyl esters of fatty acids in an 
injection splitter system or in an open-tubular 
column can be differentiated from detector 
malfunction or abuse with the aid of hydro- 
carbons (39, 40).  

The column correction factors applied ap- 
pear to be satisfactory for most types of 
marine lipids on the particular combination of 
equipment, operating conditions, and materials 
used in the present study. Other types of 
samples and other equipment or operating 
conditions would require adjustment of the 
column factors (30).  Preferably these should 
be determined by the use of authentic refer- 
ence fatty acid esters and combined with an 
internal standard technique. I t  would still be 
highly desirable to compare the analytical 
composition derived from the use of any 
column factors with both iodine value and 
chain length although the small amounts of 
materials commonly available from modern 
lipid separation techniques, such as thin-layer 
chromatography, would probably permit only 
the chain-length comparison. 

The use of corrections for flame ionization 
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detector response with the saturated and 
monounsaturated esters, also in hydrogenated 
samples, is desirable to improve accuracy 
among these components (8) .  However these 
corrections are negligible in comparison with 
the co lumn  factors for the polyunsaturated 
materials and may be regarded as included in 
the column factors. 

Inherently the use of ad hoc correction fac- 
tors is undesirable, and attention is therefore 
being directed to means o f  overcoming the 
actual loss of polyunsaturated esters. Com- 
plete elimination of oxygen from the carrier 
gas through physical purification (41) or com- 
bustion elimination of oxygen and maintenance 
of a reducing atmosphere by use of a hydro- 
gen-helium mixture (42) are possibilities. In 
either case the addition of an antioxidant to 
the liquid phase may be helpful (42).  Glass 
columns should also be considered (43).  The 
effects of temperature and pressure program- 
ming remain to be investigated, as do the 
changes in retention time with column age 
(44).  

It can be concluded that there is evidence to 
support  the view that the fatty acids with three 
or more double bonds are much more suscept- 
ible to oxidation than those with one or two 
double bonds. Moreover, if the former are 
partially oxidized in open tubular gas chroma- 
tography, any column-effect corrections must 
be based on both the number of double bonds 
and on the relative retention times. 

Cod Liver Lipifls 

The liver was obtained from a normal 
healthy cod of medium size. It has recently 
been shown that wide variations can be ex- 
pected in the fatty acid composition of livers 
from individual cod (45).  The flesh lipids, 
which are essentially phospholipids with little 
( , -~2%) triglyceride (46),  have a remarkably 
constant composition except in ve ry  large fish 
(45).  It is not known if this is also true of the 
liver phospholipids. Essentially the results of 
the present analysis indicate a fatty acid com- 
position similar to the flesh phospholipids (16, 
45, 47) but with some differences suggestive of 
the liver triglycerides, such as the inclusion of 
larger amounts of monoethylenic fatty acids. 
However it may be noted that the proportions 
of the various monoethylenic isomers within 
each chain length differ in the triglycerides and 
phospholipids. These results are part  of a 
larger study of cod lipid and fatty acid 
metabolism, and the significance of this and 
other observations on the fatty acid composi- 
t ion  will be published elsewhere. 
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The fatty acids designated A, B, and D are 
branched chain acids as previously reported 
(48).  Other workers have shown that marine 
oils contain 4,8,12-trimethyltridecanoic, 2,6,10,- 
14-tetramethylpentadecanoic, and 3,7,11,15- 
tetramethylhexadecanoic acids (49).  I t  was 
established through authentic materials (cour- 
tesy of R. P. Hansen, Wellington, New Zea- 
land) that B was coincident with the ester of 
2,6,10,14-tetramethylpentadecanoic acid and D 
with that of 3,7,11,15-tetramethylhexadecanoic 
acid. I t  was then possible to identify A as 
methyl 4,8,12-trimethyltridecanoate by calcula- 
tion of retention times from structural con- 
siderations (50).  In the analysis of esters from 
the cod liver triglycerides peak D did not 
separate from 17:0 and was determined on a 
nonpolar column (48).  In the analyses of the 
esters from the phospholipids D appeared 
before 17:0, permitting quantitative determina- 
tion on the polar  column. As the column aged 
D appeared after 17:0. Trace amounts of Iso 
14:0 and possibly of Anteiso 16:0 (the latter 
would nearly coincide with B) have not been 
included. The nature of component C has not 
been established. The doubtful components at 
r 1.69, 2.66, and 6.56 are not quantitatively 
significant. Only one 24:1 isomer was ob- 
served, and polyunsaturated C24 acids were 
not determined (51-53) .  
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Eicosenoic Acid and Other Fatty Acids of 
Sapindaceae Seed Oils 1 

C. Y. HOPKINS and R. SWINGLE, Division of Pure Chemistry, 
National Research Council, Ottawa, Canada 

ABSTRACT 

The seed oils of 11 species of Sapin- 
daceae were examined, and their fatty 
acid composition was determined, cis-ll- 
Eicosenoic acid was identified as the major 
fatty acid of Koelreuteria paniculata. It 
was present in nine of the 11 species in 
amounts from 8-60% of the total fatty 
acids and is evidently a common com- 
ponent of oils of this plant family. 
Arachidic acid was present in amounts up 
to 11%. Only three of the oils had acids 
of chain length greater than (2-20. Seed 
oils of certain species of Koelreuteria and 
Cardiospermum are good potential sources 
of l l-eicosenoic acid. 

INTRODUCTION 

M ANY SPECIES of the Sapindaceae family 
have seeds that are rich in glyceride oil, 

and some are utilized commercially in the 
countries of origin. Early analyses by Hilditch 
and others revealed the presence of consider- 
able amounts of arachidic and small amounts 
of an eicosenoic acid in some of the oils (1). 
Later the seed oil of Cardiospermum halica- 
cabum was found to have cis-ll-eicosenoic 
acid as its major fatty acid. It amounted to 
42% of the total acids (2). 

In the present work 11 additional species 
have been examined to determine whether 
eicosenoic acid is of widespread occurrence in 
the Sapindaceae. The percentage composition 
of the fatty acids of each oil was determined 
by gas-liquid chromatography (GLC) of the 
methyl esters. The oils were also examined by 
ultraviolet (UV) and infrared (IR) spectros- 
copy and, in one instance, by fractional dis- 
tillation to provide further data on their com- 
position. Older methods of studying glyceride 
oils were inadequate to distinguish eicosenoic 
acid from other monoenoic acids. 

EXPERIMENTAL 

Seeds were obtained from research institutes 
and from established commercial suppliers. 

1N. R. C. No.  9537. 

Large seeds were hulled, and the hulls, or 
shells, were discarded. Small seeds were 
ground as received. The finely-ground kernels 
or seeds were extracted in a Soxhlet with 
petroleum ether. The oils were converted to 
methyl esters by transesterification in methanol 
with hydrogen chloride catalyst. Ultraviolet 
spectra were determined in cyclohexane solu- 
tion and infrared spectra in carbon disulfide. 

The oil yield and properties of the oils are 
given in Table I. The classification into tribes 
is that of Engler (3). 

There was considerable variation in oil con- 
tent, even among species of the same genus, 
e.g., Sapindus. A few species of the family, 
such as Litchi chinensis, are known to have a 
low oil content. Paullinia cupana and Harpul- 
lia pendula appear to belong to this group. 
The oils of the family are classed as nondrying, 
and this fact is reflected in their relatively low 
refractive indices. 

The UV and IR spectra of the oils showed 
no definite evidence of conjugated unsaturation 
or of unusuat functional groups although 
Koelreuteria paniculata oil gave some weak 
bands in the infrared spectra which were not 
identified. The estimated fatty acid composi- 
tion, as determined by GLC, is given in Table 
II. Each figure is the mean of three determina- 
tions. 

Analysis of the methyl esters by GLC was 
carried out with a thermal-conductivity detec- 
tor and with two different liquid phases: di- 
ethyleneglycol succinic acid polyester (DEGS) 
and silicone oil (SE-30).  Identification of 
each acid was made by comparing its reten- 
tion time with that of a reference sample under 
the samecondi t ions  on the same day. The 
composition of the esters was estimated by 
measuring the peak areas. Arachidate emerged 
as a single peak from the DEGS column, but 
eicosenoate and linolenate formed a combined 
peak. Arachidate and eicosenoate gave a com- 
bined peak on the SE-30 column. The areas 
were then calculated as follows: 

peak (20:0 q- 20:1) - - p e a k  20:0 = 20:1 
SE,-30 DEGS 

peak (20:1 + 1 8 : 3 ) - - 2 0 : 1  = 18:3 
DEGS 
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TABLE I 
Seed Oils of Sapindaceae 
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Tribe and species 

Oil, wt. % Refractive 
Wt. of kernel in in index Iodine 

(% of seed) seed kernel n 2~ value 
D (W~s) 

Koelreuterieae 
Koelreuteria paniculata Laxm. 
Koelreuteria bipinnata Franch. 

Dodoneae 
Dodonea viscosa Jacq. 
Dodonea lanceolata F. Muell. 

Harpullieae 
Xanthoceras sorbifolia Bunge 
Harpullia pendula Planch. 

Paullinieae 
Paullinia cupana H.B. and K. 
Cardiospermum canescens Wall. 
Cardiospermum grandiflorum Sw. 

Sapindeae 
Sapindus mukorossi Gaertn. 
Sapindus drummondii H. and A. 
Sapindus saponaria L 

1.4765 87.4 
22.2 ~.4 1.4711 83.2 

- -  17.9 ~ 1.4717 121.9 
- -  15.4 - -  1.4714 118.9 

36 O ~.5 50.3 1.4706 116.3 

73 34--.6 2.1 1.4704 81.0 
- -  - -  1.4704 84.7 
- -  37.5 - -  1.4684 75.9 

21 -- 31.3 1.4693 88.4 
65 - -  55.8 1.4688 88.8 
37 - -  20.0 1.4679 76.9 

The  methyl  esters p repa red  f rom the oil of  
Koelreuteria paniculata were distilled th rough  
a spinning band  column.  The  f rac t ion dis- 
tilling at 151-155C at 0.5 mm.  was almost  
purc  methyl  e i cosenoa te  (nr~ 2~c 1.4530).  I t  
was hydrolyzed,  and the acid was t reated with 
alkaline pe rmangana te  (4 ) .  The  p roduc t  was 
erythro-11,12-dihydroxy-eicosanoic acid, m.p.  
and mixed m.p.  129-130C,  proving  that  the 
original substance was cis-11-eicosenoic acid. 

The  weights of  the C-16 ,  C-18 ,  and C - 2 0  
fract ions f r o m  the distillation, and their  com-  
posi t ion (by G L C )  were  in agreement  wi th  the 
analysis of  the total esters by GLC.  

The  compos i t ion  of the  fat ty acids of 
Sapindus mukorossi (Table  II)  was in reason-  
ably close agreement  with the analysis by 
Earle and co-workers  (5 ) ,  which  was done" by 
the alkali- isomerization method.  

DISCUSSION 

Eicosenoic  acid occurs  in near ly all of the 
oils that  were  studied; the only except ions  were  
the two species of Dodonea. Large propor-  

t ions of  eisosenoic acid were  found  in two 
s p e c i e s o f  Koelreuteria (46 and 6 0 % )  and in 
two species of Cardiosperrnum (44 and 48% ). 
The  C. halicacabum oil previously analyzed 
(2)  was similar to these  two in composi t ion .  
Three  species of  Sapindus had  13, 15, and 17% 
of  eicosenoic acid. Thus  there  is a consider-  
able degree of  un i formi ty  wi thin  each  genus, 
and the figures for  fat ty acid comPosi t ion  sup- 
por t  the botanical  classification to that  extent.  
How ev e r  Harpullia pendula and Paullinia 
cupana differ marked ly  f r o m  the o ther  taxa  
within the tr ibes because of  their  low oil 
conten t  (Table  I ) .  The  compos i t ion  of  the 
Paullinia oil resembles  that  of  Sapindus sp. 
ra ther  than  that  of  Cardiospermum sp. 

Arach id ic  acid was found  in near ly all 
species but  in small amounts  except  in Cardio- 
spermum (10 and 1 1 % ) .  Linoleic is highest  
in Dodonea species, where  eicosenoic  is absent.  

Only three of  the oils had  an appreciable  
a m o u n t  of  C - 2 2  acids ( 3 - 4 % ) .  The  quant i ty  
of erucic acid is thus small or negligible in the 
oils of  the group.  In  this respect  the- 
Sapindaceae apparent ly  differ f r o m  Cruciferae 

TABLE II 
Estimated Fatty Acid Composition 

Species 
Koelreuteria paniculata 
Koelreuteria bipinnata 
Dodonea viscosa 
Dodonca lanceolata 
Xanthoceras sorbifolia 
Paullinia cupana 
Cardiospermum canescens 
Cardiospermum grandiflorum 
Sapindus mukorossi 
Sapindus drummondii 
Sapindus saponaria 

Fatty acid, wt. % of total acids 
16:0 a 18:0 18:1 18:2 
6 1 32 13 
7 -- 21 8 

11 3 23 59 
13 3 24 55 
6 1 33 48 

12 5 53 12 
3 1 18 7 
4 1 27 7 
5 1 54 14 
5 tr 55 16 
5 4 65 6 

1 8 : 3  2 0 : 0  2 0 : 1  2 2  

1 1 4 6  " - -  
- -  1 6 0  3 
- -  4 - -  - -  

- -  5 t r  b - -  
t r  8 4 
2 " ~  12  

12  11 4 4  4 
3 1 0  4 8  - -  
6 5 15  - -  
4 3 17  - -  

- -  7 13 - -  

a The figures represent chain length and number of 
btr ~ trace. 

double bonds. 

LIPIDS, VOL. 2, No. 3 



260 C . Y .  HOPKINS AND R, SWINGLE 

oils ,  m o s t  o f  w h i c h  c o n t a i n  e r u c i c  a c i d  in  ex -  

cess  of  t he  c o n t e n t  o f  e i c o s e n o i c  ac id .  T h e  

K o e l r e u t e r i a  a n d  C a r d i o s p e r m u m  s p e c i e s  c o n -  

s t i t u t e  g o o d  s o u r c e s  o f  l l - e i c o s e n o i c  ac id .  
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Optically Active Trihydroxy Acids of 
Chamaepeuce Seed Oils 1 
K. L. MIKOLAJCZAK and C. R. SMITH JR., Northern Regional Research Laboratory,: 
Peoria, Illinois 

ABSTRACT 

Two trihydroxy acids have been isolated 
from Chamaepeuce alra (Jacq.) D e .  seed 
oil and identified as (q-)-threo-9,10,18- 
tr ihydroxyoctadecanoic (phloionolic) acid 
( 9 % )  and (q-)- threo-9,10,18-tr ihydroxy- 
cis-!2-octadecenoic acid ( 1 4 % ) .  The un- 
saturated acid has not previously been 
found in nature. Nuclear  magnetic reso- 
nance, ~ infrared, thin-layer chromatog- 
raphy, optical rotation, and identification 
of the oxidative cleavage products show 
that these two trihydroxy components 
have the structures indicated. Charnae- 
peuce hispanica D e .  seed oil and the seed 
oil of an unidentified Charnaepeuce species 
apparently contain these same two acids 
but in different proportions from C. afra 

, oil. 

INTRODUCTION 

p UBLISHED INFORMATION concerning hy- 
droxylated fatty acids from plants has 

been reviewed by Downing (1) .  The  9,10,18- 
trihydroxyoctadecanoic (phloionolic) acid oc- 
curs in plant cutins (2,3) and cork (see ref. 1 
for discussion), but  tr ihydroxy acids have not 
previously been reported as constituents of 
plant seed oils. In 1964 phloionolic acid was 
identified as  a component  of apple peels (4) ,  
and the triacetate of 8,9,13-trihydroxydoco- 
sanoic acid has been isolated from a yeast cul- 
ture liquor (5) .  

Chamaepeuce afra (Jacq.) D e .  (a com- 
posite) seed oil gave an infrared ( IR)  spectrum 
that showed hydroxyl (3560 cm -1) and acetate 
(1230 cm -~) absorption. Triglycerides com- 
prised exclusively of normal fatty acids were 
present only in trace amounts in this oil, as 
indicated by th in -1  a y e r  chromatography 
(TLC) ;  instead two large spots attributable to 
somewhat more polar materials were observed. 
When C. afra oil was transesterified with 
acidic methanol, the resulting ester mixture was 
solid at room temperature. About  20% of this 
methyl ester mixture failed to emerge from gas- 

aPresented at the AOCS Meeting, Philadelphia, October 
1966. 

~No. Utiliz. Res. Dev. Div., ARS, USDA. 

liquid chromatographic columns. These ob- 
servations led to the hypothesis that C. afra oil 
contained hydroxy acids. The isolation and 
identification of these acids are reported in 
this paper. 

Two other oil samples, from C. hispanica 
D e .  seed and from seed of an unidentified 
Chamaepeuce species, were investigated briefly. 
Although these related species were examined 
less completely than the C. a[ra, the results 
obtained are included in this report. 

EXPERIMENTAL 

Materials and Methods 

Infrared spectra were determined with 1% 
solutions in chloroform or carbon disulfide on 
a Perkin-Elmer Infracord, Model 137. Nu- 
clear magnetic resonance ( N M R )  spectra were 
determined with a Varian A-60 spectrometer 
with deuterochloroform as solvent and tetra- 
methylsilane as the internal reference. A Cary 
Model 60 spectropolarimeter was used for the 
optical rotatory dispersion (ORD)  studies, and 
a Fisher-Johns block was used to determine 
melt ing points (uncorrected).  

The C. afra seed oil was analyzed with a 
50 x 0.3 cm O.D. stainless steel gas-liquid 
chromatographic column, packed with 3% 
JXR on 100-120 mesh Gas-Chrom Q (Applied 
Science Laboratories Inc.) .  JXR (a dimethyl- 
polysiloxane gum) is an effective liquid phase 
for triglyceride analyses (6,7).  An  F&M Model 
810 "Research Chromatograph" equipped with 
a hydrogen flame detector was used, and the 
column temperature was programmed from 
200C at 4C/min.  Helium was the carrier gas. 

All  methyl ester samples were analyzed by 
gas-liquid chromatography (GLC)  on a 
275 x 0.3 cm I.D. glass column packed with 
3% LAC-2 R-446 polyester on 60-80 mesh 
Celite and on a similar column with 5% 
Apiezon L grease as the liquid phase. These 
two columns were run isothermally (202C for 
the polyester; 208C or 257C for the Apiezon 
L) with helium as the carrier gas. Burrell 
Kromo-Tog K-5 chromatographs, equipped 
with thermal conductivity detectors, were 
used. Identification of component peaks (on 
GLC)  was based on their equivalent chain- 
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lengths (8) as compared with equivalent chain- 
lengths of similar known materials. All  per- 
centages reported are area percentages. 

Thinqayer chromatographic analyses of the 
tr ihydroxy methyl esters were done on 250 i z 
layers of Silica Gel G, silver nitrate-impreg- 
nated Silica Gel G (9) ,  and Silica Gel G im- 
pregnated with boric acid (10).  Petroleum 
ether (bp 3t3-60C)/diethyl  ether (70 /30)  was 
the solvent for  plain Silica Gel G plates where- 
as chloroform/methanol  (98 /2 )  was used for 
separations on the boric acid-impregnated 
plates. After  various solvents were tested with 
the silver nitrate-impregnated plates, chloro- 
form/methanol  (96 /4)  was selected as giving 
the most satisfactory results. Visualization of 
spots was accomplished by charring the plates 
at 120C after they had been sprayed with a 
50% aqueous H~SO~ solution of chromium 
trioxide. 

Isolation and Analysis of Trihydroxy 
Acid Methyl Esters 

Oil was extracted overnight from ground 
Chamaepeuce a/ra seeds with petroleum ether 
(bp 30-60C) in a Soxhlet extractor. An  over- 
night Soxhlet extraction of the residual meal 
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FIG. 1. Drawings of thin-layer chromatograms 
o n :  A, Silica Gel G developed with diethyl ether/ 
petroleum ether (30/70); B, Silica Gel G im- 
pregnated with boric acid developed with 
methanol/chloroform (2/98); and C, Silica Gel G 
impregnated with silver nitrate developed with 
methanol/chloroform (4/96). 

Samples are: 1, soybean oil; 2, Chamaepeuce 
aJra oil; 3, C. hispanica oil; 4 and 5, C. aJra 
methyl esters; 6, 7, 8, and 9, trihydroxy methyl 
ester fractions A, B, C, and D (from C. afra); 10, 
C. hispaniea methyl esters; and 1l, Chamaepeuce 
(unidentified species) methyl esters. 
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with diethyl ether yielded no additional lipid 
material. T h e  mixed methyl esters were pre- 
pared by refluxing the oil for 3 hr w i t h  1% 
H~SO4 in methanol. 

Crystallization of these mixed methyl esters, 
first f rom hot benzene (fraction A)  at room 
temperature and then from ethyl ether (frac- 
tion B) a t - 1 8 C ,  yielded essentially all the 
saturated trihydroxy methyl ester (I)  in quite 
pure form as shown by TLC on Silica Gel G 
impregnated with silver nitrate. After  the 
liquor residue from these crystallizations was 
recovered and dissolved in a large volume of 
ethyl e ther /hexane (2 /1 ) ,  the solution was 
cooled at -18C for 2 days. The crystals that 
separated (fraction C) melted near  room tem- 
perature and were nearly pure unsaturated 
trihydroxy methyl ester ( I I ) .  Although TLC 
indicated that a considerable amount of trihy- 
droxy material remained in the liquor fraction, 
further attempts to recover it by crystallization 
failed. Column chromatography was therefore 
applied to this material left in the liquor frac- 
tion. For  this purpose a 1.4 x 25 cm column of 
Adsorbosil CAB (100-140 mesh, Applied 
Science Laboratories Inc.) was used with 
chloroform as the solvent. Fractions of 15 ml 
each were collected until nearly all the non- 
hydroxylated methyl esters were off the column. 
After  the eluting solvent was changed to 
chloroform/methanol  (96 /4 ) ,  the unsaturated 
tr ihydroxy methyl ester (nearly pure)  was col- 
lected (fraction D) .  Monitorin~ the collected 
fractions was accomplished by TLC with plates 
of silver nitrate-impregnated Silica Gel G. 

Oxidative cleavage of these trihydroxy 
methyl esters with permanganate-periodate and 
recovery of the products were done according 
to Von Rudloff's method (11 ). The resulting 
free acids were esterified with refluxing H,SO4 
in methanol and analyzed by GLC. 

Hydrogen uptake by the unsaturated trihy- 
droxy methyl ester was measured in absolute 
ethanol with platinum oxide catalyst. After  
the saturated product ( I I I )  of this hydrogena- 
tion reaction was isolated, it was subjected to 
the bromination-debromination technique of 
Ames and Bowman (12) to determine the 
configuration of the vicinal dihydroxy group- 
ing. This reaction was also applied to the 
saturated trihydroxy compound (I)  that was 
isolated from the methyl ester mixture. 

RESULTS AND DISCUSSION 

Preliminary Analyses of Oils and Methyl Esters 

When extracted with petroleum ether, 
ground Chamaepeuce afra (Jacq.) DC. seeds 
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yielded 24.4% of oil. Analysis of this oil by 
GLC and TLC (Fig. 1A, sample 2) indicated 
that triglycerides comprised exclusively of nor- 
mal fatty acids were present only in trace 
amounts. Instead of a spot in the normal 
triglyceride region (compare with soybean oil, 
sample 1), two large spots and a smaller spot, 
all quite polar, were observed on the thin-layer 
chromatogram of C. a/ra oil. This pattern of 
spots was also observed on the chromatogram 
(not pictured) of the seed oil from the uniden- 
tified Chamaepeuce species. C. hispanica DC. 
seed oil gave a slightly different pattern (Fig. 
1A, sample 3) from the other two oils; it 
showed only orm major spot and two smaller 
ones. Probably the large polar spots are at- 
tributable to glycerides containing hydroxy 
acids. Acetate (1230 cm -~) and hydroxyl 
(3560 cm -~) absorption in the IR spectra of 
alI three oils indicates that some of the hy- 
droxyl groups are acetylated and some are free. 
C. a[ra oil is optically active, having 
[ a i d  ~6~ + 2.1 ~ (c = 12.7, CHClo),  which is 
probably caused by the activity of the trihy- 
droxy acid moieties. An investigation into the 
glyceride structure o f  these oils will be made 
and the results reported later. 

After  C. alra seed oil had been transesteri- 
fled, the resulting mixed methyl esters were 
solid at room temperature and showed strong 
hydroxyl absorption in the IR. Analysis of 
these esters by GLC gave the following com- 
position (excluding methyl acetate and trihy- 
droxy esters) : C10:0, 2.3 % ; C~ 2:0, 8.1% ; C14:0, 
0 .5%; C16:0, 10.9%; C~s:0, 1.4%; C l s , ,  15.8%; 
and C~8:2, 60,9%. A comparison between the  
total area of these peaks and the area ob- 
tained for the same amount of soybean oil 
methyl esters indicated that about 20% of the 
C. a[ra esters did not emerge from the columns. 

A small sample of the tr ihydroxy compounds 
was crystallized from the ester mixture and 
was shown by a spot test on filter paper to 
consume periodate as rapidly as a sample of 
methyl 9,10-dihydroxystearate. This behavior 

�9 led to the conclusion that  vicinal diol g roup-  
ings were present. 

As shown in Fig. 1B, sample 4, the trihy- 
droxy methyl esters of C. a[ra migrated as a 
single spot (spot A)  on boric acid-impregnated 
Silica Gel G, indicating the presence of only 
one configurational isomer. The thin-layer 
chromatogram on Silica Gel G impregnated 
with silver nitrate (Fig. 1C) shows that the 
mixed methyl esters of all three of these oils 
(samples 5, 10, and 11 ) contain two trihydroxy 
compounds. Their migration pattern indicates 

that the upper spot is a saturated ester (I)  and 
the lower spot is a monounsaturated ester ( I I ) .  
Sample 10, C. hispanica methyl esters, appears 
to have much more saturated than unsaturated 
trihydroxy ester, but n o  isolation work was 
done on this mixture. 

Isolation and Identification of Trihydroxy 
Compounds from C. afra Seed Oil 

The primary isolation and identification work 
was done on the mixed methyl esters from C. 
afra seed oil. A 4.78-g sample of these esters 
yielded 0.446 g of I and 0.684 g of II. Each 
of the four fractions (A, B, C, and D) isolated 
were analyzed by TLC on Silica Gel G im- 
pregnated with silver nitrate (Fig. 1C). 
Samples 6 and 7 (fractions A and B) are near- 
ly pure I, mp 77-79C and samples 8 and 9 
(fractions C and D) are slightly impure II, 
which melted near room temperature. All  four 
of these fractions gave an IR flee hydroxyl 
band (approximately 3710 cm -1, CHCI~) 
equal in intensity to that exhibited by methyl 
9,10,16-trihydroxypalmitate. An  additional 
band attributable to intramolecularly bonded 
hydroxyl groupings was observed as a shoulder 
at about  3620 cm -1. 

Methyl ester I (fractions A and B) was re- 
crystallized from ethyl acetate to a constant mp 
of 80-81C [lit. mp of methyl phloionolate, 
80.0-80.4C ( 2 ) ] .  The ORD spectrum of I 
(c ---- 2.3, absolute ethanol) was a plain posi- 
tive curve with the following characteristics (at  
25C):  [aqV + 22.3 ~ , [a2~00 + 31.9 ~ , 
[a]40o + 51-4~ and [a]300 + 104 ~ As far as 
is known, the rotation of phloionolic acid (or 
methyl phloionolate) has not previously been 
reported, but the observed value agrees well 
with that obtained by Hopkins and Chisholm 
(13) for threo-12,13-dihydroxystearie acid. 
The conclusion to be drawn is that I has a 
threo configuration since erythro compounds 
generally have much lower rotations (14).  
This conclusion agrees with the results of other 
workers, indicating that phloionolic acid from 
other sources is the threo isomer (2,15).  

Cleavage of I with permanganate-periodate 
yielded only nonanedioie (60%)  and o,-hy- 
droxynonanoic ( 3 5 % )  acids (by GLC of their 
methyl esters). Essentially the s ame  ratio of 
dicarboxylic acid to ,0-hydroxy acid (60 /35)  
was found after a similar cleavage of methyl 
9,10,16-trihydroxypalmitate. 

The acid from the saponification of I had 
mp 102-104C, in agreement with a literature 
value of 102-103C (2) .  Found:  C, 64.6; H, 
10.83; neutral equivalent, 333. Calc. for 
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TMS 

B 

A f - x _ / ~ . . _ _ , r  - - , , 4  

I I I I [ I I 
4 5 6 7 8 9 10T 

FIG. 2. Nuclear magnetic resonance spectra (60 
mc) of: A, methyl threo-9,10,18-trihydroxy-cis- 
12-octadecenoate (II);  B, II after exchange with 
D,O; and C, methyl threo-9,10,18-trihydroxyocta- 
decanoate (I) .  (Both compounds are from C. afra 
oil. ) 

CtsHa60~: C, 65.02; H, 10.91; neutral equiva- 
lent, 332). Subjecting this acid to the bro- 
mination-debromination technique of Ames 
and Bowman (12) produced a monoenoic 
ethyl ester that gave only one spot on silver 
nitrate TLC, and that analyzed 86% isolated 
trans unsaturation by quantitative IR measure- 
ment (16).  Analysis of this ester by GLC re- 
vealed 90% of C~s monoene, and 10% of 
materials with shorter retention times. The re- 
tention time of ethyl elaidate on this GLC 
column was 9.0 min; but  the analyses of these 
monoenes resulting from the debromination 
reactions were continued for 90 min, which is 
longer than necessary to detect any residual 
monobromo elaidate (17).  None was detected 
in any of the analyses, indicating that the de- 
bromination reaction (a large excess of zinc 
was used) effected hydrogenolysis of the 18- 
bromo group as well as removal of the 9,10- 
dibromo grouping. Other workers however, 
using slightly different conditions, have ob- 
tained 16-bromo-9-hexadecenoic acid ( 3 9 % )  
by debromination of 9,10,16-tribromopalmitic 
acid (18).  They did not identify the other 
products formed. 

The N M R  spectrum of I (Fig. 2C) indicated 
a saturated, terminal hydroxyl structure be- 
cause signals caused by terminal C-methyl 
protons (ca. 9.1 r )  and to olefinic protons (ca. 
4.6 r)  were not present. Disappearance of 
only the broad singlet at 7.0 r after deuterium 
exchange is evidence that all three hydroxyl 
proton signals are incorporated' in this band. 
Results prove conclusively that compound I 
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is the (+)- threo isomer of methyl 9,10,18-tri- 
hydroxyoctadecanoate. 

After  recrystallization from ethyl acetate, 
compound II (fractions C and D) was a poorly 
crystalline substance with mp 33-35C. It had 
no absorption in the UV above 200 m/x and had 
no trans unsaturation according to IR. It con- 
sumed 1.1 moles of hydrogen per mole of ester 
with platinum oxide catalyst and absolute 
ethanol as solvent. A plain positive ORD 
curve (c = 2.6, absolute ethanol) was ob- 
tained for II, which had the following charac- 
teristics (at  25C):  [~3D + 18.2~ [~]500 + 
26-2 ~ , [a~4oo + 43-4~ and [al~o~ + 98-2 ~ . 
Since this [c~]v agrees with a literature value 
of + 1 8 . 9  ~ (13) for an unsaturated threo 
diol, I I  also probably has the threo configura- 
tion. 

The oxidative cleavage fragments from II  
were converted to methyl esters, and the es- 
ters were comprised of methyl nonanedioate 
and methyl ,o-hydroxyhexanoate as shown by 
GLC. Saponification of II yielded the parent 
compound 9,10,18-trihydroxy-cis-12-octadece- 
noic acid, mp 76-76.5C. 

The saturated tr ihydroxy methyl ester ( I I I )  
resulting from hydrogenation of II  had a mp 
of 78-79C, mixed mp with I, 77-79C and 
l a i d  z2~ + 17.8 ~ (c = 1.9, CHC13, visual 
polarimeter) .  Permanganate-periodate cleavage 
and analysis of I I I  by TLC on silver nitrate- 
impregnated Silica Gel G also indicated that 
it was identical with compound I. When sub- 
jected to the bromination-debromination reac- 
tion, the saturated tr ihydroxy acid (mp 101- 
103C) derived from saponification of I I I  yield- 
ed a monoene that assayed 96% isolated trans 
unsaturation by IR (16),  gave one spot cor- 
responding to a trans monoene on silver ni- 
trate TLC, and was pure Cls monoene by GLC 
(analyzed as described for the debromination 
product from I) .  The results of this sequence 
of reactions indicate that the vicinal diol group- 
ing in the unsaturated tr ihydroxy compound 
(I I )  had the threo configuration. Terminal  C- 
methyl proton signals were not  observed in 
the N M R  spectrum of II  (Fig. 2A) ,  but the 
existence of a double bond was confirmed by 
an olefinic proton signal at 4.5 r equivalent 
to two protons. The N M R  spectrum that re- 
sults from analysis of deuterium-exchanged II  
(Fig. 2B) shows that all the hydroxyl proton 
signals originally appeared at 7.0 r in Fig. 2A. 
These data establish that II is the previously 
unknown ( + ) - m e t h y l  threo-9, 10, 18-trihy- 
droxy-cis- 12-octadecenoate. 
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Trihydroxy Compounds from Unidentified 
Chamaepeuce Seed Oil 

I s o l a t i o n  o f  t h e  t r i h y d r o x y  m e t h y l  e s t e r s  
f r o m  t h e  u n i d e n t i f i e d  Chamaepeuce  s e e d  oil 
w a s  a c c o m p l i s h e d  in  t h e  m a n n e r  d e s c r i b e d  f o r  
C. a/ra. T h e  to t a l  a m o u n t  o f  t r i h y d r o x y  e s t e r  
p r e s e n t  in  t h e  m i x t u r e  w a s  a b o u t  1 8 % .  O n e  
f r a c t i o n  ( 0 . 0 0 9  g )  h a d  a m p  o f  7 9 . 5 - 8 0 . 0 C  
[lit.  m p  fo r  m e t h y l  p h l o i o n o l a t e ,  8 0 . 0 - 8 0 . 4 C  
( 2 )  I .  T h e  i n t e n s i t y  o f  t h e  I R  h y d r o x y l  b a n d  
w a s  e q u i v a l e n t  to t h a t  o f  p u r e  m e t h y l  9, 10,  
1 6 - t r i h y d r o x y p a l m i t a t e .  P e r m a n g a n a t e - p e r i o -  
d a t e  c l e a v a g e  o f  0 . 0 0 6  g o f  th i s  p u r i f i e d  t r i hy -  
d r o x y  e s t e r  y i e l d e d  o n l y  n o n a n e d i o i c  ( 6 1 % )  
a n d  ~ 0 - h y d r o x y n o n a n o i c  ( 3 6 % )  ac i d s  ( b y  G L C  
o f  t he i r  m e t h y l  e s t e r s ) .  T h e s e  r e s u l t s  i n d i c a t e  
t h a t  t h e  t r i h y d r o x y  c o m p o u n d  f r o m  th i s  u n -  
iden t i f i ed  Chamaepeuce  s e e d  oil  is m e t h y l  9, 
10, 1 8 - t r i h y d r o x y o c t a d e c a n o a t e .  S o m e  u n s a t -  
u r a t e d  t r i h y d r o x y  m a t e r i a l  w a s  a lso  s h o w n  to  
be  p r e s e n t  (F ig .  1C,  s a m p l e  1 1 ) ,  b u t  it  w a s  
n o t  i so la t ed .  T h e  c o n f i g u r a t i o n  o f  t h e  9, 10-  
d io l  g r o u p i n g  in  t h e s e  t r i h y d r o x y  a c i d s  is n o t  
k n o w n  b e c a u s e  t h e  a m o u n t  o f  s e e d  oil  a v a i l a b l e  
w a s  i n su f f i c i en t  to  o b t a i n  c o n c l u s i v e  e v i d e n c e ,  
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The Monoene and Other Wax Alcohols of Human Skin Surface 
Lipid and Their Relation to the Fatty Acids of This Lipid 1'2 

N. NICOLAIDES, The Department of Medicine, Section of Dermatology of the School of Medicine 
of the University of Southern California, Los Angeles, California 

ABSTRACT 

1) Wax alcohols (as acetates) were iso- 
lated from human skin surface lipid and 
separated into a saturated and a monoene 
fraction. 

2) Four  main chain types were found 
for both saturated and monoene alcohols: 
normal even, normal odd, iso and anteiso. 
("Even" and "odd" refer to the number of 
C-atoms in the straight chain.) 

3) The monoene alcohol acetates were 
separated into homologues of each chain 
type by preparative gas-liquid chromatog- 
raphy (GLC)  and the positions of the 
double bonds for each homologue were 
determined by analytical GLC of the or- 
iginal fraction, its hydrogenated deriva- 
tive, and the products it formed by reduc- 
tive ozonolysis. 

4) The fragments formed by reductive 
ozonolysis of the monoene alcohol ace- 
tates were compared to those formed from 
the total monoenoic fatty acids (as methyl 
esters), both obtained from the same sam- 
ple of surface lipid. (Comparisons were 
best made by ozonolysis of a portion of 
the entire sample of each ester group.) 

a) The terminal ends of both groups 
of monoene fatty chains yielded a very 
similar pattern of aldehydes in terms of 
types and amounts. This could be ex- 
plained by the hypothesis that both fatty 
acid and fatty alcohol chains of lengths 
ranging mainly from C,4 to C ~  were first 
biosynthesized, then desaturated at A6. 

b) The functional group ends gave a 
distinct pattern of aldehyde esters for the 
acids and another for the alcohols. Both 
patterns consisted nearly entirely of mere- 

1Presented at  the A O C S  Meet ing  in Los Angeles,  Apr i l  
1966. 

2Special terms and abbrevia t ions :  
N o r m a l  even ---- a s t ra ight  chain  wi th  an even number  of 

ca rbon  atoms. 

N o r m a l  odd  = a straight chain with an odd number  of 
carbon atoms. 

i ---- iso ---- a s t ra ight  cha in  wi th  a methyl  group at the 
~0-1 posit ion.  

a --~ anteiso ---- a s t ra ight  cha in  wi th  a methyl  group at  the 
- 2  position. 

bers having an even  number of C-atoms 
from the double bond to the functional 
group. This suggested that the members 
of each pattern were formed by chain ex- 
tensions of an integral number of Cz units 
beyond the lengths arrived at in 4a).  Thus 
71% of the fatty acid monoenes were not 
extended, 25% were extended by 1 C2 
unit and the remainder extended from 2 to 
5 C,~ units, whereas nearly all the fatty 
alcohols were extended mainly by 2, 3 or 
4 C2 units, with decreasing amounts up to 
8 C2 units. 

5) A small amount (~-~5%) of odd 
chain aldehyde esters for both fatty acids 
and fatty alcohols were found and some 
unidentified alcohols were detected. 

INTRODUCTION 

W AX ESTERS, which make up 20 to 25% 
of human skin surface lipid, consist of 

fatty alcohols esterified to fatty acids. The 
complex nature of the alcoholic portion of 
these esters was originally revealed by mass 
spectrometry (1).  This technique showed the 
presence of a saturated and an unsaturated 
series each ranging from C~s to CzT, with 
chain lengths of odd as well as even numbers 
of C-atoms present, the C2o chain being most 
abundant. 

Subsequently, Hougen isolated and identified 
12 alcohols from this source: six saturated 
alcohols of even chain lengths from C~4 to C24, 
three saturated iso alcohols from Coo to C24, 
and eicos-10-en-l-ol, docos-12-en-l-ol and tet- 
racos-14-en-l-ol, all with cis double bonds (2) .  

Two gas-chromatographic studies (3,4) re- 
vealed the presence of additional homologues 
and unidentified branched chain compounds, 
both saturated and unsaturated. 

F rom fragmentary earlier data it was postu- 
lated (5) that in the sebaceous gland common 
mechanisms exist for building up and desatur- 
ating the fatty chains, some of which form the 
fatty acids of the various esters of sebum, and 
some the fatty alcohols. The present study, 
together with two studies (6,7) on the posi- 
tions of the double bonds in the fatty acids of  
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surface lipid provide further insight into this 
process, 

EXPERIMENTAL 

The preparation and work-up of the fatty 
alcohols and fatty acids studied in this paper 
are diagrammatically summarized in Fig. 1. 

A sample of human skin surface lipid (3.720 
g) was collected from a young man, age 27, 
from 10 scalp soakings (8), then stored in a 
sealed tube. A 0.752 g portion of this sample 
was chromatographed on Mallinekrodt silicic 
acid which had previously been washed and 
deoxygenated (9), then stored under CHCI~. 
The adsorbent was packed into a chromato- 
graphic column 4.5 cm I.D. to a height of 17 
cm and washed with about 600 ml of CHCI~, 
whereupon a 30-ml sample of effluent gave a 
negligible residue. The CHCI~ was washed 
off the column with 500 ml of hexane, and 
the sample in 10 ml hexane was applied to 
the column and washed into it with five 2-ml 
washes of hexane. The flow rate was 10 
ml /min  and tubes each containing 40 ml 
of eluate were collected. Eluting solvents were 
hexane followed by increasing concentrations 
of benzene in hexane, increasing concentra- 
tions of diethyl ether in benzene, diethyl 
ether and finally methyl alcohol. (All solvents 
in this study were redistilled, the diethyl ether 
being redistilled just before use. To the chloro- 
form 0.5% methanol was added as a preserva- 
tive.) Aliquots were taken of each tube for 
TLC, which was performed as previously 
described (10). For some fractions the Lieber- 
mann-Burchard test was also run. 

For the examination of the wax alcohols a 
pooling was made of an aliquot (two-thirds) 
of the contents of all tubes which showed one 
spot on thin-layer chromatography (TLC) 
(10) in the region where wax esters plus 
sterol esters migrate in hexane/ether 95/5. 
This yielded 119.5 mg which corresponded to 
a yield of 179.3 mg for the entire surface 
lipid sample. It was estimated that the pooled 
material represented 99 % of the eluate of wax 
ester plus sterol ester. (The remaining 1%, 
being contaminated with products eluted just 
before and just after the bulk of this fraction, 
was not included in the pool.) The esters were 
reftuxed with 10 ml 10% KOH in 90/10 
ethanol/water for 2 hr with nitrogen bubbling 
slowly through the saponification mixture and 
the fatty acids (54.8 mg) separated from the 
nonsaponifiable matter (69.1 rag) in two stages 
as previously described (8),  (recovery 100% ). 
An aliquot of the nonsaponifiable matter was 

TABLE I 

Chromatography of the Acetates of the Wax Alcohols of 
Human Skin Surface Lipid on Silicic Acid Impregnated 

with Silver Nitrate 

Tube No. 
(8 ml Wt, 
each) Eluent mg Remarks  

1-7 Hexane 0.64 Unidentified 
8-11 10% benzene in hexane 0 

12-23 10% benzene in hexane 33.68 Saturated alcohol 
acetates a (gave a 
yellow-green LB 
test) 

24-37 10% benzene in hexane 7.32 Cholesteryl acetate 
38-54 10% benzene in hexane 0.87 Unidentified 

(monoene alcohol 
acetates?) 

55-73 30% benzene in hexane 13.54 Monane alcohol ace- 
tates 

74-93 50% benzene in hexane 0.41 Monoene alcohol 
acetates (?) 

94-102 Benzene 1.70 Polyene alcohol ace- 
tates (?) 

103-112 Ether 3.35 Unidentified 
113-117 Methanol 1.35 Unidentified 

Totalrecovery 62.86 = 98% 

aThis material gave 32.2 mg of a fraction which formed 
urea adduct and 1.47 mg of a fraction which did not. 
The latter gave an intense yellow-green color with the 
Liebermann-Burchard test whereas the former was negative. 

removed for TLC, which now showed no spot 
where the original wax ester and sterol ester 
migrated, but intense spots where fatty alcohols 
and cholesterol migrated. The remaining 65.2 
rng was acetylated with a mixture of acetic 
anhydride and acetic acid, 4/1 (2 hr reflux 
with nitrogen bubbling through the reaction 
mixture). The excess reagents were blown off 
with nitrogen. TLC showed nothing in the 
region where free alcohols or free cholesterol 
migrated when 400 /~g of the acetylated prod- 
uct was applied to the plate. This indicated 
that the acetylation was complete. 

The acetylated alcohols were then chromato- 
graphed on a column (1.65 cm I.D. X 12 cm) 
of silicic acid impregnated with AgNO 3 (Ad- 
sorbosil ADN-! ,  purchased from Applied Sci- 
ence, State College, Pa.) as previously de- 
scribed (6). The saturated alcohol acetates 
(tubes 12-23, Table I) ,  were subjected to the 
urea adduct separation (6) whereupon 95% 
formed adduct. The portion of this fraction 
forming urea adducts (which consisted of 
straight, iso and anteiso chains) was analyzed 
by GLC. The portion not  forming urea ad- 
ducts (i.e., more highly branched compounds) 
was mainly sterol. The monoenes (tubes 55 
to 73, Table I) were then separated into frac- 
tions of a single chain length and type by prep- 
arative GLC and the double bond positions of 
each fraction determined by analytical GLC 
of the original fraction, its saturated analogue, 
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ScalplS~ 

Human skin surface lipid 

/ 
Chtomatography on siltcic acid 

This eluate Wax esters + sterol esters These eluates 
not discussed = 24,3% of total human not discussed 
in this study surface lipi~ in this study 

t 
Saponification 

N o n s a t ~ a c i d s  
= 55.8% of the = 44.2% of the 

wax esters + wax esters + 
sterol esters sterol esters 

$ 
Acetylation 

Chromatography on SiO2-AgN Q (See Table I) 

(Eluate percentages are of total nonsaponifiable) 
I 

Un~e2 Saturated~' Chole~sterol Mon~oene Mon~oene ' ' - Monoene Polyene 
tiffed alcohols fatty fatty fatty fatty 

+ sterols alcohols (?) alcohols alcohols (?) alcohols 

1.0% 52,4% 11.4% 1.4% 21.1% 0.6% 2.6% 5.2% 2.1% 

Preparative GLC Reductwe Ozonolysis 
/ t e a  ~ , , ~ ,  1 ofenti pie . . . . .  

f odrdm::i -   :':LdnT / ",, 
~ j r a c t i o n s . . . ~ . , ~  Aldehydes Aldehyde 

acetates 
Saturated Saturated Hydrogenation Analyt. (Compared to 

aldehydes (Compared to 
fatty steroid [ \ GLC from total aldehyde 

alcohols I ~ [  fatty acid esters from 
An l lyt .~ Reductive methyl ester total fatty 95.6% 4.4% l oz onolysis monoenes, acid methyl 

GLC ~, See Table IV.) ester 
T monoenes 

Analytical Analyt. GLC See Table V.) 
GLC / "x 

(See Tables II & Ill) Aldehydes Aldehyde 
and Fig. 2) acetates 

Position of double bonds established 
(See Tables II & IlI and Fig. 2) 

Saponification j ',, 
Nonsapon- Total fatty acids 

ifiable of surface l i p i d  
28% 72% 

MethyI ester 
format ion  

1 
SiO2-AgNO 3 

/ 1 \  
Saturated Monoenes Other 

43.2% 51.0% 5.8% 

Uni~den o Un~en- Reductive 
tiffed tiffed ozonolysis 

of total 

sa iple  

Analytical GLC 

Aldehydes Aldehyde 
methyl esters 

(Compared to 
aldehydes (Compared to 

from monoene aldehyde 
alcohol esters from 

acetates, monoene alcohol 
See Table IV.) acetates. 

See Table V.) 

Fro. 1. Preparation and work-up of the fatty alcohol portion of the wax ester plus sterol 
ester fraction and the total fatty acid fraction of human skin surface lipid. 

and products formed by reductive ozonolysis 
(6,7). 

For comparison of the chains of the wax 
alcohols with those of the total fatty acids of 
this sample of surface lipid, a portion of the 
total unchromatographed surface lipid was 
saponified, the fatty acids recovered, methyl- 
ated, and separated into a monoene fraction 
by procedures already described (6) .  The 
entire sample of monoenes of this sample was 
ozonized and analyzed by programmed GLC 
as described below. 

Gas chromatography was performed on a 
Loe Model 160 instrument equipped with a 
hydrogen flame ionization detector. Prepara- 
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tive GLC was performed on an 8 ft X 1A in. 
O.D. stainless steel column packed with 4% 
SE 30 on acid washed silanized Chromosorb 
G, 60 /80  mesh. The column was programmed 
from 180C to 260C at the rate of 2C/rain to 
260C and isothermally thereafter. Helium, at 
a flow rate of 75 ml /min,  was the carrier gas. 
A splitter sent one tenth the effluent to the 
detector and fractions appearing in the remain- 
ing nine tenths were trapped in capillary tubes. 
Analytical GLC of the collected fractions was 
performed on two columns; a) a 10 ft stain- 
less steel column, ~ in. O.D. packed with 3 % 
JXR on Chromosorb Q, and b) an 8 ft. stain- 
less steel column, V8 in. O.D. packed with 8% 
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TABLE II  
Proportion of Various Types of Saturated and Unsaturated 

Fatty Alcohols in Human Surface Lipid 

Fatty Alcohols 
Chain type Saturated Monoenes 

% % 
Normal even 50 65 
Normal odd 9 3 
Iso 26 25 
Anteiso 13 5 
Other 2 2 

100 100 

See footnote on p. 98 for definition of chain types. 

EGSSX on Gas Chromosorb P, both packings 
prepared by Applied Science, Inc. Both iso- 
thermal and programmed analyses were per- 
formed, the latter being preferable for ozonol- 
ysis studies. Programs were from 80C to 
190C at 4C/min  and 30 ml /min  He. 

Standard alcohols with double bonds at dif- 
ferent positions in the chain were prepared 
by LiA1H~ reduction of a series of monoenoic 
elaidic acids (gifts of R. J. Meyer, Morton 
S a l t  C o . ,  W o o d s t o c k ,  I l l . ) ,  where the 
double bonds were a l 0 ,  A l l ,  &12, &13, 
a14,  and A16. Iso and anteiso alcohols (gifts 
from A. W. Weitkamp) were similarly pre- 
pared. Oleyl alcohol (A9) was purchased from 
the Hormel Institute, Austin, Minn. The 
standard alcohols were all acetylated by the 
same procedure described above. 

Uncorrected areas as measured by triangula- 
tion or by peak height )< width at half height 
were used and gave values approximately +-5% 
of standards. 

The effects of our procedures (saponif ica-  
tion, chromatography on SiO2-AgNO3, acetyla- 
tion and methyl ester formation) were checked 
for double bond migration by comparison of 
the ozonolysis products formed by appropriate 
samples before and after resubjecting them to 
the same procedure. In  no case did we find 
alteration of the pattern of products formed 
greater than 0.5%. 

RESULTS 

Figure 1 presents the yields of the fractions 
obtained at various stages of the work-up. The 
total proportion of the different chain types of 
saturated and unsaturated alcohols are given 
in Table II. Evidence for the assignment of 
these structures to the various chain types is 
discussed below. Figure 2 gives the homo- 
logue distribution of the saturated and mon- 
oene wax alcohol acetates. Table I I I  gives the 
relative amounts of the individual molecular 

a. Normal 
Even No. C-atoms 

nlH, 
12 14 16 

b. Normal 
Odd No, C-atoms 

o n n 

= Saturated 
r a m =  Monoenr 

I ! 
- -  - -  m 

18 20 22 24 26 28 30 32 

n n n ~ _ 
13 15 17 19 21 23 25 27 

c. lso 

16 20 22 24 26 28 

17 19 21 23 25 

FIG. 2. Homologue distribution of wax alcohol 
acetates. 

species for each chain type of unsaturated al- 
cohol. Although trace amounts of monoenes 
were found for chain lengths up to C32, the 
saturated alcohols were not examined above 
Co_7 since mass spectrometry (1) did not reveal 
any significant amount of material (either sat- 
urated or unsaturated) above this chain length. 
Table I I I  also gives the results of the ozonoly- 
sis studies of the monoene alcohol acetates 
with position assignments of the double bonds. 
Besides the homologues of the chain types 
listed therein, ozonolysis revealed the presence 
of other types of branching. This became es- 
pecially apparent when small amounts of ma-  
terial were collected, i.e., in the low and in the 
high molecular weight  ranges.  Branching ap- 
peared to be present in some of the aldehyde 
ester fragments derived from monoenes of 
chain lengths from C26 to Czs. The nature of 
these minor components is under further study. 

Table IV gives the relative yield of the 
various types of aldehydes formed when a por- 
tion of the total sample of monoene fatty al- 
cohol acetates are reductively ozonized. These 
aldehydes are compared to those formed from 
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T A B L E  IV  
Relat ive  Am oun t s  of  Aldehydes  of  the  M a i n  Cha in  Types  Released f r o m  Ozonolysis  of  the To ta l  Monoenoic  

Acids  and f r o m  the To ta l  Monoene  W a x  Alcohols  of  H u m a n  Surface Lipida 

Chain types: Normal even Normal odd Iso Anteiso 

Aldehyde % of Aldehyde % of Aldehyde % of Aldehyde % of 
released Total released Total released Total released Total 
(ECL) aldehydes (ECL) a ldehydes  (ECL) aldehydes (ECL) aldehydes 

8 7.8 
9 6.6 8.7 1.6 

Total 10 64.0 9.6 8.0 
fatty acid 11 4.8 10.7 1.6 
monoenes 12 2.7 11.6 2.7 

12.7 trace 

74.5 11,4 10.7 3.2 

8 4.6 
9 3.0 8.7 trace 

Total wax 10 65.6 9.6 12.0 
alcohol 11 1.8 10.7 3.6 

monoenes 12 4.1 11.6 4.8 
12.7 .5 

74.3 4.8 16.8 4.1 

aAbbreviations as in Table III and footnote, p. 98. 

the total monoeno ic  fat ty acid methyl  esters. 
Table  V Nves the yields of  a ldehyde esters 
f o rmed  f r o m  the m o n o e n e  alcohol acetates and 
fat ty acid methyl  esters when  the total samples 
are reduct ively ozonized.  

DISCUSSION 

F r o m  the data  of  Fig. 1 it can be compu ted  
that  the monoeno ic  fat ty chains (i.e., fa t ty  acids 
and fat ty a lcohols)  that  make  up h u m a n  skin 
surface lipid are about  40% of the lipid 
whereas  the sa tura ted chains const i tute  about  
3 8 % .  Thus,  in terms of  quant i ty  at least, 
these chains const i tute the bulk of  surface 
lipid which  is pr imari ly  the p roduc t  o f  the 
sebaceous glands ( s ebum) .  Thei r  m a n n e r  of  
fo rmat ion  is therefore  of  some interest  to 

cutaneous  biology in par t icular  and perhaps  
to lipid chemis t ry  in general. 

It was earlier pos tula ted  (5)  that  in the 
sebaceous glands c o m m o n  mechan i sms  exist 
for  bui lding up and desaturat ing the hydro-  
ca rbon  chains  that  eventual ly  b eco me  the fat ty 
acids and the fat ty alcohols of  the various 
esters of  sebum. It was fu r ther  postula ted  that  
the chains which  were  to become  fat ty  alcohols 
were  ex tended  on the average of  two C2 units 
more  than  the chains  which  became  fat ty 
acids. These  conclusions were  reached  f rom 
a) a compar i son  of  the average n u mb er  of  
double  bonds  per  molecule  of  the wax alcohols 
and free fatty acids of  h u m a n  surface lipid 
(8 ) ,  b )  a compar i son  of the double  bond  posi- 
tion of  the free fatty acids (12)  with those of  
the alcohols (2 ) ,  and c) a compar i son  of  the 

T A B L E  V 

Mole % Aldehyde Esters Formed from the Monoenes of the 
Total Wax Alcohol Acetates and the Total Fatty Acids 

No.  of  C~ 
units  
chain  

Aldehyde extended 
ester  above C6 

Mole % aldehyde acetates 

C o m p u t e d  f r o m  
gas chrom,  data  

of  total wax 
alcohol  monoenes  

Computed 
from position 
isomer data 
O f Table III 

Mole % aldehyde 
methyl esters 

from gas chrom. 
of total fatty 

acid monoenes 

C6 0 1.4 0.6 
C~ 1 7.6 9.0 
C10 2 45.9 48.7 
C12 3 24.3 22.6 
C~ 4 15.5 16.5 
C,o 5 4.2 2.5 
C~s 6 0.7 t race  
C~.0 7 0.2 t race 
C2_~ 8 0.2 trace 

71.1 
25.3 

3.0 
0.6 

trace 
trace 
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chain types of fatty acids and fatty alcohols as 
they were known at tha t  time. Later it was 
found that for the fatty acid monoenes of the 
four main types of carbon skeletons of surface 
lipid (i.e., normal even, normal odd, iso and 
anteiso) the double bond position was either 
at A6 or could be derived from this position 
by chain extension at the carboxyl group by an 
integral number of C2 units (7,10,13). The 
data of this paper support this hypothesis that 
the fatty chains, which make up all the acids 
of the various lipid classes and all the fatty 
alcohols of the wax esters have a common 
origin and a common desaturation mechanism. 
It also gives some details as to chain extension 
processes which can account for the chain 
lengths actually found for the alcohols and the 
acids. 

The processes envisioned here can be sum- 
marized as follows (Fig. 3) :  

1) Four main types of fatty chains (normal 
even, normal odd, iso and anteiso) are first 
biosynthesized to lengths mainly from C~4 to 
C~s with C~6 in by far the greatest amount. 
The chains at this stage are presumably as acyl 
CoA derivatives. 

2) Some of these chains are then desatur- 
ated to form A6 monoenes. (Small amounts 
of polyenes are also formed. These have not 
been studied in this paper.) 

3) The A6 monoene chains are then ex- 
tended at the functional group side of the 
molecule by C2 units according to two distinct 
chain extension patterns. The first of =these 
forms the chains which become the monoenoic 
fatty acid moieties of the various esters of 
sebum, and the second the monoene fatty al- 
cohol moieties of the wax esters. It is probable 
that the saturated chains are also extended by 
the same chain extension patterns as those that 
form the unsaturated fatty acids and fatty 
alcohols. 

4) A small amount ( ~ 5 % )  of the chains 
f o r m e d  do not fit the above scheme. Such 

chains could conceivably arise by extension of 
a A7 or A9 chain by C2 units or by decarb- 
oxylation of the normal A6 or the A6 plus C2 
extended chain. 

Each of these processes will be discussed in 
turn: 

1) The Chain Types of Sebum. The struc- 
tures and biosynthesis of the various fatty acid 
chain types found in surface lipid has been re- 
viewed (6,13): Establishment of the struc- 
tures of the odd and even fatty alcohols was 
done by mass spectrometry (1).  

Assignment of the structures iso and anteiso 

Biosynthesis of fatty / normal even 
chains of lengths ~ normal odd 

C~, to C~ with C~ ~ iso- 
predominating ~ anteiso- 

/ at .X 6 to form ~ ~J. 

Chain extension 
according to the 

fatty acid pattern. 
Only about 30% 

extended 1 to 5 C2 
units. (Table V) 

1 
Fatty acid moieties 

of various esters 
of sebum (glycerides, 

sterol esters, wax 
esters, other). 

FIG. 3. Scheme for biosynthesis of the bulk of 
the fatty acids and fatty alcohols that occur in 
sebum. 

Chain extension 
according to the 

fatty alcohol pattern. 
Nearly all alcohols 
extended, 1 to 8 C~ 

units. (Table V) 

1 
Fatty alcohol 

moieties of  wax 
esters 

to the fatty alcohols is based upon the follow- 
ing considerations: a) H0ugen isolated 3 al- 
cohols whose melting points and infrared spec- 
tra corresponded to C2o, C~z and C.24 iso alco- 
hols (2). b) We found that when the monoene 
alcohol acetates are cleaved by ozonolysis the 
aldehyde rather than the aldehyde ester frag- 
ment shows the branching. The fractional 
carbon number (11) or equivalent chain 
length (ECL) for an iso or anteiso aldehyde 
is the same as that of a methyl ester, i.e., 0.60 
for iso and 0.72 for anteiso on JXR, a non- 
polar liquid phase for GLC. c) The naturally 
occurring saturated or the hydrogenated mono- 
ene alcohols give the correct equivalent chain 
lengths (ECL) for the iso or anteiso structure 
(i.e., 0.60 for iso and 0.72 for  anteiso on 
JXR).  (One would not expect the fractional 
ECL of an iso or anteiso alcohol acetate to be 
very different from the corresponding methyl 
ester, and indeed, this is what standard sub- 
stances show, but it is noteworthy that alde- 
hydes also show the same ECL for these types 
of branching.) d) Finally, as will be discussed 
below, the same biosynthetic processes which 
can explain the build up of fatty acid chains, 
where mass spectrometry has shown both iso 
and anteiso structures to be~present (6),  c a n  
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also explain the structures of the fatty alcohol 
chains. Thus, although these considerations do 
not rigorously prove that all the homologues 
reported as iso or anteiso in this study are 
such, they do make these structures highly 
probable. 

2) The Formation of  A6 Monoenes. Re- 
ductive ozonolysis of a monoene fatty acid 
methyl ester or a fatty alcohol acetate yields 
an aldehyde and an aldehyde ester in each case. 
If  the sequence of steps hypothesized above 
for the formation of the monoene chains of 
sebum is correct, then, on reductive ozonolysis, 
we would expect to obtain the same types and 
amounts of aldehydes from the fatty alco- 
hol monoenes as we do from the fatty acid 
monoenes. In a sense the double bond becomes 
a natural label. A sample of the total fatty 
alcohol acetate monoenes and the total fatty 
acid methyl esters (both obtained from the 
same individual to avoid possible biological 
variations) was reductively ozonized and the 
pattern of aldehydes obtained in each case 
compared (Table IV) .  The similarity of alde- 
hydes obtained from the two groups of mono- 
enes is s t r ik ing- -a  fact which strongly sup- 
ports their common biosynthetic origin. The 
relatively small differences that do exist, as for 
example between the normal odd chains or the 
iso chains, may indicate that the acids or the 
alcohols favor certain chain types, i.e., iso 
chains preferentially form fatty alcohols rather 
than fatty acids, and normal odd chains prefer- 
~ntially form fatty acids rather than fatty alco- 
hols. Normal  odd chain aldehydes might also 
arise to a small degree from fatty chains of the 
more common ~,9 type, e.g., from oleic acid. 
The free fatty acids of surface lipid contain 
about 2% of this fatty acid which is thought 
to be derived from keratinizing epidermis or 
bacteria rather than from the sebaceous gland 
(7).  

3) Further Chain Extensions. Since the 
same aldehydes are formed from ozonolysis of 
monoene chains either of fatty acids or of fatty 
alcohols in roughly the same amounts, differ- 
ences in chain length of these types of com- 
pounds must be reflected in their aldehyde 
esters. If, as was assumed above, •  monoenes 
are formed after chains mainly from C14 to C1~ 
length are first built up, the amount of chain 
extension of a given monoene can be deter- 
mined by noting how much longer is the chain 
length of the aldehyde ester in question com- 
pared to a C6 aldehyde ester. Data  for fatty 
alcohol acetate monoenes are given in Table 
III. Note that position isomers for any given 
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chain type differ from each other by 2 C- 
atoms. This is also true for the fatty acids (7) .  
These differences can be explained if various 
chain types with double bonds at A6 are ex- 
tended an integral number of C2 units (see 
last column of Table I I I ) .  

It  is possible to determine the total amount 
of each aldehyde acetate by ozonolysis of the 
total sample of alcohol acetate monoenes. I t  
is also possible to compute the total amount 
of aldehyde acetate of each chain length for 
the total fatty alcohol sample from the data 
of Table III. The mole percent of each mono- 
ene is first computed from the weight per- 
cent, then, from the percent of each position 
isomer present for each monoene, the moles 
of aldehyde acetate of each chain l eng th  can 
be calculated, totaled and percentages com- 
puted. Results from such a calculation are 
presented in Table V and these are compared 
to the mole percent of the same aldehyde ace- 
tates that were determined by ozonolysis of the 
total sample of alcohol acetate monoenes. The 
rather close correspondence between the two 
independently determined sets of results shows 
the internal consistency of the data. 

The aldehyde acetate pattern shows a maxi- 
mum at C , ,  but extends all the way to C22. 
I f  the chains are extended by C2 units from a 
2x6 chain starting point, as hypothesized here, 
this would mean that from 0 to 8 C2 units 
and maximally 2 C2 units are added. For  com- 
parison the chain extension pattern for the 
total fatty acids is also tabulated in Table V. 
Note that only about one fourth of these chains 
are extended above C~ aldehyde methyl ester, 
where as with the fatty alcohols nearly all the 
chains are extended above C6 aldehyde acetate. 

Although the scheme proposed here has been 
revealed by the unusually occurring 2x6 double 
bond, which served as a natural label, it is very 
likely that saturated chains for both acids and 
alcohols could also be formed by similar mech- 
anisms, i.e. first buildup of chains from C14 to 
C~s with C ~  in greatest amount, then further 
extension of these chains according to either 
the fatty alcohol or the fatty acid chain exten- 
sion patterns. This seems plausible since the 
same overall chain lengths which characterize 
either fatty alcohols or the fatty acid monoenes 
occur in the saturated series of compounds. 

4) Other Chain Formation Processes. In 
addition to the aldehyde ester pattern of the 
fatty alcohols described above, which accounts 
for about 95% of the wax alcohols, small but 
definite amounts of odd chain aldehyde esters 
were found for chain lengths ranging from C~ 
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to  a t  l ea s t  Cz l .  T h e  to ta l  f a t t y  ac ids  a l so  
s h o w e d  s m a l l  a m o u n t s  o f  a l d e h y d e  m e t h y l  
e s t e r s  r a n g i n g  f r o m  C~ to C~o. T h a t  t h e s e  o d d -  
c h a i n  a l d e h y d e  e s t e r s  a r e  n o t  p r i m a r i l y  d u e  to 
a r t i f a c t s  o f  p r o c e d u r e  w a s  r u l e d  o u t  b y  t h e  f ac t  
t h a t  t h e  o z o n o l y s i s  p r o c e d u r e  i t se l f  s h o w e d  less  
t h a n  1 %  o v e r  o x i d a t i o n  o r  d o u b l e  b o n d  m i -  
g r a t i o n  ( 1 4 ) ,  a n d  t h a t  n o n e  o f  o u r  p r o c e d u r e s  
( s u c h  as s a p o n i f i c a t i o n ,  c h r o m a t o g r a p h y  o n  
si l icic ac id - s i lve r  n i t r a t e ,  a c e t y l a t i o n  o r  m e t h y l  
e s t e r  f o r m a t i o n )  a l t e r ed  t h e  o z o n o l y s i s  pa t -  
t e r n s  m o r e  t h a n  0 . 5 %  b e f o r e  a n d  a f t e r  r e s u b -  
j ec t ing  t h e  s a m p l e  to the  s a m e  p r o c e d u r e .  

T w o  p o s s i b l e  w a y s  in w h i c h  f a t t y  c h a i n s  
w h i c h  w o u l d  y i e ld  o d d - c h a i n  a l d e h y d e  e s t e r s  
m i g h t  be  f o r m e d  b y  k n o w n  b i o c h e m i c a l  p r o c -  
esses  a re :  1)  A 9  d e s a t u r a t i o n  f o l l o w e d  b y  
c h a i n  b u i l d u p  or  d e g r a d a t i o n  b y  C~ un i t s ,  o r  
2 )  d e c a r b o x y l a t i o n  o f  t he  n o r m a l  A 6  or  t h e  
A6  p lu s  C,, e x t e n d e d  c h a i n  ( 1 5 , 1 6 ) .  W h i c h  
o f  t h e s e  m e c h a n i s m s ,  if e i t he r ,  is b i o l o g i c a l l y  
o p e r a t i v e  to  f o r m  the  o d d - c h a i n  a l d e h y d e  es-  
t e r s  f o u n d  in th i s  s t u d y  r e m a i n s  to  be  de t e r -  
m i n e d .  

T h e r e  is a pos s ib i l i t y  t h a t  s o m e  o f  t h e  u n -  
s a t u r a t e d  ac ids  s u c h  as A8,  A 6  a n d  o t h e r s  
w h i c h  w o u l d  y i e ld  a n  e v e n  c h a i n  a l d e h y d e  e s t e r  
c o u l d  a r i se  b y  d e c a r b o x y l a t i o n  o f  a A7  m o n -  
o e n e  o r  t he  c o m m o n  A9 m o n o e n e  c h a i n  fo l -  
l o w e d  by  f u r t h e r  C2 d e g r a d a t i o n  a n d / o r  C~ 
c h a i n  e x t e n s i o n .  I f  the  a m o u n t  o f  o d d - c h a i n  
a l d e h y d e  e s t e r  f o r m e d  is a n y  i n d i c a t i o n  o f  t h e  
a m o u n t  o f  s u c h  d e c a r b o x y l a t i o n ,  it m u s t  be  
:small  ( ~ 5 % ) .  
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SHORT COMMUNICATIONS 

Fatty Acids of the Lipids from Pullularia pullulans 

A LTHOUGH THE YEAST-LIKE FUNGUS, Pullu- 
laria pullulans, is one of the most common 

fungi in nature, the genus Pullularia has been 
little studied and taxonomic reports are rather 
confusing. In recent years a number of such 
organisms has been found in various parts of 
the human body thought to be inaccessible to 
bacteria, providing that the skin surface re- 
mains unbroken. Wynne and Got t  (1) reported 
the presence of P. pullulans in a jugular lymph 
node of a patient with Hodgkin's  granuloma, 
and yet another group noted the micro-organ- 
isms in rheumatoid arthritic joints. 

In previous studies from this laboratory the 
growth requirements, pigment formation and 
isolation, and lipid composition of P. pullulans 
and related organisms were investigated. The 
present report  presents gas chromatographic 
analysis of the fatty acids obtained on alkaline 
saponification of the lipids. 

Strain N R R L  YB-4515 of P. pullulans was 
grown in a medium containing the Difco prepa- 
rations, 0.3% yeast extract, 0.3% malt extract, 
and 1.5% glucose in addition to 0.0125% 
K2HPO4, 0.05% MgSO4"7H20, and 0.2% 
NH4C1. Glucose was sterilized separately and 
added aseptically to the rest of the sterile medi- 
um. Flasks, each containing 20 milliliters of 
medium, were inoculated with P. pullulans and 
shaken mechanically for 24 hr at 27C. After  
three subsequent transfers, the last of which 
was into 12-liter flasks containing 6 liters of 
medium each, the cultures were centrifuged and 
washed first with 1% NaC1 solution, then with 
triply distilled water until free from chloride 
and lyophilized. 

Two samples of lyophilized cells (38.5 and 
25.0 g) were shaken with chloroform-methanol 
(2:1,  v/v,  50 ml /g )  for 6 hr at 25C. The 
suspensions were centrifuged, and the cells 

were transferred to lipid-flee thimbles and sub- 
jected to Soxhlet extraction with the same sol- 
vent mixture for 3 hr. The filtered extracts 
were combined and concentrated in a rotary 
evaporator at 30C. 

For  the saponification, the lipids were heated 
with 0.5% KOH in 95% ethanol. After re- 
moval of the unsaponifiable matter by ether, 
the residue was acidified and the free fatty 
acids were extracted with ether. Portions of 
the unsaponifiabte matter were dissolved in 
ethanol and tested for the presence of caro- 
tenes and vitamin D2. 

For  the gas chromatographic studies, esterifi- 
cation of the extracted fatty acids was ac- 
complished by refluxing with boron trifluoride 
10% in methanol for 30 min. The mixture 
was diluted with water, and the methyl esters 
were extracted with petroleum ether. For  the 
identification of the fatty acid methyl esters, 
a Barber-Colman Series 5000 chromatograph 
with thermal conductivity detector was em- 
ployed. The methyl esters derivatives were run 
on a 10-ft. x �88 in. o.d. stainless steel column 
of 20% DEGS (diethylene glycol succinate) 
on 60-80 mesh Gas Pack S; the carrier gas 
was helium at 50 ml/min.  The injector, col- 
umn, and detector temperatures were 315C, 
195C, and 305C respectively. 

The lipid extract from 38.5 g of lyophilized 
cells amounted to 4.2 g or a recovery of 10.9%. 
The saponification number, glycerol percent- 
age (anhydrous basis),  iodine number (Wijs) ,  
and average molecular weight calculated on the 
basis of triglyceride were 205, 9.9, 76.8, and 
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TABLE I 
Fatty Acid Composition of Pullularia pullulans, Based on Gas 

Chromatography of Methyl Esters (DEGS Column). 

Tentative fatty acid Retention time Relative fatty acid 
identification in minutes distribution (area % ) 

n-Tetradecanoic 2.4 0.5 
C~ . -Monounsaturated 3.2 0.1 
n-Pentadecanoic  3.5 Trace 
n-Hexadecanoic 4.6 24.7 
C~-Monounsa tu ra ted  5.6 4.4 
n-Heptadeeanoic  6.5 0.4 
Cl r -Monounsa tura ted  7.5 0.1 
n-Octodecanoic  9.2 6.3 
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absence of trans-unsaturation was confirmed 
by infrared spectra. The unsaturated fatty 
acids, which amounted to 68.1%, constituted 
mainly the monounsaturated C18 acid (47.8% ; 
Table I ) .  Hexadecanoic acid (24 .7%) was the 
main saturated member; the ratio of unsat- 
urated to saturated components was 2:1. On 
the basis of many exploratory runs, good re- 
producibility of the data was achieved by the 
use of definite concentrations of glucose as 
well as several nutrient salts as specified. It 
might be mentioned that qualitative tests were 
positive for ~ and fl carotenes but negative for 
vitamin De. 

Certain similarities in regard to composition 
and yields are apparent among the lipids of 
P. pullulans and those of other yeasts, notably 
Saccharomyces cerevisiae. The amount of lipid 
extracted from P. pulhtlans on a dry-weight 
basis was 10.5-11.0%, a range which is con- 
sistent with that found by Hanahan et al. (2) 
and Kahane et al. (3) for S. cerevisiae, and 

with the findings by Cullimore and Woodbine 
(4) for several strains of Lipomyces starkeyi. 
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An in vitro Approach to the Mechanism of Cholesterol 
Deposition in vivo 

A THEROSCLEROSIS is a condition character- 
ized by "a v a r i a b l e  c o m b i n a t i o n  of 

changes of the intima of arteries consisting of 
the focal accumulation of lipids, complex car- 
bohydrates, blood and blood products, fibrous 
tissue, and calcium deposits . . . . .  " (1).  
Prominent among the accumulation of lipids 
are neutral fat and cholesterol. Although the 
development of atherosclerosis may be follow- 
ed histologically, such studies offer little in the 
way of a mechanism for the pathology that is 
observed. A better understanding of the etiol- 
ogy of atherosclerosis might be achieved by 
the availability of in vitro models that would 
mimic at least some of the changes observed 
in the phenomenon of atherogenesis. The 
studies reported in this conlmunication de- 
scribe an approach to such a model since they 
demonstrate one experimental condition where 
localized concentrations of cholesterol, at least 
approaching crystallization, accumulate on the 
surface of a relatively inert material, Permutit,  
from triglyceride solution. 

First, ~C-cholesterol of relatively low ac- 
tivity (140 cpm/mg,  280 dpm/mg)  was weigh- 
ed out in various amounts (10 to 90 rag) into 
screw-capped glass test tubes. Permutit  (Eimer 
and Amend, according to Folin)  was added 

(200 or 500 rag) to the dry cholesterol. Var- 
ious triglycerides (2 milliliters) were added 
to the tubes. The tubes were then stoppered 
and placed in an apparatus that rotated the 
tubes (60 rpm) at incubation temperature 
(37C).  Following rotation with incubation 
(18-24 hr) ,  the tubes were centrifuged (10 
rain) in a clinical centrifuge. Aliquots of the 
supernatant solutions (ca. 1 ml) were trans- 
ferred by disposable pipettes to tared counting 
vials. After  weighing, scintillation solution (10 
ml, 4 g PPO [2,5-diphenyloxazole] and 30 
mg POPOP (1,4-di-2E5-phenyloxazoyl]-ben- 
zene) per liter of toluene) was added to each 
vial, and the solutions were counted in a liquid 
scintillation spectrometer (Packard Tri-Carb) .  
From the counts obtained and the radioactivity 
of the cholesterol used, the amount of choles- 
terol adsorbed at each equilibrium level of 
cholesterol in solution was readily calculated. 
The procedures which are summarized are 
essentially those described in previous papers 
concerned with various aspects of the solubility 
of cholesterol in triglycerides (2-4). The re- 
suits obtained with a variety of triglycerides 
are illustrated by the data of Fig. 1. The 
amount of cholesterol adsorbed ( cpm/ml )  at 
two levels of Permutit  (100 mg/ml  and 250 
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vial, and the solutions were counted in a liquid 
scintillation spectrometer (Packard Tri-Carb) .  
From the counts obtained and the radioactivity 
of the cholesterol used, the amount of choles- 
terol adsorbed at each equilibrium level of 
cholesterol in solution was readily calculated. 
The procedures which are summarized are 
essentially those described in previous papers 
concerned with various aspects of the solubility 
of cholesterol in triglycerides (2-4). The re- 
suits obtained with a variety of triglycerides 
are illustrated by the data of Fig. 1. The 
amount of cholesterol adsorbed ( cpm/ml )  at 
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mg/ml)  is plotted as a function of the equilib- 
rium level of cholesterol (cpm/ml)  in solution. 
Theoretical curves fitting the data have been 
calculated and are indicated in dotted lines. 

In these experiments familiar Freundlich 
adsorption isotherms (y = ax n, where a > 1 
and n < 1), illustrated by an hypothetical 
curve (A, Fig. 1), were not obtained. Instead, 
curves that are "concave upwards" (y = ax n, 
where a < 1 and n > 1) resulted. Such 
adsorption curves are typical of those en- 
countered in "multiple layer" adsorption. In 
"multiple layer" adsorption one layer of ad- 
sorbate is first attracted with relatively low 
affinity to an adsorbing surface. The presence 
of this first adsorbed layer renders the surface 
more attractive to a second layer than to the 
first layer, and the presence of a second layer 
renders the surface more attractive to a third 
layer than to the second layer and so on, in 
sort of a "bootstrap" or vicious-circle manner. 
Obviously there are limits to the amount of 
cholesterol that can be adsorbed by a given 
amount of Permutit, and this level is easily 
reached by 100 mg/ml  of Permutit as seen by 
the results of the figure. 

The accumulation of layer on top of layer 
at a surface has some of 4hae features of crystal- 

lization. Presumably, had it been possible to 
use enough adsorbing agent in these experi- 
ments, adsorption would have continued until 
the adsorbed layers crystallized. 

Using the data for safflower oil and the 
higher level of Permutit (250 mg/ml ) ,  as an 
example, it was of interest to differentiate the 
theoretical curve fitting the data to yield an 
equation that describes the rate at which 
cholesterol is adsorbed by Permutit as a func- 
tion of the level of cholesterol in solution. The 
equation y ~ 0.00000125 x 3 on differentiation 
becomes dy/dx = 0.00000375 x 2. 

From this differentiated equation a number 
of interesting calculations can be made. For 
example, if an infinite capacity of 250 mg/ml  
of Permutit for adsorption is assumed, at a 
cholesterol level of only 1550 cpm/ml,  which 
is a cholesterol concentration of only 1.12%, 
for every increment of cholesterol added to 
the solution 90% would be adsorbed on the 
Permutit. In the same way it can be shown 
that from an equilibrium mixture where the 
cholesterol concentration is approaching satu- 
ration, which is a cholesterol concentration of 
only 3.36%, for every increase in cholesterol 
concentration 99% of the increment would be 
adsorbed by the Permutit. 

Although to postulate too strict an analogy 
between the adsorption of cholesterol on an 
inert adsorbing agent, such as Permutit, and 
the accumulation of cholesterol on tissue com- 
ponents may be unwarranted, it is not too far- 
fetched to suppose that there exist tissue com- 
ponents on which cholesterol may be readily 
adsorbed in multiple layers that eventually 
leads to crystallization. Such an hypothesis 
seems especially plausible in view of the facility 
with which cholesterol is adsorbed on Permutit. 
Separate experiments have shown that choles- 
terol is not adsorbed to any appreciable extent 
by Norit from triglyceride solution. Since the 
surface area per gram is much greater with 
Norit, as compared with Permutit, it is ap- 
parent that the nature of the adsorbing surface 
is of more significance in the adsorption of 
cholesterol from solution in triglycerides than 
is the actual surface area involved. The nature 
of the solvent from which cholesterol is ad- 
sorbed on Permutit is also of considerable sig- 
nificance with respect to the type of adsorption 
isotherm obtained. For example, cholesterol is 
well adsorbed on Permutit from solution in 
heptane, but the usual type of adsorption 
isotherm (A, Fig. 1) is obtained with a theo- 
retical curve fitting the experimental points that 
is described by y =  859 x ~ ( a > l ,  n < l ) .  A 
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curve of this shape is indicative of monolayer 
absorption that is most commonly seen in ad- 
sorption studies. 

A second unexpected finding from these 
studies is that cholesterol is adsorbed better 
from solution in a "hypochoIesterolemic" 
triglyceride, such as corn oil or safflower oil, 
than from a "hypercholesterolemic" triglyc- 
eride, such as coconut oil. The significance, if 
any, of this observation is not immediately ap- 
parent. 
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On the Phospholipases of Yeast 

I N A PREVIOUS STUDY o n  t h e  c o n v e r s i o n  o f  

lecithin and lysolecithin by yeast extracts we 
obtained evidence for the participation of phos- 
pholipase A (EC 3.1.1.4) and lysophospho- 
lipase (EC 3.1.1.5) activities (1,2) (reactions 
1 and 2, respectively). On the other hand Har- 
rison and Trevelyan (3) attributed a break- 
down of phospholipids occurring during a dry- 
ing of yeast to the action of phospholipase C 
(EC 3.1,4,3) activity (4) (reaction 3). 

1 2 
lecithin --~ lysolecithin --~ glycerophosphorylcholine 

3 ~  + fatty acid + fatty acid 

diglyceride + phosphorylcholine 

In view of these differences, it seemed desirable 
to obtain more conclusive information about 
the phospholipases present in yeast. 

Yeast (Saccharomyces cerevisiae) was cul- 
tttred on sterilized malt extracts containing 1% 
glucose (w/v) .  After incubation for 20 hr at 
30C under strong aeration the cells were har- 
vested by centrifugation. Enzyme preparations 
(yeast extracts) were obtained by stirring yeast 
ceils in three volumes (w/v)  of 0.1 M Tris 
buffer pH 7.2 for 2 hr at room temperature. 
After centrifugation at 3000 • g a clear slight- 
ly yellow extract was obtained. 32P-labeled 
lecithin and lysolecithin were ultrasonicated in 
buffer and incubated with 1.0 ml of the yeast 
extract at 37C Under continuous shaking. Re- 

actions were stopped b3r the addition of chloro- 
form-methanol (1:2, v /v ) .  Hydrolysis prod- 
ucts were separated into polar and apolar com- 
pounds, and identification of the water-soluble 
reaction product was done by paper chroma- 
tography, using as reference substances gly- 
cerophosphorylcholine and phosphorylcholine 
prepared from 32P-lecithin by alkaline hydroly- 
sis and phospholipase C (from B. cereus) de- 
gradation, respectively. The degradation prod- 
uct formed after incubation of both lecithin or 
lys01ecithin with the yeast extract revealed only 
one spot in three solvent systems. The R F 
values of the degradation product, glycerophos- 
phorylcholine and phosphorylcholine respec- 
tively were: in p r o p a n o l - a m m o n i a - w a t e r  
(6 :3 t l ,  v / v / v ) ,  0.44, 0.44 and 0.26; in picric 
acid-t butanol-water (1:20:5,  w / v / v ) ,  0.41, 
0.45 and 0.60; in phenol-water, 0.90, 0.93 and 
0.75. These results i n d i c a t e  a deg rada t i on  
pathway according to reactions 1 and 2. For- 
mation of phosphorylcholine could not be de- 
tected even by using whole yeast cells rather 
than the extract. Neither the suspension of 
whole cells nor that of ultrasonicated cells 
showed phospholipase C activity. Other modi- 
fications such as variation in the pH of the  
medium (pH 4.6 and 7.2), or addition of 
Ca-ions and ether did not allow phospholipase 
C activity to be detected. 

However, the results reported by Harrison 
and Trevelyan and by Hoffmann-Ostenhof et 
al. (4) were obtained on yeast that had been 
dried previously. For that reason the experi- 
ments were repeated with extracts or cells of 
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yeast reconstituted after drying to constant 
weight in an air atmosphere at 30C. The only 
lipolytic activity detectable was that producing 
glycerophosphorylcholine and fatty acids. The 
formation of the latter was investigated by 
incubating 1.0 ml of an extract of dried yeast 
with 100 m~mole of synthetic 1-stearoyl-2-[ 1- 
14C ] -oleoyl-glycero-3-phosphorylchotine (spec. 
act. 0.38 uc/~zmole). After  incubation the 
lipids were extracted and subjected to thin- 
layer chromatography on silica using petro- 
leum ether-diethylether-formic acid, ( 60 :40 :  
1.5, v / v / v )  as the solvent system. Radioac- 
tivity as measured in eluates of the spots in 
a liouid scintillation spectrometer was found 
mainly in the fatty acid (86 .5%)  and fatty 
acid ester (12 .2%)  fractions whereas digly- 
cerides accou,~ted for only 1.3% of the total 
radioactivity in the hydrolysis products. 

In order to obtain some further informa- 
tion about the processes that occur during 
drying of yeast, the cells were cultivated in 
a medium containing 1% glucose and [1-14C]- 
acetate (60 uc/100 ml, spec. act. 188 uc /mg) .  
Cells were harvested by centrifugation and 
washed twice with a 0.1 M Na-acetate solu- 
tion in saline. A part  of the culture was ex- 
tracted directly, whereas another part was first 
dried at 30C until a constant weight w a s  

reached (about 36 hr) .  In this procedure 2 g 
of  wet yeast (dried between filter paper)  gave 
0.62 g dried yeast ,  and after extraction 44 mg 
lipids (7.1% of dry weight) were obtained. 
The distribution of the radioactivity between 
the yeast lipids gave the following pattern, 
before and after drying respectively: phospho- 
lipids, 58.1 and 28.1%; monoglycerides, 1.8 

and 1.5%; diglycerides, 15.7 and 13.2%; fat- 
ty acids, 16.7 and 39.8%; triglycerides, 4.4 and 
5.4%; fatty acid esters, 2.0 and 8.6%; sterol 
esters, 1.8 and 3.4%. The large decrease in 
phospholipid radiOactivity appears to be bal- 
anced almost entirely by an increase in the ra- 
dioactivity of the fatty acids and the fatty acid 
esters, whereas diglycerides remain fairly con- 
stant. The fatty acid esters are most likely 
formed during the extraction of the lipids 
with chloroform-methanol mixtures. 

The results available so far point to the 
presence of a phospholipase A and a lysophos- 
pholipase in yeast, as shown by identification 
of the water-soluble as well as the lipid-soluble 
degradation products. These results were com- 
pletely confirmed by the observation that the 
decrease in yeast phospholipid content under 
our conditions of drying of  yeast is balanced 
by an increase in fatty acids rather than by 
an increase of diglycerides. 
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Determination of Unsaturation in Oils in the Presence 
of Saturated Aldehydes 

D URING STUDIES on the preparation of alde- 
hyde otis (4) it was desirable to deter- 

mine unsaturation in the presence of aldehyde 
groups. The Wijs iodine value method gave 
results which showed more than the true 
amount of unsaturation, as indicated by GLC 
data. The quantitative determination of un- 
saturation in oils by the addition of halogens is 
reported to be considerably affected by the 
presence of some carbonyl compounds (1) .  
Therefore the hydrogenation method of deter- 
mining unsaturation developed by Brown et al. 
(2) and improved by Miwa et al. (3)  was in- 
vestigated as a means of determining unsatura- 
tion in aldehyde oils. This method employs a 
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platinum catalyst with in situ generation of 
hydrogen from sodium borohydride solution. 

Hydrogenation of unsaturated vegetable oils 
by the Brown method is rapid, and a sharp 
end-point for the reaction is obtained after 
about 10 minutes. However aldehydes were 
found to undergo a much slower reduction by 
this method (Figure 1), and the reaction con- 
tinues well beyond the time required for 
saturation of double bonds. 

A mixture of an unsaturated vegetable oil 
and an aldehyde showed a rapid initial rate of 
reduction, and after a fairly sharp break a 
much slower reaction as aldehyde reduction 
continued. A plot was made of sodium boro- 
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yeast reconstituted after drying to constant 
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esters, 1.8 and 3.4%. The large decrease in 
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anced almost entirely by an increase in the ra- 
dioactivity of the fatty acids and the fatty acid 
esters, whereas diglycerides remain fairly con- 
stant. The fatty acid esters are most likely 
formed during the extraction of the lipids 
with chloroform-methanol mixtures. 

The results available so far point to the 
presence of a phospholipase A and a lysophos- 
pholipase in yeast, as shown by identification 
of the water-soluble as well as the lipid-soluble 
degradation products. These results were com- 
pletely confirmed by the observation that the 
decrease in yeast phospholipid content under 
our conditions of drying of  yeast is balanced 
by an increase in fatty acids rather than by 
an increase of diglycerides. 
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of Saturated Aldehydes 

D URING STUDIES on the preparation of alde- 
hyde otis (4) it was desirable to deter- 

mine unsaturation in the presence of aldehyde 
groups. The Wijs iodine value method gave 
results which showed more than the true 
amount of unsaturation, as indicated by GLC 
data. The quantitative determination of un- 
saturation in oils by the addition of halogens is 
reported to be considerably affected by the 
presence of some carbonyl compounds (1) .  
Therefore the hydrogenation method of deter- 
mining unsaturation developed by Brown et al. 
(2) and improved by Miwa et al. (3)  was in- 
vestigated as a means of determining unsatura- 
tion in aldehyde oils. This method employs a 
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platinum catalyst with in situ generation of 
hydrogen from sodium borohydride solution. 

Hydrogenation of unsaturated vegetable oils 
by the Brown method is rapid, and a sharp 
end-point for the reaction is obtained after 
about 10 minutes. However aldehydes were 
found to undergo a much slower reduction by 
this method (Figure 1), and the reaction con- 
tinues well beyond the time required for 
saturation of double bonds. 

A mixture of an unsaturated vegetable oil 
and an aldehyde showed a rapid initial rate of 
reduction, and after a fairly sharp break a 
much slower reaction as aldehyde reduction 
continued. A plot was made of sodium boro- 
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FIG. 1. Titration curve for a sample of pure 
pelargonaldehyde. 

hydride reagent used versus time, and the linear 
part of the curve (aldehyde reduction) was 
extrapolated to zero time as shown in Figure 2. 
The intercept was taken as the quantity of 
hydrogen (borohydride reagent) which re- 
acted only with the unsaturation. The hydro- 
gen iodine value (HIV) then could be cal- 
culated from the intercept value. 

Unsaturated aldehyde oils analyzed by the 
titration curve method gave HIV's in agree- 
ment with values indicated by GLC data. For 
a more reliable measure of the accuracy of 
the graphical method, samples were prepared 
for analysis by combining weighed amounts 
of saturated aldehydes and unsaturated tri- 
glycerides or methyl esters of known HIV. 
These were then hydrogenated, and the volume 
of borohydride reagent was read at one- 
minute intervals and plotted to give a curve. 
After extrapolation of the secondary part of 
the curve to zero time, HIV's were calculated. 
Those shown in Table I were obtained on 
samples taken from prepared mixtures of 
pelargonaldehyde and methyl oleate; values 
in Table II, from mixtures of soybean oil 
and methyl azelaaldehydate. In these tests the 
titration curve method gave a good degree of 
accuracy and repeatability. It was not necessary 
to wait for completion of the reduction reac- 
tion of .one aldehyde sample before adding a 
second sample to the same' solution for an 
HIV determination. The slope of the curve 

3.5 

3.0 
E 

2.5 

.0 2.0 
E 

o 
t~  

10 

0.5 

�9 Intercept = 2.67 ml. 
Calculated H.I.V. = 54.6 

�9 Iletermined H.I.V. = 54.4 

I I I I 
G(~ " 5 10 15 28 25 

Time, rain. 

FIG. 2. Hydrogen iodine value (HIV) obtained 
from a titration curve for a mixed sample of 
pelargonaldehyde and methyl oleate. 

for the secondary reaction for the second sam- 
ple was somewhat more steep than for the 
first sample, but this did not interfere with the 
determination. 

The aldehydes used in these studies did not 
adversely affect catalyst activity. After  re- 
duction of a sample containing an aldehyde, 
the catalyst showed no lowering of activity for 
reduction of an unsaturated oil containing no 
aldehydes. 

Crotonaldehyde (Eastman No. 1878) con- 
sistently yielded HIV's which were 20% higher 
than theory, Since this is a conjugated enaI, 
it is  believed the initial rate of aldehyde re- 
duction may have been accelerated, but after 
saturation of the C-C bond it apparently pro- 
ceeded normally. A high initial aldehyde re- 
duction rate would lead to erroneously high 
values for unsaturation. 

An ideal catalyst would have a n  even higher 
selectivity than the platinum catalyst used, i,e., 
effective on unsaturation without any aldehyde 
reduction. Palladium gave a slower rate for 

TABLE I 
Hydrogen-Iodine Values Determined for Mixtures Prepared 

from Methyl Oleate and C9 Aldehyde 

Theoretical 
Methyl Determined hydrogen-iodine hydrogen-iodine 

oleate, % value value 

Average 
14.2 11.7, 11.4, 11.8 11.6 12.1 
32.5 30.3, 29.8, 29.9 30.0 27.7 
60.5 55.0, 55.2, 54.4 54.9 54.6 
85.1 75.7, 74.7, 75.8 75.4 72.6 

TABLE II  
Hydrogen-Iodine Values Determined for Mixtures Prepared 

from Soybean Oil and Methyl Azelaaldehydate 

Theoretical 
Soybean Determined hydrogen-iodine hydrogen-iodine 

oil, % value value 

Average 
24.9 32.2,. 33.0, 35.3 33.5 33.8 
49.6 66.0, 64.7, 66.2 65.8 65,2 
75.0 98.0, 95.9, 98.2 97.4 98.7 

L[Pms, VOL. 2, No. 3 
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both reactions and was therefore less suitable 
than platinum. Other possible catalysts were 
not investigated. 
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Disc Electrophoresis of Human 

D ISC ELECTROPHORETIC  PATTERNS which 
were obtained with rat  serum were strik- 

ingly different from human serum patterns, in- 
dicating the presence of several previously un- 
observed lipoprotein components (1,2).  To 
date, the serum lipoprotein patterns of other 
species, using polyacrylamide gel, have not 
been reported. Since chickens, rabbits, and 
mice are commonly used in studies on lipid 
metabolism, it was considered worthwhile to in- 
vestigate the type and number of electrophor- 
etically resolvable lipoprotein components in 
the sera of these species and to compare them 
with those of rat  and human serum. 

The animals, rats (Hol tzman) ,  chickens 
(Columbian-New Hampshire cross),  rabbits 
(New Zealand),  and mice ( C F #  1 ) were main- 
tained on normal, commercially available diets 
(Purina Labena, Poultry ration, Purina rabbit  
chow checkers, and Purina Labena respective- 
ly).  The prestaining procedure and the electro- 
phoretic method were as described earlier (1) 
except that whole serum was substituted for 
whole plasma because gelation was sometimes 
encountered with prestained plasma. In these 
experiments, individual nonfasting animal sera 
were used except in the case of the ~mouse, 
where pooled sera from nonfasting mice was 
used. However, in all cases, at least three 
separate samples were used, and the patterns 
presented (Fig. 1 ) are typical of those obtained 
for each species. Densitometer tracings of the 
resolved gel patterns were obtained by using a 
Model E Microdensitometer (Canalco, Be- 
thesda, Md) .  The densitometer traces, rather 
than photographs, have been presented be- 
cause they provide a measure of quantitation 
of the separated bands. 

The present experiments have indicated the 
presence of 2-6 major and 2-6  minor lipo- 
protein components in the five species. The 
major components consist of at least one slow 
component close to the main gel-spacer gel 
interface and at least one fast component which 
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and Animal Serum kipoproteins 

was located just behind the albumin component. 
On the basis of the electrophoretic patterns ob- 
tained with ultracentrifugally isolated human 
and rat serum lipoproteins, these slow and fast 
components have been identified (1,2) as low- 
density and high-density lipoproteins respec- 
tively (LDL and H D L ) .  At  gel concentrations 
of 3.75% and above, the serum albumin is 
generally resolved from the high-molecular- 
weight, high-density lipoprotein. The albumin 
is detected as a brown or grey component be- 
cause it binds a polar, brown impurity present 
in Sudan Black B (2).  In some cases (for ex- 
ample, when the albumin carries certain lipids, 
such as free fatty acids, and when excessive 
amount of the impurity is not present in the 
dye) the albumin component is detected as a 
light green or blue band. 

With chicken serum, one LDL component 
and one H D L  component were prominently 
seen at all gel concentrations (Fig. 1). The 
H D L  was apparently the principal lipoprotein 
species in this serum since the ratio of the 
peak areas of H D L  to LDL was observed to be 
3.4. With 7.5% gel, 4 -6  minor components of 
intermediate mobilities between the LDL and 
H D L  components were also observed. Two of 
these minor components were only partially 
resolved from the main H D L  component and 
may therefore be part of the H D L  fraction. 
In mouse serum, the patterns indicated the 
presence of 2-4  LDL components and 2 H D L  
components (Fig. 1). The total intensity of 
H D L  components was greater than the LDL 
components. However, in 3 75% gel, the r a t i o  
of the peak areas of H D L  to LDL was lower 
than that in chicken serum. With rabbit  serum, 
the principal components were one LDL com- 
ponent and one H D L  Component and 2-3 
minor components of intermediate mobilities 
(Fig. 1). The albumin component was de- 
tected as a grey band at all gel concentrations. 
In 3.75% gel, the ratio of the peak areas of 
H D L  to LDL was also lower than that ob- 
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both reactions and was therefore less suitable 
than platinum. Other possible catalysts were 
not investigated. 
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dicating the presence of several previously un- 
observed lipoprotein components (1,2).  To 
date, the serum lipoprotein patterns of other 
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been reported. Since chickens, rabbits, and 
mice are commonly used in studies on lipid 
metabolism, it was considered worthwhile to in- 
vestigate the type and number of electrophor- 
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the sera of these species and to compare them 
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chow checkers, and Purina Labena respective- 
ly).  The prestaining procedure and the electro- 
phoretic method were as described earlier (1) 
except that whole serum was substituted for 
whole plasma because gelation was sometimes 
encountered with prestained plasma. In these 
experiments, individual nonfasting animal sera 
were used except in the case of the ~mouse, 
where pooled sera from nonfasting mice was 
used. However, in all cases, at least three 
separate samples were used, and the patterns 
presented (Fig. 1 ) are typical of those obtained 
for each species. Densitometer tracings of the 
resolved gel patterns were obtained by using a 
Model E Microdensitometer (Canalco, Be- 
thesda, Md) .  The densitometer traces, rather 
than photographs, have been presented be- 
cause they provide a measure of quantitation 
of the separated bands. 

The present experiments have indicated the 
presence of 2-6 major and 2-6  minor lipo- 
protein components in the five species. The 
major components consist of at least one slow 
component close to the main gel-spacer gel 
interface and at least one fast component which 
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and Animal Serum kipoproteins 

was located just behind the albumin component. 
On the basis of the electrophoretic patterns ob- 
tained with ultracentrifugally isolated human 
and rat serum lipoproteins, these slow and fast 
components have been identified (1,2) as low- 
density and high-density lipoproteins respec- 
tively (LDL and H D L ) .  At  gel concentrations 
of 3.75% and above, the serum albumin is 
generally resolved from the high-molecular- 
weight, high-density lipoprotein. The albumin 
is detected as a brown or grey component be- 
cause it binds a polar, brown impurity present 
in Sudan Black B (2).  In some cases (for ex- 
ample, when the albumin carries certain lipids, 
such as free fatty acids, and when excessive 
amount of the impurity is not present in the 
dye) the albumin component is detected as a 
light green or blue band. 

With chicken serum, one LDL component 
and one H D L  component were prominently 
seen at all gel concentrations (Fig. 1). The 
H D L  was apparently the principal lipoprotein 
species in this serum since the ratio of the 
peak areas of H D L  to LDL was observed to be 
3.4. With 7.5% gel, 4 -6  minor components of 
intermediate mobilities between the LDL and 
H D L  components were also observed. Two of 
these minor components were only partially 
resolved from the main H D L  component and 
may therefore be part of the H D L  fraction. 
In mouse serum, the patterns indicated the 
presence of 2-4  LDL components and 2 H D L  
components (Fig. 1). The total intensity of 
H D L  components was greater than the LDL 
components. However, in 3 75% gel, the r a t i o  
of the peak areas of H D L  to LDL was lower 
than that in chicken serum. With rabbit  serum, 
the principal components were one LDL com- 
ponent and one H D L  Component and 2-3 
minor components of intermediate mobilities 
(Fig. 1). The albumin component was de- 
tected as a grey band at all gel concentrations. 
In 3.75% gel, the ratio of the peak areas of 
H D L  to LDL was also lower than that ob- 
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FIG. 1. Typical disc electrophoretic patterns of chicken, mouse, rat, rabbit, and human 
serum lipoproteins at three different gel concentrations, as indicated. Migration from right to 
left with the arrows indicating the origin (main gel-spacer gel interface). The albumin com- 
ponent, where detected by Sudan Black B stain, indicated as a solid area. 

served in the case of chicken serum, consistent 
with literature values (3) .  

For  purposes of comparison, patterns of a 
normal human male serum at three main gel 
concentrations are presented (Fig. 1). One 
to three closely spaced LDL components and 
1-3 H D L  components were observed. The 
albumin component  separated as a light green 
and brown band in 5% and 7.5% gel respec- 
tively. The H D L  resolved into 2-3 compo- 
nents in the 5% gel and possibly into 3-4  com- 
ponents in the 7.5% gel. In 3.75% gel, the 
0.9 ratio of the peak areas (uncorrected for 
albumin) of H D L  to LDL was considerably 
lower than for the other species. In the se rum 
of rats fed Purina labena, between 4-6  lipo- 
protein components were visible at all gel con- 
centrations (Fig. 1) and confirmed earlier 
results, where a .semi-synthetic diet was em- 
ployed (1) .  

A t  5 and 7.5% gel concentrations, the low- 
density lipoproteins remain as tightly packed 
bands close to the spacer gel-main gel  inter- 
face and apparently resulted in the variations 
observed in the LDL peak areas at different gel 

concentrations. For  example, even though  
identical quantities of the same prestained 
sample was used, the human LDL peak area 
decreased from 408 mm 2 using 3.75% gel, to 
360 mm 2 using 5% gel, and to 248 mm 2 using 
7.5% gel. The ratios of the peak areas (un- 
corrected for albumin) of H D L  to LDL at 
these three gel concentrations were 0.9, 1.3, 
and 1.9 respectively, indicating that peak areas 
of the various components which were sepa- 
rated at different gel concentrations must be 
interpreted with caution. Furthermore,  satis- 
factory correlation between lipoprotein con- 
centration and stain intensity has not been ob- 
served because the dye uptake is apparently 
dependent upon the lipid composition of the 
tipoproteins (1) .  

The serum lipoproteins of several species 
have been previously resolved into 2-4  com- 
ponents by using paper electrophoresis, moving 
boundary electrophoresis, or ultracentrifuga- 
tion (3,4).  The potentially increased resolu- 
tion observed may be ascribed to differences in 
the pore sizes of the gels which enabled closely 
related lipoproteins to be separated. Although 
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high-density lipoproteins were apparently the 
predominant  species in the sera of chicken, rab- 
bit, and mouse, the serum tipoprotein patterns 
of these species were similar to the human 
rather than to the rat. In all species except 
rat, when 3.75% gel was used, there was an 
absence of major lipoprotein components of 
mobilities intermediate to those of LDL and 
HDL. Other data indicate that a significant 
portion of the intermediate components ob- 
served with rat  serum is probably attributable 
to the HDL~ (d = 1.050) fraction (2).  There- 
fore the HDL1 fraction may be absent or pres- 
ent at low concentration in the sera of other 
species. Alternatively the characteristics of the 
serum HDL~ fraction may vary among species. 
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Effect of Insulin on the Oxidative Desaturation of 

a-Linolenic, Oleic and Palmitic Acids 

G E L L H O R N  AND B E N J A M I  N (1) s h o w e d  t h a t  

the oxidative desaturation of stearie to 
oteie acid is depressed in the microsomes of  
alloxan-diabetic rats. The same defect was 
also found by Mercuri, Peluffo and Brenner 
(2) in the conversion of linoleic into ~/-lino- 
lenic acid in the liver of the same type of ani- 
mals. When the diabetic rats were injected 
with insulin the desaturating activity for both 
acids was recovered. Insulin, however, had 
no effect in vitro. In this study, evidence has 
been obtained that the oxidative desaturation 
of ~-linolenic to octadeca-6,9,12,15-tetraenoic 
acid, oleic to octadeca-6,9-dienoic acid and 
palmitic to palmitoleic acid are also depressed 
in the liver microsomes of alloxan-diabetic 
rats. 

Alloxan-diabetes was induced in two-month- 
old female rats from the strain of the Institute. 
Alloxan monohydrate (50 mg/kg,  Nutri t ional 
Biochemical Corp., Cleveland, Ohio) was in- 
jected intravenously. Animals were considered 
diabetic when fasting blood-glucose levels ex- 
ceeded 300 mg/100 ml. The rats were as- 
sembled in groups of five animals each. A first 
group was diabetic. A second group was 
formed by diabetic rats injected twice a day 
for the 48 hr prior to sacrifice with 15 units 
of glucagon-free crystalline insulin (Eli Lilly, 
Buenos Aires)  and 10 ml of 5% glucose in 
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isotonic saline. Two hours before being sacri- 
ficed, these animals were again injected with 
15 units of insulin. A third group did not re- 
ceive any treatment at all. A week p r i o r  to 
sacrifice all the animals received a semisyn- 
thetic fat-deficient diet (3) supplemented with 
50% fat-free casein in order to decrease the 
intracellular content of essential fatty acids. 

The activity of the oxidative desaturating 
enzymes of the liver microsomes was individ- 
ually measured for each rat using 1-14C ~- 
linolenic acid (22.0 m c / m M ,  89% radio- 
chemically pure, Radiochemical '  Center, Am- 
ersham, England) ,  1-14C oleic acid (32.5 mc/  
mM, 99% radiochemical purity, Radiochemi- 
cal Center, Amersham, England) and 1-14C 
palmitic acid (29.6 m c / m M  Calbiochem, Los 
Angeles, Cal.) as substrates. The microsomes 
were separated by differential centrifugation in 
a Spinco L2 ultracentrifuge at 140,000 X g 
(4) .  Five milligrams of microsomal protein 
and 0.2 ml supernatant were incubated for 20 
min in 02 at 35 C with 10 mt~moles of the 
labeled acids in 0.6 ml of a 0.15 M KC1 - 0.25 
M sucrose solution, containing in ~moles: ATP 
0.8, CoA 0.04, N A D P H  0.16, N A D H  0.33, 
MgCI2 3, glutathione 0.9, NaCN 0.6, N a F  25, 
nicotinamide 0.2 and .phosphate buffer (pH 7) 
25. The acids added were dissolved in 10 /~1 
propylene glycol. The reaction was stopped by 
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high-density lipoproteins were apparently the 
predominant  species in the sera of chicken, rab- 
bit, and mouse, the serum tipoprotein patterns 
of these species were similar to the human 
rather than to the rat. In all species except 
rat, when 3.75% gel was used, there was an 
absence of major lipoprotein components of 
mobilities intermediate to those of LDL and 
HDL. Other data indicate that a significant 
portion of the intermediate components ob- 
served with rat  serum is probably attributable 
to the HDL~ (d = 1.050) fraction (2).  There- 
fore the HDL1 fraction may be absent or pres- 
ent at low concentration in the sera of other 
species. Alternatively the characteristics of the 
serum HDL~ fraction may vary among species. 

A C K N O W L E D G M E N T S  
Blood samples provided by C. H. Walton,  E. P. Royal, 

A. H. Sakr, and H. L. Creiniu. This work was supported 
by Career Development Award  5-K3-CA-31,063-02 and 
Research Grant  CA4)1932-14 from the National Cancer  
Institute, U. S. Public Health Service. 

K .  A N A N T H  NARAYAN 

Burnsides Research L a b o r a t o r y  
University of Illinois 
Urbana,  Illinois 

REFERENCES 
1. Narayan,  K. A., H. L. Creinin and F. A. Kummerow, 

J. Lipid Res. 7, 150-157 (1966). 
2. Narayan,  K. A., W. E. Dudacek and F. A. Kum- 

merow, Biochim. Biophys. Acta  125, 581-590 (1966). 
3. Morris, B., and F. G. Courtice, Quart .  J. Exptl. 

Physiol. 40, 127-133 (1955). 
4. Lewis, L. A., A. A. Green and I. H. Page, Am. J. 

Physiol. 171, 391-400 (1952). 
[Received Nov. 15, 1966] 

Effect of Insulin on the Oxidative Desaturation of 

a-Linolenic, Oleic and Palmitic Acids 

G E L L H O R N  AND B E N J A M I  N (1) s h o w e d  t h a t  

the oxidative desaturation of stearie to 
oteie acid is depressed in the microsomes of  
alloxan-diabetic rats. The same defect was 
also found by Mercuri, Peluffo and Brenner 
(2) in the conversion of linoleic into ~/-lino- 
lenic acid in the liver of the same type of ani- 
mals. When the diabetic rats were injected 
with insulin the desaturating activity for both 
acids was recovered. Insulin, however, had 
no effect in vitro. In this study, evidence has 
been obtained that the oxidative desaturation 
of ~-linolenic to octadeca-6,9,12,15-tetraenoic 
acid, oleic to octadeca-6,9-dienoic acid and 
palmitic to palmitoleic acid are also depressed 
in the liver microsomes of alloxan-diabetic 
rats. 

Alloxan-diabetes was induced in two-month- 
old female rats from the strain of the Institute. 
Alloxan monohydrate (50 mg/kg,  Nutri t ional 
Biochemical Corp., Cleveland, Ohio) was in- 
jected intravenously. Animals were considered 
diabetic when fasting blood-glucose levels ex- 
ceeded 300 mg/100 ml. The rats were as- 
sembled in groups of five animals each. A first 
group was diabetic. A second group was 
formed by diabetic rats injected twice a day 
for the 48 hr prior to sacrifice with 15 units 
of glucagon-free crystalline insulin (Eli Lilly, 
Buenos Aires)  and 10 ml of 5% glucose in 

Lipms, VOL. 2, No. 3 

isotonic saline. Two hours before being sacri- 
ficed, these animals were again injected with 
15 units of insulin. A third group did not re- 
ceive any treatment at all. A week p r i o r  to 
sacrifice all the animals received a semisyn- 
thetic fat-deficient diet (3) supplemented with 
50% fat-free casein in order to decrease the 
intracellular content of essential fatty acids. 

The activity of the oxidative desaturating 
enzymes of the liver microsomes was individ- 
ually measured for each rat using 1-14C ~- 
linolenic acid (22.0 m c / m M ,  89% radio- 
chemically pure, Radiochemical '  Center, Am- 
ersham, England) ,  1-14C oleic acid (32.5 mc/  
mM, 99% radiochemical purity, Radiochemi- 
cal Center, Amersham, England) and 1-14C 
palmitic acid (29.6 m c / m M  Calbiochem, Los 
Angeles, Cal.) as substrates. The microsomes 
were separated by differential centrifugation in 
a Spinco L2 ultracentrifuge at 140,000 X g 
(4) .  Five milligrams of microsomal protein 
and 0.2 ml supernatant were incubated for 20 
min in 02 at 35 C with 10 mt~moles of the 
labeled acids in 0.6 ml of a 0.15 M KC1 - 0.25 
M sucrose solution, containing in ~moles: ATP 
0.8, CoA 0.04, N A D P H  0.16, N A D H  0.33, 
MgCI2 3, glutathione 0.9, NaCN 0.6, N a F  25, 
nicotinamide 0.2 and .phosphate buffer (pH 7) 
25. The acids added were dissolved in 10 /~1 
propylene glycol. The reaction was stopped by 
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TABLE I 
Effect of Insulin on the Oxidative Desaturation of l-x4C 

a-linolenie, 1-14C oleic and 1-a4C palmitic. 

Incubated Treated 
acid Diabetic Normal diabetic 

Linolenic 22~3 • 0.2 31.6 + 1.5 28.2 -+- 1.9 
P < 0.01 P < 0.05 

Oleic 3.1 -4- 0.2 5.1 + 0.4 5.7 -4- 0.2 
P <~ 0.001 P < 0.001 

Palmitic 22.7 • 1.6 33.2 + 2.1 41.5 ~+ 1.7 
P <S 0.02 P < 0.001 

Experimental condition and incubation as described in 
the text. Results expressed as percentage of labeled acid 
desaturated. Values given are means of 5 animals ana- 
lyzed in duplicate + standard error of the means. Prob- 
ability values are related to the diabetic rat. Mean blood 
glucose level in mg/100 ml at the time of sacrifice were: 
diabetic, 360+18; normal 103+0; treated diabetic, 106+ 
16. 

addi t ion of  10% alcoholic K O H  and the fatty 
acids recovered  by saponification. The  fa t ty  
acids were  esterified with methanol ic  3 N HC1 
for  3 hr  at 60C and the compos i t ion  and 
radioactivi ty dis t r ibut ion de te rmined  by gas- 
l iqu id - rad iochromatography  in a Pye  apparatus  
with ionizat ion de tec tor  and propor t iona l  
counter .  The  samples were  analyzed in col- 
umns  packed  wi th  12% polyethylene glycol 
succinate  on C h r o m o s o r b  W (80-100 m e s h )  at 
185C. The  structures of  the labeled acids 
synthesized were  proved  by  reduct ive ozonoly-  
sis (4) .  W h e n  ~-linolenic acid was incubated,  
the radioactivi ty was only found  in ~-linolenic 
and octadeca-619,12,15-tetraenoic acid. W h e n  
oleic acid was assayed the radioact ivi ty ap- 
peared  only in oleic and octadeca-6,9-dienoic  
acid and w h e n  palmit ic  acid was tested, label- 
ing was shown in palmit ic  and palmitoleic  acid 
and only traces in hexadecadienoic  acid. 

The  different  oxidative desaturat ing activity 
of  the mic rosomes  of  the three groups of  rats 
expressed as the percen t  convers ion  for  each 
of  the three acids tested (Table  I) shows that  
in alloxan diabetes mic rosomal  enzymat ic  ac- 
tivity is depressed  for several conversions.  
These  include stearic to oleic acid, l inolenic to 
7-1inolenic acid, a- l inolenic to octadeca-6,9,12,  
15-tetraenoic acid, oleic to octadeca-6,9-dienoic  
acid and palmit ic  to palmitoleic acid. All  of  
these defects  were  cor rec ted  by insulin treat- 
m e n t  in only two days. However ,  the recovery 
of  the activity was no t  the same for  the differ- 
ent  desaturat ing reactions.  The  desaturates  for  
palmit ic  and stearic acids gave higher  responses  
to insulin than  the enzyme for  desatura t ion of 
linoleic or ~z-linolenic acid. 

It follows f r o m  exper imenta l  evidence pres-  

TABLE II 
Fatty Acid Composition of the Liver Lipids of 
Alloxan-Diabetic Rats (Percent of the Total) 

Fatty acid a Control Diabetic 

16:0 23.9 21.7 - 24.6 
18:0 19.9 22.0 - 24.2 
18:1 15.2 14.0 - 16.2 
18:2 16.4 20.1 - 23.0 
20:4 21.9 12.8 - 15.8 

a Other components not tabulated account for 1009"o. 

ented  that  po lyunsa tura ted  fatty acids such as 
eicosatrienoic,  arachidonic,  e icosapentaenoic ,  
docosahexaenoic  acid, etc., would  be decreased 
in the diabetic animal.  This defec t  would  be 
only partially cor rec ted  by feeding seed oils. 
These  oils provide  only  oleic, l inolenic and 
~-linolenic acid that  would  not  be conver ted  
in the normal  m a n n e r  to higher  polyunsatu-  
ra ted acids by  the diabetic animal.  The men-  
t ioned po lyunsa tura ted  acids play an impor tan t  
role in building "no rma l "  phosphol ipids ,  in the 
permeabi l i ty  of  membranes ,  in the p roduc t ion  
of  energy,  in the e lectron t ranspor t  chain,  in 
the synthesis of prostaglandin,  in reproduct ion ,  
etc. In  consequence ,  many  of  the dis turbances 
associated with diabetes ( for  example,  vascular  
lesions) may  be a consequence  of  the de- 
pressed desaturat ing activity of the microsomes.  

A decrease in arachidonic  acid and an in- 
crease in l inoleic acid con ten t  was actually 
shown  in the fat ty acid compos i t ion  (Table  II)  
of  the total l iver lipids of  a l loxan-diabet ic  rats 
after only 2 weeks of  alloxan injection. 
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LETTERS TO THE EDITOR 

Naming Diastereoisomeric Polyhydroxystearates 
Sir: The diastereoisomeric 9,10-dihydroxy- 

stearates are best designated as threo and 
erythro isomers, depending on their relation- 
ship to the aldotetrose sugars threose and 
erythrose. Hydroxylat ion of linoleic acid or of 
linelaidic acid yields two erythro-9,!O-erythro- 
I2,13-tetrahydroxystearic acids or two threo- 
9,10-threo-12,13 isomers, but until recently it 
was not possible to assign a more detailed con- 
figuration to these four acids or to the eight 
optically active isomers obtained from vernolic 
acid (Bharucha and Gunstone, J. Chem. Soc. 
1611, 1956). Recent contributions to this jour- 
nal (Wood et al., Lipids 1, 399, 1966; Morris 
and Wharry,  Lipids 1, 41, 1966) have now 
settled this for the 9,10,12,13-tetrahydroxy- 
stearic acids and for the 9,10,12-trihydroxy- 
stearic acids derived from ricinoleic and 
ricinelaidic acid. 

The repeated use of  the terms threo and 
erythro for these polyhydroxy acids is clumsy, 
and we propose that the isomeric tr ihydroxy 
acids be related to the aldopentoses and the 
isomeric tetrahydroxy acids to the aldohexoses. 
On this basis the two erythro, erythro tetrahy- 
droxystearic acids are allo and manno isomers. 

ri HO + ,-, 
OH 

- OH 
H H H H 

Ho ~ O H  + H H O H  
O H  H H + O H  HO 

(D) (L) (D) (L) 
allo manno 

In a Fischer projection the more oxygenated 
end of the structure is placed uppermost and 
therefore, in these polyhydroxy monobasic 
acids, C(9)  will appear above C(12)  and 
C(13) .  The direction of the lowest hydroxyl 
group fixes the configuration as D or L, as 
shown above. Correlation of available data al- 

lows the assignments in the following tables to 
be made for the 9, 10, 12-trihydroxystearic 
acids and the 9, 10, 12, 13-tetrahydroxystearic 
acids. Configurations cannot be assigned to the 
optically active 9, 12, 13-trihydroxystearic 
acids (Gunstone and Morris, J. ScL Fd. Agric. 
10, 522, 1959) without further experimental 
work since it is not yet possible to relate con- 
figuration with melting point only, when two 
CH2 groups separate a pair of the hydroxyl 
groups. 

TABLE I 
9, 10, 12-trihydroxystearic acids (rap) 

D--arabino (9R, JOR, 12R) 85 ~ 
lr--xylo (9S, 10S, 12R) 106 
D--ribo (9S, 10R, 12R) a 111 
l>---lyxo (9R, 10S, 12R) a 136 

alncorrect ly designated by Wood  et al. 

TABLE II 
9, 10, 12, 13-tetrahydroxystearic acids (mp) 

rgtc L 

ido 148 ~ 148 (9S, 10S, 12S, 13S) 
galacto 126 122 (9R, 10R, 12S, 13S) 
gulo 164 165 (9R, 10S, 12S, 13S) 
talo 126 112 (9S, 10R, 12S, 13S) 

rac 
gluco 164 156 (9S, 10S, 12S, 13R) 
altro 142 130 (9R, 10R, 12S, 13R) 
manno  174 177 (9R, 10R, 12S, 13R) 
allo 164 I56 (9S, 10R, 12S, 13R) 
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"Phosphonolipids. IX. Phosphonolipid Me- 
tabolites: Synthesis of L-~-Glyceryl-(2-trime- 
thylammoniumethyl)phosphonate,"  by Erich 
Baer and Ranga Robinson. Lipids, March, 
1967. On page 195, column i ,  line 15 should 

begin, "E~]D-0.6 ~ in water . . . .  " On the same 
page, column 2, line 6 should read, " [~]D e4 
-1.5 ~ in water . . . .  " T h e  name of  the co-author, 
DR. RANGA ROBINSON, was inadvertently omit- 
ted from the signature of this communication. 
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Influence of Medium-Chain Triglycerides on 
Lipid Metabolism in the Rat 
GILBERT A. LEVEILLE, 1 RONALD S. PARDINI, and JERRY ANN TILLOTSON, 
U. S. Army Medical Research and Nutrition Laboratory, Fitzsimmo.ns General Hospital, 
Denver, Colorado 

ABSTRACT 

Lipid metabolism was studied in rats 
fed diets containing corn oil, coconut oil, 
or medium-chain triglyceride (MCT) ,  a 
glyceride mixture containing f a t t y  acids 
of 8 and 10 carbons in length. The in- 
gestion of MCT-supplemented, cholesterol- 
free diets depressed plasma and liver total 
lipids and cholesterol as compared with 
corn oil-supplemented diets. In rats fed 
cholesterol-containing diets, plasma cho- 
lesterol levels were not influenced by di- 
etary MCT, but liver cholesterol levels 
were significantly lower than in animals 
fed corn oil. In vitro cholesterol syn -  
thesis from acetate-l-~4C was lower in 
liver slices of rats that consumed MCT 
than in similar preparations from corn 
oil-fed rats. Studies of fatty acid carboxyl 
labeling from acetate-l-14C and the con- 
version of palmitate-l-~4C to Cas acids by 
liver slices showed that chain-lengthening 
activity is greater in the liver tissue of rats 
fed MCT than in the liver of animals fed 
corn oil. The hepatic fatty acid desatura- 
tion mechanisms, evaluated by measuring 
the conversion of stearate-2-14C to oleate, 
was also enhanced by feeding MCT. 

Adipose tissue of rats fed MCT converts 
acetate-l-14C to fatty acids at a much 
faster rate than does tissue from animals 
fed corn off. Evidence is presented to show 
that the enhanced incorporation of acetate 
into fatty acids by the adipose tissue of 
rats fed MCT represents de novo synthe- 
sis of fatty acids and not chain-lengthening 
activity. Data are also presented on the 
fatty acid composition of plasma, liver, 
and adipose tissue lipids of rats fed the 
different fats under study. 

INTRODUCTION 

~ I - - H E  HYPOCHOLESTEROLEMIC EFFECT o f  di-  
e t a r y  medinm-chain triglyceride (MCT) ,  

x Present address: 124 Animal Sciences Laboratory, 
Division of Nutritional Biochemistry, Department of 
Animal Sciences, University of lllinois, Urbana, Ill. 

a triglyceride mixture containing approximately 
75% caprylic (C8) and 25% capric (C10) 
acids, has received considerable attention in 
recent years. MCT, when substituted in the 
diet for glycerides containing fatty acids of 
longer-chain length, has been shown to depress 
serum cholesterol levels in the rat (1-4),  dog 
(5) ,  rabbit (6) ,  and in man (7) .  The mech- 
anism involved in the cholesterol depression in- 
duced by MCT remains to be elucidated. 

Recently Kritchevsky and Tepper (4) have 
investigated the effect of dietary MCT on he- 
patic lipogenesis and cholesterogenesis in the 
rat. The incorporation of acetate-l-14C into fat- 
ty acids, both in vivo and in vitro, was en- 
hanced by MCT ingestion. The influence of 
MCT on acetate-l-14C incorporation into cho- 
lesterol was less conclusive. MCT-fed rats in- 
corporated less acetate into liver cholesterol in 
vivo than did animals ingesting a corn oil-sup- 
plemented diet; however liver slices from MCT- 
fed rats converted significantly more acetate- 
1-14C into cholesterol than did slices from corn 
oil-fed animals. Consequently the influence of 
MCT on hepatic cholesterogenesis is not clear. 

Kritchevsky and Tepper (4) and Reiser et 
al. (9) have suggested that the increased in- 
corporation of acetate-a4C into fatty acids, in- 
duced by MCT ingestion, may reflect increased 
chain-lengthening activity rather than de novo 
synthesis of fatty acids. Suggestive evidence in 
support of this contention has been presented 
(9,10);  however this point remains to be es- 
tablished. 

The studies to be reported were undertaken 
in an effort to define further the metabolic al- 
terations induced in various tissues as a conse- 
quence of the ingestion of MCT. These inves- 
tigations were concerned with the effects of 
dietary MCT on fatty acid biosynthesis, elon- 
gation, and desaturation in liver and adipose 
tissue and on cholesterol synthesis in liver. The 
results obtained demonstrate that liver and adi- 
pose tissue respond to the ingestion of MCT 
differently, and the data further suggest a 
mechanism for the hypocholesterolemic effect 
of dietary MCT. 

The principles of laboratory animal care, as 
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288 G I L B E R T  A .  L E V E I L L E ,  RONALD S. PARDINI AND JERRY A N N  T I L L O T S O N  

T A B L E  I 

Percen tage  Composi t ion  of Fa t ty  Acids  of Var ious  Fats ,  Diet ,  and the Liver  of a Cont ro l  An ima l  

Fat ty  acid  a Corn  oil  Coconut  oil M C T  Lab  chow Liver  l ipids of iab chow-fed ra t  

8 :0  - -  6.9 55.9 - -  - -  
10:0  - -  6.5 36.3 0.8 - -  
12 :0  - -  38,6 3.8 0.4 1.0 
12:7?  b 0.6 . . . .  
14:0 0.3 20.8 1.3 2.5 1.4 
14:1 - -  - -  0.4 1.1 0.8 
16 :0  14.4 13.6 0.8 22.5 20.8 
16:1 . . . . .  
18:0  2.7 3.5 0.4 9.2 20,4 
18:1 19.6 6.4 0.5 27.7 14.9 
18:2  56.3 2.7 0.6 27.7 19.6 
18:3 6.2 0.9 - -  6.1 3.2 
20 :4  - -  - -  - -  1.9 17.9 

a T h e  number  preceding the colon represents  the ca rbon  chain- length,  and  the number  fol lowing the colon 
indicates  the number  of double  bonds.  

bUniden t i f i ed  fat ty acid with a re tent ion t ime of 12.7 carbons.  

promulgated by the National Society for Medi- 
cal Research, were observed. 

EXPERIMENTAL PROCEDURE 

Male Holtzman rats, weighing between 150 
and 200 g and prefed Purina rat  chow, were 
used in Experiments I-IV, and female Holtz- 
man rats, weighing 216 g, were used for Exper- 
iment V. The animals were housed in stain- 
less steel cages with raised wire floors and in a 
temperature- and humidity-controlled room 
(70F and 50% relative humidity).  Food and 
water were supplied ad libitum, and food con- 
sumption and body weight were determined at 
weekly intervals. The basal diet used in these 
studies had the following percentage composi- 
tion: vitamin-free casein, 20; L-cystine, 0.3; 
vitamin mix (Vitamin Diet Fortification Mix- 
ture, Nutri t ional Biochemicals Corporation, 
Cleveland, O.) ,  2.2; nonnutritive fiber, 4; salt 
mix (USP XIV) ,  4; corn oil, 2; glucose, 55.5; 
and fat supplement, 12. All diets therefore 
contained 14% lipid; the corn oil-supplemented 
diets contained 14% corn oil whereas the coco- 
nut oil and MCT (supplied by G. S. Knight, 
Drew Chemical Company, Boonton, N. J.) 
diets were composed of 12% of the fat under 
study plus 2% corn oil. The 2% corn oil was 
added to all diets to supply essential fatty acids 
since an essential fatty acid deficiency has been 
shown markedly to influence fatty acid synthe- 
sis (11).  For  comparison, values for the fatty 
acid composition of the fats used and for Pur- 
ina rat chow are shown in Table I. The cho- 
lesterol-supplemented diets employed in these 
studies contained 2% cholesterol and 0.5% 
cholic acid added to the diets at the expense 
of glucose. The experimental diets were fed to 
groups of 7-10 rats for two or three weeks. 
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The number of  animals used and the duration 
of each experiment are indicated in the tables. 
In all experiments presented, animals fed corn 
oil served as controls for comparison with rats 
fed other lipid supplements. 

At  the end of each experiment the animals 
were sacrificed by decapitation, and blood was 
collected by funnel. The tissues to be used for 
metabolic studies and for chemical analysis 
were quickly  removed. Liver slices were pre- 
pared with a Stadie-Riggs hand microtome 
from the left lateral lobe. Epididymal adipose 
tissue was used, and metabolic studies were 
carried out with segments of the thin peripheral 
portion, weighing approximately 100 mg. All 
incubations were carried out in calcium-free 
Krebs-Ringer bicarbonate buffer (12),  pH 7.4, 
containing the appropriate substrates. For  the 
study of fatty acid synthesis from acetate-l-14C 
the buffer contained per ml 10 t,moles sod- 
ium acetate, 0.167 #C of acetate-l-14C, and 5 
/~moles glucose. Insulin (a gift from W. Brom- 
er, Eli Lilly and Company, Indianapolis, Ind.) ,  
0.1 unit per ml, was also added to flasks in 
which adipose tissue was incubated. For  the 
study of palmitate-l-14C and stearate-2-~4C util- 
ization, calcium-free Krebs-Ringer phosphate 
buffer was fortified with 3% bovine serum 
albumin and 160 t~moles of fatty acid, 5 
~moles of glucose, and 0.25 #C of radioactive 
fatty acid per ml. The details of the incuba- 
tion procedure, isolation of radioactive prod- 
ucts, and counting procedures have been pre- 
viously described (13).  

The samples to be used for fatty acid analy- 
sis were extracted with chloroform: methanol 
(2 :1) ,  and the lipids were saponified by re- 
fluxing in 0.5 N methanolic KOH for 30 min. 
The nonsaponifiable fraction was extracted with 
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petroleum ether (bp  30-60C);  the aqueous 
phase was acidified with N HC1, and the fatty 
acids were removed by repeated extraction 
with petroleum ether. The combined ether 
fraction was washed with water and dried over 
anhydrous Na2SO4. The solvent was carefully 
evaporated, 2 the acids were dissolved in 0.5 ml 
of 10% methanol in ether and methylated with 
diazomethane (14).  The solvent was again 
carefully evaporated, and the fatty acid methyl 
esters were stored at -20C in petroleum ether 
until analyzed. Prior to analysis by gas-liquid 
chromatography, the methyl esters were dis- 
solved in a minimum of carbon disulfide. An- 
alyses were carried out on F & M models 609 
and 810 research chromatographs equipped 
with hydrogen flame detectors. An 8-ft x 1/8 
in. I.D. stainless steel column, packed with di- 
ethylene glycol succinate on Gaschrom P (100- 
200 mesh) (15),  was used. The flow rate and 
temperature were adjusted to give a retention 
time of 10.3 min for methyl stearate. Equiva- 
lent retention-time values derived from stand- 
ards were used to identify individual fatty 

~Extreme care was necessary to  prevent  losses of the 
volat i le  esters of shorter-chain fat ty acids; a very gentle 
ni t rogen flow was essential. Temperatures  above room 
temperature and reduced pressures were to be avoided. 
Losses of up to 50% of the lower-chain fatty acids were 
observed when these precautions were not  carefully adhered 
to. 

acids. The results are expressed as area per- 
centage; the peak areas were determined by tri- 
angulation (height x width at 0.5 height).  In 
those studies in which individual fatty acids 
were collected for radioactivity determination, 
the F & M model 810 equipped with a stream 
splitter was used. Then 10% of the effluent 
was allowed to flow directly through the hydro- 
gen flame detector; the remaining 90% of the 
effluent was directed to the heated collection 
port, and the fatty acids were collected in 
cooled glass capillaries. The isolated fractions 
were eluted with petroleum ether, and t h e  
radioactivity was determined by liquid scintil- 
lation, using a toluene scintillant solution (13).  
This isolation system was evaluated with palm- 
itate-l-14C as a standard, and recoveries of 
95% of theory were obtained. 

Decarboxylation of fatty acids was accom- 
plished by treatment with sodium azide as de- 
scribed by  Brady et al. (16).  The system of 
Baggiolini and Bickel (17) was used to collect 
the evolved 14CO2 by using ethanolamine: 
methyl eellosolve (1:2,  v / v )  as a trapping 
agent and a gentle flow of nitrogen as carrier 
gas. After  termination of the reaction, 10 ml 
of toluene scintillant (13) were added to the 
vial, and radioactivity was determined. 

Liver lipids and liver and plasma cholesterol 

T A B L E  I I  

Body Weigh t  and P lasma and Liver  Lipids  of Rats  Fed  Different Fa t s  

P lasma  Liver  a Plasma-l iver  
F ina l  cholesterol 

Dietary fat body weight Tota l  l ipids  Cholesterol  Fa t  Cholesterol pool  

g mg/100 ml  mg/100 nil  % m g / g  mg 

Experiment  I b 

Corn oil  269 ___ 5 e 408 -4- 25 66 4- 2 5.0 4-4- 0.I 3.65 + 0.12 50 -r I 
Coconut  oil  274 4- 5 339 4- 12 65 4- 2 5.2 4- 0.1 3.61 4- 0.17 52 4- 2 
M C T  264 4- 2 249 • 21 49 4- 2 5.0 4- 0.1 3.21 4- 0.18 42 4- 2 
Corn vs coconut a ns P < .050 ns ns ns ns 
Corn  vs M C T  ns P < .001 P < .001 ns ns P < .005 
Coconut  vs MCT  ns P < .005 P < .001 ns ns P < .005 

Experiment  I I b  

Corn  oil  257 • 6 e 409 --4- 28 76 4- 3 5.5 • 0.3 4.98 • 0.33 66 + 5 
Coconut  oil  259 + 7 402 • 40 68 • 3 5.1 + 0.1 3.34 + 0.08 47 + 2 
M C T  244 + 5 264 + 15 52 4- 2 4.7 4- 0.1 3.20 4- 0.04 40 • 1 
Corn vs coconut ns ns ns ns P < .001 P < .005 
Corn  vs MCT  ns P < .001 P < .001 P < .025 P < .001 P < .001 
Coconut  vs MCT  ns P < .010 P < .001 P < .050 ns P < .010 

Experiment  I I I b  

Corn oil  263 + 5 e 835 + 62 99 ___ 4 5.6 4- 0.2 3.47 -+- 0.13 55 --4- 2 
M e T  254 -1- 3 494 • 54 68 + 6 5.3 + 0.2 2.83 • 0.10 40 • 2 
Corn  vs MCT  ns P < .001 P < .001 ns P < .001 P < .001 

�9 Liver  values are expressed on a wet-weight basis. 

b Experiments I and I I  were of three-weeks durat ion and Experiment  I I I ,  of two-weeks duration. Mean 
ini t ial  body weights for  Experiments  I, II ,  and I I I  were 185, 146, and 179 g respectively. 

eMean for eight rats • s t anda rd  error of  the mean. 

aProbabi l i ty  of the difference being significant; ns = not  significant. 
eMean for 10 rats • s tandard error of  the mean. The M C T  group contained nine rats. 

LIPIDS, VOL.  2,  NO.  4 
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T A B L E  1II 

Body Weigh t  and P lasma and Liver  Lipids  of Rats  Fed  Cholesterol-Supplemented Diets 
Conta in ing  Different  Fats  

Dietary fat 

Plasma Liver  a Liver-plasma 
cholesterol 

Body weight Cholesterol  Total  l ipids Fa t  Cholesterol  pool  

g rag/100 ml  rag/100 ml  % m g / g  mg 

Experiment  I V  b 

Corn oil 265 + 3 e 218 + 16 915 • 47 18.7 + 0.5 20.8 + 0.6 330 q-~ 6 
Coconut  oil  267 -4- 2 200 • 14 878 • 56 15.3 • 0.7 15.6 + 0.3 243 ~ 8 
M C T  258 • 6 243 + 16 1040 + 54 14.8 • 0.6 16.2 • 1.1 235 ~+ 19 
Corn vs coconut a ns ns ns P < .005 P < .001 P < .001 
Corn vs MCT  ns ns ns P < .001 P < .005 P < .001 
Coconut  vs MCT  ns ns ns ns ns ns 

Experiment  V b  

Corn oil  232 + 6 e 167 • 24 556 + 79 16.0 • 1.1 16.3 + 0.9 201 • 17 
Coconut  oil  230 • 2 133 • 10 505 • 42 14.1 + 1.2 11.8 + 1.0 142 ~ 10 
M C T  231 • 4 183 + 26 761 + 124 9.4 ~ 0.2 9.3 ~ 0.4 124 ~q- 6 
Corn  vs coconut ns ns ns ns P < .010 P < .025 
Corn vs MCT ns ns ns P < .001 P < .001 P < .005 
Coconut  vs MCT  ns ns ns P < .005 P < .050 ns 

**Liver values are expressed on a wet-weight basis. 

bExperiments  IV and V were of three-weeks duration. Mean ini t ia l  body weights for  Experiments I V  and 
V were 158 and and 216 g respectively. Female  rats were used in Experiment  V. 

eMean for  eight rats • s tandard error of the mean. 

dProbabi l i ty  of the differences being significant;  ns = not  significant. 

eMean for seven rats + s tandard error of the mean. 

were determined as previously described (18, 
19). Total serum lipids were determined by 
using the procedure of Huerga et aL (20). 
The data were analyzed statistically by means 
of the "t" test. 

RESULTS AND DISCUSSION 

Influence of Dietary Lipids on Plasma and 
Liver Lipids 

The effects of the various dietary fats tested 
on plasma, and liver lipids o f  rats fed choles- 
terol-free or -supplemented diets are shown in 
Tables I1 and III. The data presented in Table 
II demonstrate lower plasma and liver total lipid 
and cholesterol levels for rats fed MCT as 
compared with values for animals fed corn oil 
or coconut oil. These results are in agreement 
with the observations of other investigators (1- 
4). The depression in plasma and liver cho- 
lesterol levels induced by MCT is reflected in 
the plasma-liver cholesterol pool (sum of total 
p l a s m a - b  liver cholesterol) (21), a finding 
also in agreement with the observations of 
Kritchesvky and Tepper (4). In rats fed cho- 
lesterol-cbolic acid supplemented diets, MCT 
or coconut oil, in comparison with corn oil, 
did not significantly influence plasma choles- 
terol or total lipid levels (Table III) .  This lack 
of effect of MCT is in contrast to the signifi- 
cant decrease in plasma and liver cholesterol 
levels observed by Kritchevsky and Tepper (4) 
in rats fed a cholesterol-supplemented diet. It 
was found that rats fed coconut oil or MCT 
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had lower liver cholesterol and lipid levels and 
the plasma-liver cholesterol pool was decreased, 
but in two separate experiments, as shown in 
Table III, plasma lipids remained unaltered as 
a consequence of MCT feeding. The reasons 
for the difference in results between this study 
and that of Kritchevsky and Tepper (4) are 
not clear but may relate to the different strain 
of rat used, the different levels of fat fed (12 
vs 20% ), or possibly to other differences in 
experimental procedure. 

The results of the two experiments presented 
in Table III are in general agreement, but some 
differences are evident. Although the reasons 
for these discrepancies are not clear, it should 
be noted, as indicated in Table III, that the 
starting weights and sex of the animals used in 
these two experiments were different and con- 
sequently could have contributed to the ob- 
served differences. 

Effect of Ingested Fat on Fatty Acid Composition 
Plasma and liver obtained from rats used in 

Experiments I and III (Table II) were taken 
for fatty acid analysis, and the findings are 
presented in Table IV; as can be seen, the re- 
suits of the two experiments are in good agree- 
ment. The most striking difference observed 
is the much higher level of linoleate 18:2 in 
plasma and liver lipids of rats fed the corn oil 
diet. This observation is not startling since 
corn oil fatty acids contain over 50% linoleate 
(Table I).  The ingestion of linoleate by coco- 
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T A B L E  IV 

Liver  and Plasma Fat ty  Ac id  Compos i t ion  of Rats  Fed Different Fats  

291 

Plasma Liver  

Fa t ty  acid a Dietary fa t :corn  oil  Coconut  oil  MCT Corn oil  Coconut  oi l  M C T  

Experiment  I 

10:0 1.7 4- 0.5 b 1.4 4- 0.2 3.9 4- 0.5 0.6 4- 0,2 1.2 • 0.4 1.2 __+ 0.2 
12:0 1.2 4- 0.1 10.3 + 1.4 1.7 4- 0.3 0,4 4- 0.1 2.4 ~+ 0.S 0.7 4- 0.1 
14:0 2.2 • 0.2 9.1 _+ 0.7 4.9 4- 0.6 1.6 + 0.2 4.7 4- 0.6 2.3 • 0.2 
16:0 15.4 4- 0.5 22.1 4- 0.4 24.7 + 0.5 17.9 4- 0.4 23.5 ~ 0.7 22.4 ~ 0.7 
16:1 3.3 4- 0.4 5.9 4- 0.2 8.3 • 0.4 2.6 4- 0.1 4.7 ~ 0.4 4.5 • 0.2 
18:0 5.1 + 0.2 5.8 • 0.3 6.1 _q- 0.3 11,5 4- 0.6 14.1 ~ 0.6 16.2 • 0.5 
18:1 13.9 • 0.6 14.8 • 0.6 18,1 • 1.2 12,7 _4- 0.5 14.9 _+_ 0.6 15.0 • 0.3 
18:2 39.6 • t .9 18.0 4- 1.0 18.7 ~__ 0.7 31.4 4- 1.0 13.9 ~ 0.5 14,0 ~+ 0.5 
20:4 16.9 4- 1.9 12.5 4- 1.2 12.9 4- 0.8 21.2 4- 0.8 20.5 _+ 0.9 23.5 -4- 0.8 

Experiment I I I  

10:0 0.5 ~ 0.1 e ~ 1.5 • 0.6 0.2 4- 0.1 - -  0.6 • 0.1 
12:0 0.7 4- 0.1 - -  2,1 4- 0.3 0.4 ___ 0.1 - -  0.4 +__ 0.1 
14:0 1.6 4- 0.1 - -  4,1 4- 0.3 0.8 4- 0A - -  1.4 4- 0A 
16:0 17.5 • 0.6 - -  28.2 4- 0.8 19.9 4- 0.4 - -  26.3 ~+ 0.6 
16:1 3.2 • 0.2 - -  8.6 4- 0.3 2.7 • 0.1 - -  5.0 +~ 0.1 
18:0 4.7 4- 0.4 - -  5.5 4- 0.5 10.5 4- 1.0 - -  13.3 4- 0.4 
18:1 16.4 • 0.8 - -  20.4 4- 1.6 12.8 4- 0.4 - -  15.9 +__ 0.5 
18:2 43.7 _--q- 0.9 - -  18.4 • 0.5 30.7 4- 1.3 - -  14.6 4- 0.5 
20:4  11.8 • 1.5 ~ 10.9 4- 1.0 22.3 4- 0.8 - -  22.6 ~ 0.4 

aThe number preceding the colon represents the chain length of the fatty acid, and the number  fol lowing 
the colon, the number  o f  double bonds. 

bMean  for  eight rats  -4- s tandard error of the mean. M C T  group contained seven rats. 

eMean for five rats + s tandard error of  the mean. 

nut oil- and MCT-fed animals was much lower, 
being restricted to that contained in the 2% 
corn oil added to all diets. The lower linoleate 
content of the plasma and liver li0ids of rats 
fed coconut oil or MCT is partially offset by 
the higher palmitate levels 16:0 noted. The 
concentration of shorter-chain fatty acids was 
higher in the plasma and liver of MCT- and 
coconut oil-fed rats as compared with values 
for animals fed corn oil. The level of laurie 
12:0 and myristic 14:0 acids was particularly 
high in plasma of coconut oil-fed rats and was 
also elevated, but to a lesser extent, in the 
liver lipids of these animals. This too is un- 
doubtedly a reflection of the high levels of 
these fatty acids in the ingested coconut oil 
(Table I ) .  Of significance is the absence of 
high levels of short-chain fatty acids in plasma 
and liver lipids of MCT-fed rats in spite of the 
in~_estion of large quantities of these fatty acids. 
This can probably be explained by the differ- 
ences in the metabolism of shorter-chain fatty 
acids. MCT fatty acids are adsorbed via the 
portal system, transported to the liver, and pre- 
sumably elongated or oxidized (22,23). Con- 
sequently one would not expect to find a large 
increase in plasma MCT fatty acids. However 
the lack of a marked increase in the level of 
these short-chain fatty acids in liver lipids sug- 
gests that the pathways involved in processing 
these acids are extremely active in the MCT- 
fed rat. 

It  should be noted that the level of unsatur- 
ated fatty acids observed in the tissues of rats 
used in these studies was quite high. Fat ty  
acids in the tissue lipids of animals fed a low 
fat diet, therefore representative of endogen- 
ously synthesized fatty acids, are characterized 
by a high level of saturated and monounsatur- 
ated acids (24,25).  The level of unsaturated 
fatty acids found in tissue lipids in the present 
studies is probably a reflection of the pre-exper- 
irnental diet, Purina rat  chow, which contains 
appreciable quantities of unsaturated fatty 
acids (Table I ) .  That  this is the case is exem- 
plified by the high concentration of  the unsat- 
urated fatty acids observed in the livers of rats 
maintained on lab chow (Table I ) .  In spite of 
this carry-over effect the relative differences 
observed are meaningful from a qualitative 
standpoint and depict the direction of change 
of the various fatty acids in response to the 
ingestion of the fats tested. 

Utilization of Acetate-l-l'C by Adipose and 
Liver Tissue in Vitro 

As shown in Table V, the ingestion of coco- 
nut oil- or MCT-supplemented diets signifi- 
cantly increased the ability of  isolated epididy- 
mal adipose tissue to incorporate acetate-l-14C 
into fatty acids. Liver slices from rats fed corn 
oil, coconut oil, or MCT converted acetate to 
fatty acids at a similar rate; however acetate 
incorporation into cholesterol was depressed by 

Lfvivs, VOL. 2, No. 4 
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T A B L E  V 

Acetate-l-*4C Ut i l iza t ion  by Adipose and Liver  Tissue of Rats Fed  Different Fats  

Adipose tissue Liver  

Dietary fat  CO2 Fa t ty  acid CO-2 Fat ty  acid Cholesterol 

m/~moles incorporated/100 mg t issue/3 hr 

Exper iment  I 

Corn oil  434 4- 27 a 464 _+ 48 2138 + 109 249 4- 35 11.6 ~+ 1.6 
Coconut  oil  424 ~+ 16 805 ~+ 41 1946 4- 158 253 4- 59 8,7.4_ 2.1 
M C T  494 4- 26 977 4- 133 1797 + 129 223 -4- 59 4.7 4- 0.7 
Corn vs coconut b ns P < .001 ns ns n ,  
Corn vs M C T  ns P < .025 ns ns P < .C05 
Coconut  vs M C T  P < .050 ns ns ns ns 

Experiment  I I I  

Corn oil  354 ~__ 17 e 550 ~+ 39 2793 4- 195 414 4- 70 7,1 + 0.9 
M CT 381 4- 24 899 4- 95 2712 4- 205 278 4- 50 4.4 -4- 0.9 
Corn vs MCT  ns P < .005 ns ns P < .050 

aMean for  seven rats -4- s tandard error of  the mean. 

b p  ~ Probabi l i ty  tha t  the comparisons made had significantly different values;  ns ~ not  significant. 

e l e a n  for 10 rats • s tandard error of  the mean. 

MCT ingestion. These results were reproduci- 
ble, as shown by the experiments reported in 
Table V, but the data for hepatic fatty acid 
synthesis do not agree with the observation of 
Kritchevsky and Tepper (4), who found an 
enhanced rate of fatty acid synthesis from ace- 
tate by liver of rats fed MCT. Perhaps this 
difference is related to the longer experimental 
period in the present study (14 or 21 days vs 
7). Results on cholesterol synthesis are in ac- 
cord with the in vivo results reported by 
Kritchevsky and Tepper (4) and by Reiser et 
al. (9), demonstrating a depression in hepatic 
cholesterol synthesis in rats fed MCT. It is 
tempting to speculate that the lowered plasma 
and liver cholesterol levels observed in MCT- 

fed rats are the result of the depressed rate of 
hepatic cholesterol synthesis. However addi- 
tional information concerning the degradative 
pathways of sterols and the turnover of circu- 
lating and tissue sterols is required before any 
definite conclusions can be reached with regard 
to the mechanism by which MCT depresses 
plasma and liver cholesterol levels. 

Fatty Acid Composition of Adipose Tissue 

Since rat adipose tissue, in contrast to liver, 
is capable of taking up, esterifying, and ac- 
cumulating short-chain fatty acids (26), it 
seemed of value to study this tissue in greater 
detail. Pooled samples of liver and adipose 
tissue lipids, obtained from the in vitro studies 

T A B L E  V I  

The Incorporat ion of  Acetate-l-14C into Various Fa t ty  Acids by Liver  and Adipose Tissue 
o f  Rats  Fed  Corn  Oil  or MCT (Exper iment  I I I )  

% Radioact iv i ty  Fa t ty  acids 

Adipose Liver  Adipose Liver  

Fat ty  acid Corn  oil  M C T  Corn  oil MCT Corn  oil MCT Corn  oil  MCT 

Pre 10:0 a 4.5 0 0.5 0.1 4.2 0 0.9 
10:0 2.9 b 1.1 0 0 0.2 0.3 1.1 0.4 
12:0 1.8 3,0 0 3.3 0.3 2.0 3.6 L7 
14:0 8.2 6,3 5.8 2.7 1.3 3.0 2.7 3.8 
15:0 1.8 1,1 0 3.3 0.4 0.8 0 2.6 
16:0 54.1 50.7 58.0 45.6 19.5 31.0 20.8 24.7 
16:1 7.1 8.6 6.5 8.4 4.3 9.0 5.0 7.7 
Xe - -  - -  - -  1.6 0.6 - -  ~ - -  
18:0 6.3 8.7 I4.3 3.1 5.0 8.1 13.2 
18:1 15.9b 15.3 7.8 11.5 26.1 29.0 15,5 15.4 
18:2 2.9 0 6.5 2.7 41.4 13.0 30.6 11.5 
18:3 1.2 1.1 0 0 Tr  14.0 0 0 
20: 0 0.6 0 0 0 1.9 0 0 0 
20:4  3.5 1.0 6.5 6.0 0.7 1.0 12.7 17.5 

aThe number  preceding the colon indicates the chain length of  the fat ty acid, and the number  fol lowing 
the colon represents the number  of  double bonds. 

bVaiues represent combinat ion  of  late Cx0:0 and Cln:0, and Cls :0  and C m : l  fatty acids respectively. 

cOnidentif ied fatty acid. 
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with acetate-l-a4C in Experiment III,  were 
studied, and the results are shown in Table VI. 
These data demonstrate that the adipose tissue 
lipids of MCT-fed rats show little increase in 
short-chain fatty acids, perhaps reflecting the 
efficiency of the liver in removing and metab- 
olizing the shorter-chain acids so that very 
little of the unmodified acids reaches the adi- 
pose tissue. The major difference in adipose 
tissue fatty acid composition between rats fed 
corn oil and MCT is the lower linoleate and 
higher palmitate levels in tissue of MCT-fed 
rats. These differences are in the same direc- 
tion as observed for  liver and plasma lipid fatty 
acids but are even more marked in adipose 
tissue. The data in Table VI also show that 
the pattern of acetate-l-14C incorporation into 
fatty acids by adipose tissue is not greatly in- 
fluenced by MCT feeding; both in the tissue 
of animals fed corn oil or MCT more than 
50% of the incorporated radioactivity was 
found in palmitic acid. Liver slices from MCT- 
fed rats incorporated less radioactivity from 
acetate-l-~4C into palmitate and more into 
stearate and oleate than did tissue from corn 
oil-fed rats, suggesting, as previously proposed 
(9,10),  a greater rate of chain elongation in 
the liver of MCT-fed animals. 

Evaluation of the Chain-Elongation Pathway 

The suggestion that MCT ingestion stimu- 
lates fatty acid chain-elongating activity was 
tested in both liver and adipose tissue by de- 
termining the relative incorporation ofa4C from 
acetate-1-14C into the carboxyl group of fatty 
acids. Also the ability of liver to convert palm- 
itate-1-14C to Cls fatty acids was determined. 
These data are presented in Table VII. Liver 
and adipose tissue fatty acids from MCT-fed 
rats had a higher percentage of radioactivity in 
the carboxyl 'group than did acids from tissues 
of rats fed corn oil or coconut oil in Experi- 
ment I. The magnitude of this difference for 
adipose tissue was small and could not be re- 
produced in Experiment III. The liver fatty 
acids of MCT-fed a n i m a l s  reproducibly 
showed greater carboxyl radioactivity than 
acids from rats fed corn oil, demonstrating 
greater chain-lengthening activity in the livers 
of MCT-fed animals. This is also suggested by 
the conversion of palmitate to C~s acids; al- 
though the difference was not statistically sig- 
nificant because of the large variability within 
the MCT group, liver slices f rom MCT-fed 
rats did convert 28% more palmitate to C~s 
acids than did tissue of animals fed corn oil. 
These data, when considered with the results 
in Table VI, permit  the tentative conclusion 

TABLE VI I  

An Estimation of Fat ty Acid Elongation by Liver and 
Adipose Tissue of Rats Fed Different Fats 

Decarboxylation of fatty 
acids synthesized from 

acetate-l-14C 

Dietary fat Adipose Liver 

Conversion of 
palmitate-l-l 'C 

by liver 

% of radioactivity in 
carboxyl carbon 

Experiment I 

Corn oil ] 0.0+-0.7 a 19.3• 
Coconut oil 9.8+-0.4 18.3• 
MCT 12.7 ~+0.3 28.7 +-2.6 
Corn vs coconutb ns ns 
Corn vs MCT P<.005 P<.005 
Coconut vs MCT P<.fi01 P<.010 

Experiment I I I  

Corn oil 11.2+-0.9e 20.3-+-1.3 
MCT 10.3+-0.4 29.6__+2.2 
Corn vs MCT b ns P<.005 

% 
of radioactivity 

in Cls acids 

2.5 ~0.4  
2.1+-0.2 
3.2~+1.3 

n$ 
n s  

ns 

aMean for seven rats + standard error of the  mean. 

bprobability of the differences being significant; ns 
not significant. 

eMean for 10 rats +- standard error of the mean .  

that chain-lengthening activity is increased in 
the liver but  not in the adipose tissue of rats 
fed MCT. The data also demonstrate that vir- 
tually no chain lengthening occurs in adipose 
tissue. If  an average fatty acid length of 17 
carbons is assumed, de novo synthesis of fatty 
acids from acetate-1-14C should yield 11% of 
the radioactivity in the carboxyl carbon, a 
value extremely close to that observed. In 
liver, on the other hand, the observed values 
suggest considerable chain-lengthening activity 
even in the tissue of rats fed a fat containing 
predominantly long-chain fatty acids, corn oil, 
and this activity is increased by 44-48% when 
MCT is substituted for corn oil in the diet. 

Fatty Acid Desaturation Activity 

The ability of liver slices to desaturate fatty 

TABLE V I I I  

An Estimate of Fatty Acid Desaturation Activity in Liver 
Slices of Rats Fed Different Fats (Experiment I) 

Stearate-2-1~C incorporated into 

Diet 18:0 18:1 18:2 

% of recovered radioactivity 

Corn 80.1• 14.1+--1.4 5.7+0.8 
Coconut 75.9+1.4 19.5+-1.4 4.5+0.4 
MCT 69.4_+1.2 25.8__+1.1 4.8+0.4 
Corn vs coconutb ns P<.025 ns 
Corn vs MCT P<.005 P<.001 ns 
Coconut vs MCT P<.005 P<.005 ns 

aMean for seven rats ~__ standard error of the mean. 
MCT group contained six rats. 

bprobability of the differences being significant; ns 
not significant. 
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acids was de te rmined  by incubat ing slices in a 
buffer conta ining stearate-2-x4C and determin-  
ing the dis t r ibut ion of  radioact ivi ty in gas 
ch romatograph ic  peaks relat ing to oleate 18:1 
and l inoleate 18:2. The  results of  this experi-  
m e n t  are shown in Table  VIII .  Liver  slices 
f r o m  rats fed  coconu t  oil or  M C T  demon-  
strated an enhanced  capaci ty  to desaturate  
stearic acid to oleic acid as compa red  wi th  liver 
f rom corn  oil-fed rats. The  convers ion  of 
stearate-2-14C to oleate-14C was 38% higher  
in the liver o f  rats fed coconu t  oil and 83% 
higher  in the tissue of  animals fed M C T  than 
in the tissue of  rats fed corn  oil. 

The  data presented  in Table  VII I  show that  
liver slices f rom rats fed corn oil-, MCT- ,  or 
coconut  o i l - supplemented  diets were  capable  
of  desaturat in~ stearic acid to a Cl~-diunsatu- 
ra ted  acid. This acid was not  identified, bu t  it 
should be stressed that  it p robab ly  is not  l ino- 
leic acid. Recent ly  Hol loway  et al. (27)  have 
shown that  rat  liver mic rosomes  are capable  
of  desaturat ing stearic acid to a d iunsatura ted  
acid which  is different  f rom linoleic (~%9 vs 
~9,12 for  l inoleate) .  The 18:2 acid fo rmed  
f rom stearate  in the present  studies undoubt -  
edly is this acid. 

The results of  these studies cor robora te  the 
findings of  other  investigators with respect  to 
the hypocholes te ro lemic  effects of  M C T  and 
extend these observat ions by demonst ra t in~  
that  hepat ic  cholesterol  synthesis is impaired 
in rats fed this fat. The  data  presented  also 
show that  the activity of  pathways  involved in 
the lengthening  and desaturat ion of  fat ty acids 
is greater  in the liver of rats fed M C T  as com- 
pared with animals ingesting corn  oil. Adipose  
tissue of rats fed M C T  develops an increased 
l ipogenic capacity,  but  its chain- lengthening 
activity does not  seem to be altered by the 
ingestion of  MCT.  

The observed decrease in hepat ic  cholesterol  
synthesis in the tissue of  M C T - f e d  rats suggests 
that  the decreased plasma and liver cholesterol  
levels may  be the result  of  the decreased syn- 
thetic rate. However  such a conclusion,  though 
appealing,  is not  justified by the results ob- 
tained. Also the decreased rate of  synthesis 
observed is not  explained by the studies re- 
ported.  It is possible that  the increased acetate 
utilization for  fat ty acid e longat ion might  di- 
vert  the acetate f rom the pa thway  of  choles- 
terol synthesis.  It has been  shown that  fatty 

acid and cholesterol  synthesis  are inversely re- 
lated under  certain c i rcumstances  (28) ,  and it 
is conceivable  that  such a re lat ionship exists 
be tween  other  acetate-uti l izing pathways,  such 
as fat ty acid elongation,  and cholesterol  
synthesis. 

ACKNOWLEDGMENTS 

Statistical analyses were done by G. Isaac; laboratory 
animal care by B. James; technical assistance by J. Taubr, 
L. Schiff, J. Heidker, and P. Guiet; clerical assistance by 
Mrs. M. Iverson. 

REFERENCES 

1. Kaunitz, H.. C. A. Slanetz and R. E. Johnson, JAOCS 
36, 322-325 (1959). 

2. Kaunitz, H., Metabolism 11, 1187-1193 (1962). 
3. Fisher, H., and H. Kaunitz, Proc. Soc. Exp. BioL 

Meal. 116, 278-280 (1964). 
4. Kritchevsky, D., and S. A. Tepper, J. Nutr. 86, 67-72 

(1965). 
5. Grande, F., J. Nutr. 76, 255-264 (1962). 
6. Kritchevsky, D., and S. A. Tepper, Exp. Mol. Pathol. 

4, 489-499 (1965). 
7. Beveridge, L M. R., W. F. Connell, H. L I-Iaust and 

G. A. Mayer, Can. J. Biochem. Physiol. 37, 575-582 (1959). 
8. I-Iashim, S. A., A. Artega and T. B. Van Itallie, 

Lancet 1, 1105-1109 (1960). 
9. Reiser, R., M. C. Williams, M. F. Sorrels and N. L. 

Murty, Arch. Biochem. Biophys. 102, 276-285 (1963). 
10. Kritchevsky, D., and L L. Rabinowitz, Biochim. 

Biophys. Acta 116, 185-188 (1966). 
11. Allman, D. W., and D. M. Gibson, I. Lipid Res. 6, 

51-62 (1965). 
12. Umbreit, W. W., R. H. Harris and J. F. Stauffer, 

"Manometric Techniques," 4th ed., Burgess Publishing 
Company, Minneapolis, Minn., 1964,-p. 132. 

13. Leveille, G. A., Can. J. Physiol. Pharmacol., in 
press. 

14. Schlenk, H., and J. L Gellerman, Anal. Chem. 32, 
1412-1414 (1960). 

15. Craig, B. M., and N. L. Murty, JAOCS 36, 549-552 
(1959). 

16. Brady, O. R., R. M. Bradley and E. G. Trams, J. 
Biol. Chem. 235, 3093-3098 (1960). 

17: Baggiolini, M., and M. H. Bickel, Anal. Biochem. 14, 
290-295 (1966). 

18. Leveille, G. A., J. W. Shocktey and H. E. Sanberlich, 
J. Nutr. 76, 321-324 (1962). 

19. Leveille, G. A., and H. E. Sauberlich, Proc. Soc. 
Exp. Biol. Med. 112, 300-303 (1963). 

20. Huerga, J. D., C. Yesinick and H. Popper, Am. J. 
Clin. Pathol. 23, 1163-1167 (1953). 

21. Kritchevsky, D., J. L Moynihan and M. L. Sachs, 
Proc. Soc. Exp. Biol. Med. 108, 254-257 (1961). 

22. Playoust, M. R.. and K. J. Isselbacher, J. Clin. 
Invest. 43, 878-885 (1964). 

23. Senior. J. R., J. Lipid Res. 5, 495-522 (1965). 
24. Bollinger, J. N., and R. Reiser, JAOCS 42, 1130- 

1133 (1965). 
25. Bottino, N. R., R. E. Anderson and R. Reiser, 

JAOCS 42, 1124-1129 (1965). 
26. Knittle, J. L., and J. Hirseh, J. Lipid Res. 6, 565- 

571 (1966). 
27. Holloway, P. W, R. O. Peluffo and S. J. Wakil, 

Biochem. Biophys. Res. Commun. 12, 300-304 (1963). 
28. Hill, R., W. W. Webster, J. M. Linazasoro and 

I. L. Chaikoff, J. Lipid Res. 1, 150-153 (1960). 

[Received Jan. 5, 19671 

LIPIDS, VOL. 2, NO. 4 



The Lipids of the Aging Human Brain z 

DOROTHY L. FILLERUP and JAMES F. MEAD, 2 Laboratory of Nuclear Medicine and Radiation 
Biology, Departmen~ of Biophysics and Nuclear Medicine, 
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ABSTRACT 

Lipid compositions of the brains of 
human beings of different ages from 26 to 
80 years have been determined by a com- 
bination of chromatographic techniques. 
No  significant differences in composition 
were found among any of the adult age- 
groups, and it thus appears that the decline 
in brain weight and function with age is 
not associated with loss of any particular 
type of lipid. 

INTRODUCTION 

T HE STUDY OF THE AGING PROCESS may be 
pursued in a wide variety of fields, rang- 

ing from the chemical to the social and from 
a consideration of those changes associated 
with the development of the very young to the 
degenerative changes that become dominant in 
the very old. Of particular interest to the bio- 
chemist is the so-caUed molecular aging, that 
is, the irreversible changes occurring with time 
in molecules that ordinarily have a very low 
turnover rate. I t  seems evident that these 
changes are of paramount  importance in the 
degenerative processes since the molecules in- 
volved are necessarily those that insure the 
continuity of the tissue and the organism. 

In this sense the brain is of particular in- 
terest since it contains structures which may 
be permanent throughout the lifetime of the 
individual (1) and in which the subtlest 
changes may be reflected in altered behavior 
patterns. Some studies have already indicated 
that alterations in the lipid pattern of the brain 
may occur with aging. The increase in a- 
hydroxy acids in the brain sphingolipids has 
already been noted by Kishimoto and Radin 
(2) ,  and the possible interaction of accumulat- 
ing lipid peroxides with neighboring proteins 
has been postulated in many studies. 

For  these reasons, the lipids of human brains 
of different age-groups have been analyzed as 

aThese studies were supported by Contract AT(04-1) 
GEN-12 between the Atomic Energy Commission and the 
University of California. 

2Supported in part by a USPHS Research Career Award 
(GM-K6-19,177) from the Division of General Medical 
Sciences. 

completely as possible and are compared. Al- 
though some analyses have been carried out 
on human brain lipids, in general these have 
been individual cases and no attempt has been 
made to compare the complete lipid spectrum 
at different ages. One preliminary study which 
relates normal brain lipid composition to that 
in certain disease states has appeared (3).  

EXPERIMENTAL SECTION 

Materials 

The solvents used were all ACS reagent 
grade and were redistilled and de-oxygenated 
prior to use. Chloroform and 2,2-dimethoxy- 
propane were redistilled immediately before 
each column run. The nitrogen (Hi-Pure ni- 
trogen) was obtained from Liquid Carbonics, 
General Dynamics and contained less than five 
parts per million of oxygen. Florisil was pur- 
chased from Floridin Company (60-100 mesh) 
and was washed with water, dried in vacuum 
at 100C and stored in chloroform:methanol  
(2 :1) .  Mall inckrodt silicic acid, 100 mesh 
("suitable for chromatographic analysis") was 
washed with HC1, water, methanol, and chloro- 
form (4) ,  dried in vacuum at 90C and stored 
in chloroform:methanol  (2 :1) .  DEAE cellu- 
lose was used in the acetate form after a thor- 
ough wash with 1N HC1, water, and 1N KOH. 
Glass columns (2.5 cm and 4.0 cm I.D.) fitted 
with Teflon stopcocks were used for chroma- 
tography. 

The Desaga apparatus for thin-layer chro- 
matography (TLC) (5) was used for the prep- 
aration of plates and samples; the samples were 
spotted by using 102~ disposable pipettes (mic- 
rocaps from Drummond,  Broomall, Pa.) .  Silica 
Gel G (Merck)  was the adsorbent employed, 
and spots were detected with a basic bromo- 
phenol blue spray (6) .  Standards of high pur- 
ity were obtained from Applied Science Labor- 
atories. 

Subjects 

All analyses were made on whole human 
brains which were obtained at autopsy and 
frozen immediately in dry ice. In  none of the 
subjects studied was there evidence of cerebral 
pathology on gross examination or after sec- 
tioning of the cerebral cortex. 
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T ~ L E I  

Subject Sex Age Cause of Death 

1 M 2 months Asphyxia 
2 F 26 years Automobile 

accident 
3 F 28 years Automobile 

accident 
4 M 38 years Automobile 

accident 
5 M 53 years Myocardial 

infarction 
6 M 75 years Bronchopneu- 

monia 
7 M 77 years Myocardial 

infarction 
8 M 80 years Congestive 

heart failure 

Extraction of Tissues 

All spec imens  were  f rozen  immed ia t e ly  af ter  
removal  at  au topsy  and  s tored at  - 2 0 C  pr io r  
to use. Tota l  g ray  a n d  whi te  m a t t e r  were  sepa-  
ra ted  f r o m  whole  cerebra l  hemisphe res  b y  care- 
ful d issect ion of  the  sl ightly t hawed  tissue in 
the cold ( 4 C ) .  Par t i cu la r ly  in  the  older  bra ins ,  
comple te  sepa ra t ion  of  g ray  and  whi te  m a t t e r  
was difficult, and  some mye l in  lipids m a y  ac- 
coun t  for  the  h igh  tota l  l ipid values  of  the 
gray mat te r .  T h e  sepa ra ted  tissue was p laced  
in small  plast ic  bags, f o r m i n g  fiat packets .  Five-  
or t en -g ram por t ions  were  sliced f r o m  the  de- 
sired packe t  for  l ipid extract ion.  

Tota l  l ipid was ex t rac ted  wi th  c h l o r o f o r m :  
m e t h a n o l  (2 :1  ) in a n i t rogen  a tmosphere ,  as 
has  been  descr ibed in detail  by  Rouse r  et  al. 
(4 )  and  F o l c h  et  al. (7 ) .  Al l  ex t rac t ion  pro-  
cedures  and  subsequen t  h a n d l i n g  of  samples  
were ca r r ied  ou t  in  the  cold  and  in an  a tmos-  
phe re  of  n i t rogen  to p reven t  des t ruc t ion  of  the  
unsa tu r a t ed  fa t ty  acids of  the  lipids. Lip id  
f rac t ions  no t  to be  ana lyzed  immedia t e ly  were 
sealed u n d e r  n i t rogen ,  dissolved in cyc lohexane  
in smal l  glass ampules ,  and  s tored at  - 2 0 C .  

T he  values fo r  the  l ipid c o n t e n t  of  e ach  tissue 
f r ac t ion  were  ob ta ined  as descr ibed  b y  O ' B r i e n  
and  S a m p s o n  ( 8 ) .  

Column Chromatography 

T h e  c o l u m n  c h r o m a t o g r a p h i c  p rocedure s  
emp loyed  for  the  isola t ion of  lipids f r o m  the  
b ra in  t issue were  based  o n  me thods  of Rouse r  
et  al., as descr ibed  in detai l  b y  O 'Br i en  and 
S a m p s o n  ( 8 ) .  T h e  first f r ac t ion  r e m o v e d  f r o m  
the  D E A E  cellulose c o l u m n  wi th  c h l o r o f o r m :  
m e t h a n o l  ( 9 : 1 )  was  f reed  of  so lvent  b y  us ing  
a Buchle r  flash evapora to r ,  was des iccated over-  
night ,  and  was r e c h r o m a t o g r a p h e d  on  a silicic 
acid-s i l icate-water  c o l u m n  ( 4 . 5 x 2 0 c m )  wi th  a 
smal l  a m o u n t  of  coarse  c lean  sand  layered  over  
a smal l  glass wool  p lug at  the  b o t t o m  of  the  
co lumn.  Before  the  c o l u m n  was poured ,  the  
a d s o r b e n t  was suspended  in c h l o r o f o r m  and  the  
fine mate r ia l  was decan t ed  and  discarded.  Ni-  
t rogen  pressure  was used to regula te  the  flow 
ra te  of  the  e lu t ing  solvents.  T h e  f rac t ions  
were  e luted as fol lows:  

choles terol  1,000 ml c h l o r o f o r m  
ce ramide  500  ml  c h l o r o f o r m :  

m e t h a n o l  (9 :1  ) 
cerebros ide  2 ,000 ml  c h l o r o f o r m :  

m e t h a n o l  ( 4 : 1 )  
phospha t idy l  cho l ine  1,500 ml c h l o r o f o r m :  

m e t h a n o l  ( 4 : 1 )  + 
0 .5% water  

sph ingomye l in  500  m l  m e t h a n o l  + 
2 %  wate r  

T h e  co lumns  were  con t inuous ly  m o n i t o r e d  
by  TLC,  us ing  one-ml  a l iquot  f r o m  a l te rna te  
40-ml  f rac t ions  collected. E a c h  was rap id ly  
evapora t ed  to dryness  in a ho t  wa te r  b a t h  
u n d e r  a s t r eam of  n i t rogen  and  t hen  p la ted  on  
Silica Gel  G.  I f  ove r l app ing  of  f rac t ions  oc- 

TABLE II 
Solvent Systems and Rf's of Lipid Components from Column Chromatograms 

Solvent System Lipid Rf 

Chloroform: methanol: ammonium hydroxide Cholesterol 0.8 
97: 3: 0.06 Ceramide 0.2 

Chloroform:methanol:water a Cerebroside (major spots) 0.7,0.8 
85:12:2.5 (6) Lecithin 0.3 

Sphingomyelin 0.2 
Lysolecithin 0.0 

Chloroform: methanol: ammonium hydroxide: water Phosphatidyl ethanolamine 0.4 
85:25:0.5:2.5 (10) Phosphatidyl serine 0.2 

(using "weakened" plates) (5) 
Chloroform:methanol:ammonium hydroxide Cerebroside 0.5,0.7 

80:20:0.4 (9) Cerebroside sulfate 0.15,0.19 

aFor this solvent system the plates must be made very active by heating under an infrared lamp or in 
an oven for five minutes prior to spotting and one minute before developing to effect a clean separation of 
lecithin and sphingomyelin. 
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cur red  (as f r equen t ly  h a p p e n e d  with the  chlo-  
r o f o r m : m e t h a n o l  ( 4 : 1 )  + 0 . 5 %  water  e luen t ) ,  
the  mix tu re  was collected,  f reed  of  solvent ,  
desiccated overnight ,  and  r e c h r o m a t o g r a p h e d  
on  a smal l  (2 .5x15 c m )  silicic acid-sil icate- 
wa te r  c o l u m n  for  comple te  sepa ra t ion  of  the 
lec i th in  and  sph ingomye l in  of  the  mixture .  
T h e  M e O H  f rac t ion  f r o m  D E A E  of ten  ex- 
h ib i ted  t races  of  lysoleci thin,  bu t  it was impos-  
s i b l e  to  separa te  sph ingomye l in  and  lysolec i th in  
comple te ly  by  c o l u m n  c h r o m a t o g r a p h y .  T L C  
gave an  excel lent  separa t ion.  

Thin-Layer Chromatography 

T h e  co lumns  were mon i to red ,  and  the  pur i ty  
of  each  l ipid f r ac t ion  was checked  by  T L C  on  
Silica GeI  G plates.  T h e  so lven t  sys tems em-  
p loyed  and  Rf's of the  l ipid c o m p o n e n t s  are 
shown in  T a b l e  II. 

Basic B r o m o p h e n o l  b lue  (3 ' ,3" ,5 ' ,5" - t e t rabro-  
m o p h e n o l s u l f o n e p h t h a l e i n )  was used to spray  
the  plates  for  v isual iz ing the  l ipid spots (6 ) .  
T o  ident i fy  phospha t idy l  e t h a n o l a m i n e  and  
phospha t idy l  serine,  n i n h y d r i n  in b u t a n o l  was  
emp loyed  ( N i n h y d r i n  Aeroso l  Bomb,  Nu t r i -  
t ional  Biochemica ls  C o r p o r a t i o n ) ,  the  plates  
were hea t ed  for  five minu te s  at  100C, and  the  
posi t ion of  the  a m i n o - c o n t a i n i n g  lipids was 
noted.  T h e  plates  were t hen  cooled and  sprayed  
wi th  pa ra rosana l ine ,  wh ich  stains all lipids. 
B r o m o p h e n o l  b lue  will no t  s ta in  l ipids on  a 
plate  which  has  been  previous ly  sprayed  wi th  
n inhydr in .  

RESULTS AND DISCUSSION 

In Tab le  I I I  are l isted the  compos i t ions  of 
b r a in  l ipids as pe rcen tage  of dry  weigh t  of  the  
tissue. T h e y  are a rb i t ra r i ly  g rouped  in to  th ree  
different  age levels:  young,  middle -aged  and  
old, and  s imilar  da ta  f r o m  a two-mon th -o ld  
b ra in  h a v e  been  inc luded  for  compar i son .  In  
general ,  the  values agree wi th  those ob ta ined  
by  o ther  labora tor ies  ( 8 - 14 ) ,  where  compar i -  
sons are possible.  

T h e  sa l ient  fea tu re  of these results  is tha t  
there  appea r  to be  no  signif icant  differences in 
l ipid compos i t ion  of  the  b ra ins  of  different  
adul t  age-groups;  the  differences wi th in  each  
g roup  are of  the  same o rde r  of  m a g n i t u d e  as 
are those  be tween  age groups.  This  m e a n s  
tha t  differences in func t ion ,  if such  occur  at  
these ages, are no t  ref lected in these analyses.  
Loss of b r a in  l ipids wi th  aging  the re fo re  ap- 
pears  no t  to resul t  in  changes  in compos i t i on  
and  is p r o b a b l y  a consequence  of  the  loss of  
whole  cells wi th  the i r  comple te  l ipid comple-  
m e n t  (1 5) .  A coro l la ry  to these  f indings would  
be  t ha t  s ignif icant  a l tera t ions  of  the  b r a i n  l ipid 
pa t te rns  m a y  be  the  resul t  of  disease states or  
o the r  abnormal i t ies .  
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The Distribution of Labeled Palmitic Acid into the 
Diglycerides and Triglycerides of Rat Adipose Tissue 
SANDOR HERODEK, 1 Institute of Pharmacology, University of Milan, Milan, Italy, and 
Biological Research Institute of the Hungarian Academy of Science, Tihany, Hungary 

ABSTRACT 

After in vitro incubation of rat  epididy- 
mal fat pads with radioactive palmitic 
acid, the distribution of the label in the 
different lipid classes and in different tri- 
glycerides was determined by silica gel 
and silver nitrate-silica gel thin-layer 
chromatography (TLC) .  

The radioactivity of the diglycerides 
was approximately half of the triglyc- 
erides. This ratio did not change with alter- 
ation in the time of incubation. I t  re- 
mained unaltered even after a subsequent 
10-min incubation in a nonradioactive 
medium. 

When the fat pads were incubated, first 
with ~4C-, then with 8H-labeled palmitic 
acid, the ~H/*4C ratio was slightly lower 
in diglycerides than in triglycerides. 

The fully saturated molecules contained 
38% of the radioactivity of triglycerides. 
Addit ion of oleic acid or norepinephrine 
to the labeled palmitic acid-containing 
medium decreased this value. Subsequent 
incubation with these compounds did not 
alter the distribution of radioactivity. 

INTRODUCTION 

A NUMBER OF INVESTIGATIONS of the in- 
corporation of radioactive labeled fatty 

acids into the lipids of different tissues and 
tissue preparations show that significant radio- 
activity is found in diglycerides. For  example, 
incubation of rabbit  and dog aortic homog- 
enates shows that respectively 39 and 29% 
of the total radioactivity of neutral lipids is 
present in diglycerides(1);  that mitochondrial 
preparations of rat  liver incorporate radioac- 
tivity into diglycerides to about one-third the 
extent of that of triglycerides (2) ; that homog- 
enates of rat  epididymal fat pad incorporate 
half of the total radioactivity into the diglyc- 
eride fraction (3) ;  and that in vivo incubation 
of epididymal fat pads of rats with radioactive 
labeled fatty acids results in the incorporation 
of 20% of the total radioactivity into diglyc- 
erides (4).  The data quoted were by-products 

1Present address: Biological Research Institute, Hun- 
garian Academy of Science, Tihany, Hungary. 

of investigations carried out for other reasons. 
In these studies the origin of the radioactive 
diglycerides was not discussed, or else the 
diglycerides were interpreted simply as being 
precursors of triglycerides. 

In the present paper the origin of radioactive 
diglycerides formed during in vivo incubation 
of rat  epididymal fat pads with radioactive 
labeled fatty acids is investigated. 

MATERIALS AND METHODS 

Male Wistar rats (150-200 g) fed ad libitum 
on Purina chow diet were killed by a blow 
on the head. The distal part  (150-250 mg) of 
epididymal fat pad was immediately excised, 
weighed and incubated in a 5-ml medium at 
37C with gentle shaking for the time indicated 
in the tables. 

The incubation medium was a Krebs-Ringer 
phosphate buffer (Ca ++ omitted; pH 7.4; and 
5mM glucose). It contained 5% human serum 
albumin. The following fatty acids were com- 
plexed to the albumin in the different experi- 
ments: a) 1-14C-palmitic acid (New England 
Nuclear  Corporation, spec. act. 10 mc /mmol )  
was used in the experiments reported in Tables 
I and II; b) 9, 10JH2-palmitic acid (Radio- 
chemical Center, Amersham, Buckinghamshire, 
England, spec. act. 256 m c / m m o l )  was used in 
the experiments reported in Table II; c) 1-14C - 
palmitic acid (Reanal, Budapest, spec. act. 1 
mc /mmol )  was used in the experiments re- 
ported in Tables I I I  and IV. 

After  incubation the tissue was quickly 
washed in saline and homogenized in alcohol- 
acetone 1:1 in a glass Potter hand-homogen- 
izer. The homogenate,  was extracted by shak- 
ing for 20 min with 25 ml of this mixture and 
filtered. One part  of the filtrate served for 
determination of the total radioactivity, and 
the other part  was chromatographed on silica 
gel plates (thickness 0.3 mm) .  The developing 
solvent mixture was petroleum ether (bp to 
70C):  diethyl ether: acetic acid (70:30:1) .  
Rhodamine B was used as the detecting agent. 
In  the experiments reported in Tables III  and 
IV the triglycerides separated by the TLC 
technique were applied to silver nitrate-silica 
gel plates (thickness 0.3 mm) in order to 
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T A B L E  I 
l n c o r p o r m i o n  of  1-14C-PMmit~ A d d  i m o  D i f ~ r e m  L ~ i d  Classes by 

R m E p i d i ~ m M  A d i p o ~  Tissue  a 

Pe rcen tage  of  total  radioactivity 
10 in rad ioac t ive  m e d i u m  

fol lowed by  
T i m e  in minutes  2.5 5 10 i0  in fat ty  acid  f ree  m e d i u m  

% % % % 

Triglycer ides  57.1 -+ 2.5 63.1 -+ 5.4 61.0 -+ 0.7 74.7 -+- 3.6 
Diglyeer ides  29.6 -+ 2.6 25.6 -+ 3.8 27.6 -+ 1.5 23.4 -+ 3.5 
F ree  fat ty  acids 12.4 -+ 3.3 10.3 -+ 1.8 10.5 + 1.9 1.3 + 0.2 
Other  lipids b 0.9 -+ 0.3 0.9 -4- 0.2 0.9 -+ 0.1 0.6 -+ 0.1 

a T h e  values  repor ted  are means  of  three an imals  § S. E. of  the  mean.  
b Othe r  l ipids:  monoglycer ides ,  phospholipids ,  cholesterol  esters, etc. 

separate the molecular species according to the 
number of double bonds (5).  The developing 
solvent in this case was benzene alone. The 
separated lipids in both chromatographic pro- 
cedures were scraped off and extracted with 
diethyl ether for 2 hr in a microsoxhlet appara- 
tus. The radioactivity measurements were car- 
ried out by using a Packard-Ticarb scintil- 
lation spectrometer. 

RESULTS 

The results obtained by incubating adipose 
tissue for different times in a medium con- 
taining 1-14C-palmitic acid (0.25 ~mol /ml )  
are summarized in Table I. The total radio- 
activity taken up by the tissues increased lin- 
early for the time intervals (4).  If  it is sup- 
posed that the radioactivity of the diglyceride 
fraction represents the radioactivity of those 
diglycerides originating directly from phos- 
phatidic acid, i.e., the precursor diglyceride in 
the triglyceride synthesis, then it might be ex- 
pected that the percentage distribution of the 
radioactivity would in time be shifted in favor 
of the triglycerides. The results presented in 
Table I do not support this hypothesis. The 
percentage of radioactivity in the diglycerides 
did not change significantly even when the 
tissue was incubated for a second 10-min in- 
terval in a fatty acid free medium, following 
a 10-min incubation in the radioactive medium. 
This is shown in the last column of Table I. 

T A B L E  I I  
Ra t io  of  9, 10-zH2-Palmitic Ac id  to 1-14C-Palmitic Ac id  in 
the Di f fe ren t  L ip id  Classes Iso la ted  f r o m  R a t  Ep id idymal  

F a t  Pads  a 

Lip id  class M o l a r  rat io  ~H:14C 
Triglycer ides  - - 1 2 7 +  0.06 
Diglycer ides  0.88 + 0.05 
Free  fat ty  acids 4.14 -+ 0.90 
Others  b 1.29 -+ 0.12 

a T h e  values  repor ted  are the means  of  four  an imals  -+ 
S. E. o f  the  mean .  

b Others :  monoglycer ides ,  phospholipids ,  cholesterol 
esters, etc. 
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In this case, naturally, the percentage of radio- 
activity of the free acids fell to very low 
levels. 

In order to clarify these relationships further, 
the following experiment was carried out. Adi-  
pose tissue was incubated first in medium con- 
taining 1-1~C-palmitic acid for 10 min, rinsed, 
then incubated in a medium containing 9, 10- 
SH-palmitic acid. The concentration of both 
acids was 0.25 /~mol/ml. The molar ratio of 
the incorporation of the differently labeled 
palmitic acid preparations into the different 
lipids was determined (Table I I ) .  The distri- 
bution of the two labels between the precursors 
and the end products is different and time- 
dependent. Therefore the isotope present in the 
first medium will be present in a higher pro- 
portion in the end product  than the isotope 
of the second medium. In an A --~ B ---> 
C ~ D --> . . . - - >  reaction sequence, the 
ratio between the incorporation of the second 
and the first isotope should be higher, the 
more the compound lies to the left, i.e., the 
precursors. This ratio is slightly higher in the 
triglyceride than in the diglyceride (Table II, 
p----~0.05) which suggests a) that the bulk of 
radioactive diglycerides is not t he  precursor of 
the triglycerides and b)  that perhaps the radio- 
active diglyceride is the product  of a rapid 
hydrolysis of newly synthesized triglycerides. 
However the results reported above can be 
interpreted by two additional theories: the 
diglycerides and the triglycerides are in a 
dynamic equilibrium, or a part  of the diglyc- 
erides is not immediately transformed to tri- 
glycerides but enters a pool with a low turn- 
over rate. 

To differentiate between these theories, fat 
pads were incubated in three different ways. 
In Group A the fat pads of five rats were in- 
cubated individually for 5 min in 1-14C-pal - 
mitic acid medium (2 /~mol/ml).  In Group B 
the fat pads of three animals were incubated 
individually for 5 min in a medium containing 
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TABLE III 
Effect of Unlabeled Oleic Acid Incubated with or after a4C Palmitic Acid on the Distribution 

of Radioactivity in Triglycerides a 

Number of double bonds 
in the Percentage of total radioactivity 

triglyceride molecule Group A Group B Group C 
% % % 

0 37.7 • 2.1 b 9.1 • 0.7 38.4 • 1.2 
1 34.8 + 1.6 36.1 • 0.6 36.0 ~ 1.4 
2 17.6 _+ 1.0 38.8 • 2.2 16.3 -+- 1.5 

~2 9.9 • 0.6 16.0 • 1.7 9.3 ~ 1.1 

a Experimental details are described in the text. 
bMean value • S. E. of the mean. 

b o t h  1-14C-palmitic acid (2  /~mol /ml )  and  un-  
labeled  oleic acid (4 / z m o l / m l ) .  In  G r o u p  C 
the  fa t  pads  of  four  ra ts  were  i n c u b a t e d  in- 
dividual ly  in  two  different  media ;  first w i th  
1-14C-palmitic acid (2 / z m o l / m l )  for  5 min ,  
quickly  washed  in saline,  t hen  t r ans fe r r ed  in to  
a second m e d i u m  con ta in ing  un l abe l ed  oleic 
acid (4 /~mol /ml )  for  a 10-min  incuba t ion .  

T h e  d is t r ibu t ion  of  the  rad ioac t ive  label  in 
the  different  t r iglycerides is a f unc t i on  of  the  
mix ing  of  the  labeled  sa tu ra ted  acids w i t h  the  
un labe led  u n s a t u r a t e d  acids in the  course  of  
the  t r iglyceride synthesis.  In  G r o u p  A,  as 
Tab le  I I I  shows, no t  all of  the  rad ioac t iv i ty  is 
p resen t  in  the  t r i sa tu ra ted  tr iglycerides be-  
cause  it is m ixed  wi th  endogenous  t issue fa t ty  
acids. In  G r o u p  B the  oleic acid and  labe led  
pa lmi t ic  acid mix tu re  caused  a s ignif icant  de- 
crease of  the  rad ioac t iv i ty  of  the  comple te ly  
sa tu ra ted  tr iglycerides.  A c c o r d i n g  to the  dy- 
n a m i c  equ i l ib r ium hypothes is  ( G r o u p  C ) ,  b o t h  
the  labeled  t r ipa lmi t ic  and  un labe led  tr ioleic 
acids should  be  deg raded  and  resynthes ized.  
This  process  should  resul t  in  an  exchange  of  
fa t ty  acids wh ich  will d imin i sh  the  rad ioac t iv-  
i ty of  the  comple te ly  sa tu ra ted  tr iglycerides.  
In  con t r a s t  to this  hypothes is ,  the  subsequen t  
i ncuba t ion  wi th  oleic acid h a d  no  ef fec t  a t  all 
u p o n  the  rad ioac t iv i ty  of  the  tr iglycerides.  

Similar  resul ts  were  ob ta ined  if, ins tead  of  
adding  oleic acid in to  the  m e d i u m ,  the  f ree  
fa t ty  acid level  in the  ad ipose  tissue was in- 
c reased by  no rep inephr ine .  In  this exper iment ,  
s u m m a r i z e d  in Tab le  IV, the  m e d i u m  of  G r o u p  

A c o n t a i n e d  on ly  1-r4C-palmitic acid (2 
/ ~ m o l / m l ) ,  and  the  i n c u b a t i o n  per iod  was 10 
min.  In  G r o u p  B n o r e p i n e p h r i n e  (2 # g / m l )  
was  added  to the  1-14C-palmitic acid med ium,  
and  the  i ncuba t ion  pe r iod  was 10 min.  G r o u p  
C of  fa t  pads  was i n c u b a t e d  first w i th  labeled  
pa lmi t ic  acid ( 2 / z m o l / m l )  for  10 min,  washed,  
t hen  t r ans fe r r ed  to a second  m e d i u m  conta in-  
ing n o r e p i n e p h r i n e  (2 /~g/ml) bu t  no  exog- 
enous  fa t ty  acids. T h e  changes  are again  
signif icant  in  G r o u p  B bu t  no t  in G r o u p  C 
(Tab le  I V ) .  

DISCUSSION 

T h e  r eac t ion  sequence  of  t r iglyceride syn- 
thesis acco rd ing  to Weiss  et  al (6 )  follows. 
T h e  ( a l p h a ) - g l y c e r o p h o s p h a t e  fo rms  phos-  
pha t id ic  acid wi th  the  add i t ion  of  two fa t ty  
acids. P h o s p h a t e  is split  off of  the  phospha t id i c  
acid to yield the  diglycerides.  In  the  las t  s tep 
the  f ree  hydroxy l -g roup  of  the  diglycer ide is 
esterified. In  the  p re sen t  s tudy  the  labeled  
pa lmi t ic  acid b e h a v e d  as a n o r m a l  precursor ,  
t ha t  is, it d i sappeared  f r o m  the  free  fa t ty  acid 
f r ac t ion  and  was i n c o r p o r a t e d  in to  diglycerides 
and  tr iglycerides.  T h e  t u r n o v e r  ra te  of the 
phospha t id i c  acid m u s t  be  h igh  because  it neve r  
showed  signif icant  radioact iv i ty .  In  con t r a s t  to 
the  phospha t id i c  acid, the  rad ioac t iv i ty  of  the  
labe led  diglycerides r e m a i n e d  a b o u t  ha l f  tha t  
of  the  tr iglycerides,  i n d e p e n d e n t  f r o m  the  t ime 
of  incuba t ion .  This  cons t an t  ra t io  could  be 
exp la ined  b y  a d y n a m i c  equ i l ib r ium of the 

TABLE IV 
Effect of Norepinephrine Incubated With or After 1-14C-Palmitic Acid 

on the Distribution of Radioactivity in the Triglycerides a 

Number of double bonds 
in the Percentage of total radioactivity 

triglyceride molecule Group A Group B Group C 
% % % 

0 37.5 + 1.8 h 16.1 + 4.6 33.4 -4- 1.6 
1 34.3 + 0.1 31.5 + 1.3 34.6 • 0.6 
2 16.8 • 0.9 30.7 ~ 0.1 18.3 q- 2.2 

~2 11.3 • 2.8 21.7 +~ 0.1 13.7 • 1.6 

a Experimental details are described in the text. 
UThe values reported are the means of 3 animals ~ S. E. of the mean. 
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diglycerides and trlglycerides; however the 
experiments presented in Tables III and IV 
speak against this hypothesis. It is possible that 
a part of the labeled diglycerides enter a sec- 
ond fat cell diglyceride pool with a low turn- 
over rate. Recently published data (7, 8) in- 
dicate, besides the de novo triglyceride syn- 
thesis via (alpha)-glycerophosphate, the exist- 
ence of another mechanism for the incorpora- 
tion of fatty acids into triglycerides. It can be 
assumed that the presence of the two diglyc- 
eride pools, showing different turnovers, is con- 
nected with the two different modes of tri- 
glyceride synthesis. 

If a random distribution of the fatty acids 
in the gtycerides is assumed, the proportion of 
the radioactivity in triglycerides can be calcu- 
lated in the following way: s ~ % of saturated 
fatty acids in the Free Fatty Acid (FFA)  pool 
of triglyceride synthesis; u = % of unsaturated 
fatty acids in the FFA pool of triglyceride 
synthesis; T = the radioactivity of the totally 
saturated triglycerides as % of the total tri- 
glyceride radioactivity. Then (s + u) 3 = s a 
+ 3sZu + 3su ~ + u 3. The members of the 
polynomial are proportional to the quantity of 
the different triglycerides. Their radioactivity 
shows the following relation since only the 
saturated fatty acid is radioactive: 3 x ls 3, 2 x 
3s2u, 1 x 3su 2, 0 x lu  3 
T z 3s a x 100/3s a + 6s2u + 3su 2 z 100s2/s 2 

+ 2su + u S = 100sZ/(s + u) 2 
According to the definition, s + u ----- 100. 
Therefore 

T = s~/100 and s = 10~/T- 
The total amount of the free fatty acids of 

the adipose tissue is much higher than that 
quantity taken up by the tissue from the me- 

dium. If the labeled palmitic acid had been 
mixed with the total amount of the tissue free 
fatty acids, its distribution in the triglycerides 
would be determined by the composition of 
these acids. In this case it would be expected 
about 10% of the radioactivity would be pres- 
ent in the fully saturated triglycerides. The 
first columns of Table III and Table IV show 
that this value is 38% when only saturated 
acid was added to the medium. This indicates 
that the fatty acids added to the medium are 
incorporated into glycerides before they could 
be mixed with the total amount of the tissue 
free fatty acids. Table III shows that, for 
Group B, the s:u ratio was 1:2 in the medium 
corresponding to that of adipose tissue. Here 
10% of the radioactivity was found in the tri- 
saturated triglycerides, which is in good agree- 
ment with the formula and the random distri- 
bution theory. 
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Phospholipase Activity of Rat Tissues and Its 
Modification by Trypsin z'2 
ATHOS OTTOLENGHI, Department of Physiology and Pharmacology, 
Duke University Medical Center, Durham, North Carolina 

ABSTRACT 

Trea tmen t  with proteolyt ic  enzymes be- 
fore the addit ion of  the phospholipid sub- 
strafe increases the activity of  the phos- 
pholipases of  the spleen, thymus, bone 
marrow,  lung, and l iver of  the rat. In  con- 
trast, the  phosphol ipase activity of  the in- 
testine, which  is higher  than that  of  all 
o ther  normal  tissues, is not  increased when  
incubated with proteases. The  results of  
f ract ionat ion studies by high-speed centri-  
fugat ion and gel filtration and differences 
in enzyme kinetics support  the conclusion 
that the intestinal phospholipases differ 
substantially f rom phospholipases found in 
the other  tissues. 

INTRODUCTION 

p REVIOUS REPORTS FROM THIS LABORATORY 
have shown that  the phosphol ipase activi- 

ties of  rat intestinal mucosa  which are greatly 
reduced after whole body x-irradiat ion can be 
augmented by t rea tment  with proteolyt ic  en- 
zymes or a f ract ion f r o m  normal  rat  mucosa  
(1-5) .  A detailed study of the condit ions for 
trypsin act ivation and the results of  experiments  
with other  tissues f rom normal  rats are re- 
ported. 3 

MATERIALS AND METHODS 

Preparation of Tissue Homogenates and Fractions 

Male  Osborne-Mende l  rats (175-200 g) were  
killed by cervical  dislocation, fol lowed by de- 

1Supported in part by Grant No. CA04605-06, US Public 
Health Service; Contract No. AT-(40-1)-3329, US Atomic 
Energy Commission. 

2Presented in part at the AOCS Meeting, Houston, 
April 1965. 

aThe expressions "activation" and "activators" are 
operational terms to indicate the process and the agents 
which can increase the enzymatic activity. Consistent with 
previous use, the comprehensive term lecithinase has been 
employed to designate the activities which hydrolyze 
lecithin with the Liberation of two moles of fatty acid and 
o n e  mole of glycerylphosphorylcholine without the ac- 
cumulation of measurable amounts of lysolecithin (6,7). 
The term lysolecithinase indicates the enzyme which 
hydrolyzes lysolecithin to one mole of fatty acid and one 
mole of glycerylphosphorylcholine (EC.3.1.1.5.). Alterna- 
tive designations for this activity are phospholipase B and 
lysophospholipase. 

capitation. Tissue samples were h o m o g e n i z e d  
in 10 to 20 volumes  of  cold 12.5 or  25% 
glycerol,  containing 2x10 -3 M cysteamine,  
2x10 -3 M ethylenediaminetetracet ic  acid ( E D -  
T A ) ,  and 5x10 -3 M M g C l z ,  then were  buffered 
at p H  6.4 with potassium phosphate  ( ionic 
strength 1 .5x0.1/0 .  Variat ions in glycerol con- 
centrations f rom 12.5% to 25% were intro- 
duced for  technical  reasons during gradient  
centr i fugat ion studies or co lumn chromatog-  
raphy and had no  effect on the activity or  dis- 
t r ibut ion of  the phospholipases.  Rout inely  the 
tissue homogenates  were  cleared by centrifuga- 
tion at low speed (12,000xg for 10 min) ,  fol- 
lowed by separat ion at high speed (100,000xg 
for 60 min)  pr ior  to testing and activation. 

Homogena tes  f rom normal  rat  mucosa  were 
the source of  the mucosaI  "act ivat ing fract ion."  
The  latter was obtained f rom homogenates  in 
the 25% glycerol medium,  centr i fuged for  
10 rain at 12,000xg and fur ther  separated at 
100,000xg for 60 rain. A 7- to 10-ml aliquot 
of  the final supernatant  f ract ion was chromato-  
graphed on D E A E - S e p h a d e x  previously equil- 
ibrated with 12.5 % glycerol containing 
cysteamine, E D T A ,  etc., as indicated above. 
The  same med ium was employed  as eluant. A n  
approximate  co lumn height  of  20-25 cm with 
a co lumn diameter  of  2.5 cm and an adjusted 
flow rate  between 0.5 and 1.0 ml per  minute  
were used. All operat ions were  carr ied out  at 
0.5C. The  breakthrough peak, consisting of  a 
light red fract ion that  contained about  10% 
of the total protein of  the original preparat ion,  
possesses the ability to activate the phospho-  
lipases of  various tissues of  the normal  rat  and 
of  intestinal mucosa  of  irradiated rats and is 
the f ract ion referred to as "act ivat ing fac tor  
f rom normal  mucosa ."  This f ract ion does not  
exhibit  any lecithinase or lysolecithinase activi- 
ty with the testing procedures.  

Estimation of Phespholipase Activity 

Active Phospholipases. The  methods already 
described for lecithin prepara t ion and lecithin- 
ase assay (6) have  been fol lowed in these ex- 
periments.  Hydrolysis  of  the phospholipid has 
been rout inely determined by est imating the 
released fatty acid or  the decrease in esterified 
fatty acids. Lysolecithinase was estimated with 
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Fig. 1. Effect of preincnbation with trypsin on 
the phospholipases of intestinal mucosa of x- 
irradiated rats. Mucosal supernatant (100,000xg 
for one hour from a 1/20 homogenate) was 
diluted with 4 volumes of buffer containing trypsin 
at 5 and 2.5 ~g/ml final for preincubation at 37C. 

I 
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At selected time-intervals aliquots of 0.5 ml and 
0.125 ml were used for assay of lecithinase and 
lysolecithinase respectively: final reaction volume, 
1.5 ml; activity given as/~moles fatty acid released 
per ml of reaction mixture, per hour. 

identical procedure on tissue aliquots one-third 
to one-fourth the size of the sample used for 
lecithinase. Lysolecithin, prepared according 
to Long and Penny (8) and stored frozen at 
20 /tmoles/ml in water, served as a substrate. 
Unless otherwise indicated, the final lysolecithin 
concentration in the reaction mixture was 6.66 
ffM/ml. 

Activation Procedure. The procedure finally 
adopted for detection and measurement of in- 
active phospholipases involves the addition of 
one volume of cold tissue preparation to one 
volume of buffer or trypsin-buffer at 37C fol- 
lowed, 4 rain later, by one volume of substrate 
at 37C and routine determination of phospho- 
lipid hydrolysis. The short incubation time is 
designed to minimize the effect of temperature 
on the phospholipases. The use of at least two 
trypsin concentrations is recommended for all 
tissues. Those with low protein content 
(thymus, diluted irradiated mucosa) as a rule 
are fully activated by low trypsin concentra- 
tions, 3 and 10 fig per ml of preincubated mix- 
ture. For spleen, lung, bone marrow, and liver 
usually tested at 1 / 10-1 / 20 homogenates, 
higher trypsin levels are necessary (4,12,20 /~g 
per ml of preincubated mixture). The experi- 
mental results leading to this procedure are 
given in detail in the following section. 

Trypsin (2x crystallized, salt-free), ~-Chymo- 
trypsin (3x crystallized), and Ovomucoid were 
purchased from Worthington Biochemical Cor- 
poration. 

Irradiation. Male Osborne-Mendel rats of 
175 to 200 g were irradiated in a Lucite box 
with an industrial x-ray unit operated at 250 kv 
and 15 ma. Intrinsic filtration HVL, 0.26 mm 
Cu equivalent; added filtration, 2 mm A1 and 
0.25 mm Cu. Target distance, 78 cm; rate, 
40 r /min ;  total dose, 800 r. Controls and 
irradiated animals were starved from the night 
preceding the irradiation until killed 24 hr after 
exposure. 

RESULTS AND DISCUSSION 

Action of Trypsin on the Mucosa of X-Irradiated Rats 
Treatment of high-speed supernatants of 

mucosa from x-irradiated rats with various 
proteolytic enzymes (ficin, papain, bromelain, 
chymotrypsin, and trypsin) results in enhance- 
ment of phospholipase activity. Trypsin was 
selected for the experiments because of its 
high activity and the availability of specific in- 
hibitors. 

The general relationship between the amount 
of added trypsin, the time of preincubation be- 
fore the addition of lecithin or lysolecithin and 
phospholipase activation is shown in Figure 1. 
In this experiment the mucosal preparation is 
treated with two concentrations of trypsin, and 
samples are withdrawn at regular time-intervals 
and tested for lysolecithinase and lecithinase 
activity. It is clear that the rate of activation 
is directly dependent on the concentration of 
the trypsin and that the same end-point is 
reached after suitably long periods of preincu- 
bation. 
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TABLE I 
Effect of Trypsin on the Lecithinase and Lysolecithinase Activities of Rat Tissuesa 
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Lecithinase Lysolecithinase 
Tissue Untreated Trypsin-Treated Untreated Trypsin-Treated 

Spleen 24 49 170 298 
Lung 19 38 179 265 
Thymus 10 44 126 248 
Liver 6 10 34 63 
Bone marrow 36 77 34/ 563 

aHigh-speed supernatants of 1 to 10-l  to 20 (w/v) tissue homogenates were used for all tissues except 
bone marrow, which was tested as unfractiouated homogenate. Tissue aliquots were preincubated for 4 
rain at 37C with or without trypsin prior to the addition of substrates and three levels of trypsin (4,12,20 
#g/ml) were used to ensure maximal activation. Phospholipase activity was determined by estimation of the 
released fatty acids, then computed to represent the hydrolytic activity of one gram (wet weight) of tissue 
per hour. The values in the table are the average activity in organs from six rats. 

Add i t i ona l  ev idence  r ega rd ing  the role  of  the  
pro teo ly t ic  enzymes  in the  ac t iva t ion  process  
c an  be  s u m m a r i z e d  as follows. Ovomuco id ,  
wh ich  is a t ryps in  inhib i tor ,  suppresses  the  
ac t iva t ion  of  phospho l ipases  on ly  w h e n  added  
be fo re  the  t ryps in  and  is w i t hou t  effect if  added  
at  the  end  of  the  p r e i n c u b a t i o n  per iod.  O n c e  
the  subs t ra te  has  b e e n  added  to  samples  on ly  
par t ia l ly  act ivated,  the  init ial  ra te  of fa t ty  acid 
l ibe ra t ion  is l inear  and  is no t  increased  by  the  
fu r the r  addi t ion  of  c h y m o t r y p s i n  or  t rypsin.  
D F P  c h y m o t r y p s i n  and  alkali-  and  heat -de-  
n a t u r a t e d  t ryps in  have  n o  ac t iva t ing  effect. 
These  f indings suppo r t  the  conc lus ion  t ha t  t ryp-  
s in act ivates  the  phospho l ipases  w i thou t  par t ic i -  
pa t ing  in the  ensu ing  hydrolys is  of  the  phospho -  
l ipid and  t ha t  the  pro teo ly t ic  ac t ion  of  the  
enzyme  is essential  to the  ac t iva t ion  process.  

Similar  results  were  ob ta ined  wi th  the  same  
p r e p a r a t i o n  of  m u c o s a  of  F igure  1 by  us ing  the  
ac t iva to r  of n o r m a l  m u c o s a  in place  of  t rypsin.  
I t  is l ikely t ha t  the  same m e c h a n i s m  of  act iva-  
t ion  is invo lved  a l t h o u g h  a f i rm conc lus ion  on  
this po in t  m u s t  awai t  pur i f ica t ion  and  identifi-  
ca t ion  of  the  mucosa l  factor .  

Activation and Characterization of Rat Tissue 
Phospholipase s 

A n u m b e r  of  tissues f r o m  n o r m a l  ra ts  have  
been  tested for  phospho l ipase  activit ies be-  
fore  and  af te r  t r e a t m e n t  wi th  trypsin.  T h e  
d i s t r ibu t ion  of  act ivi ty r epo r t ed  by  o thers  
(9 -12)  in  u n t r e a t e d  h o m o g e n a t e s  of  spleen,  
lung,  and  l iver  has  been  conf i rmed.  In  addi-  
t ion,  these da ta  show tha t  the  pro teo ly t ic  en- 
zymes  e n h a n c e  the  act ivi ty of  the  phospho -  
l ipases of  all these  tissues (Tab le  I ) .  

W h e n  h o m o g e n a t e s  of  tissues w h i c h  con ta in  
t ryps in-ac t iva ted  phosphol ipases  were  sub- 
mi t t ed  to cen t r i fuga l  f rac t iona t ion ,  8 0 %  or  
m o r e  of  the  phospho l ipase  act ivi ty m e a s u r a b l e  
wi th  or w i thou t  t ryps in  t r e a t m e n t  was f o u n d  
in the  h igh-speed  s u p e r n a t a n t  a f te r  four  hou r s  

at  120,000xg. O n  the  o the r  hand ,  the  enzymes  
f r o m  n o r m a l  r a t  intest ine,  w h i c h  are no t  af- 
fec ted  b y  t ryps in  t r ea tmen t ,  a re  s ed imen ted  by  
cen t r i fuga t ion  a t  h igh  speed (6 ) .  T h e  dif- 
f e r ence  in s ed imen ta t i on  b e h a v i o r  suggests as- 
soc ia t ion  wi th  molecu la r  aggregates  of  dif- 
f e r en t  size, and  this  cou ld  be  conf i rmed  b y  gel 
f i l t ra t ion on  S e p h a d e x - G  200. As  s h o w n  in 
F igu re  2, a lmos t  all t he  act ivi ty p resen t  in a 
s u p e r n a t a n t  of  n o r m a l  m u c o s a  af te r  cent r i fu-  
ga t ion  a t  120,000 for  one  h o u r  was r ecove red  
in the  first effluent f r o m  the  c o l u m n :  on ly  a 
m i n o r  c o m p o n e n t  appea red  in a la ter  f ract ion.  
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Fig. 2. Elution patterns of high-speed super- 
natants of mucosa of normal  and x-irradiated rats 
f rom a Sephadex G-200 column. IColumn size: 
height 29 cm, diameter 2.5 cm. Tissue sample: 
3 ml of supernatants (100,000xg) from 1/12 
mucosal homogenates. Flow rate: 8 ml per hour. 
Fraction volume: 5 ml.] Phospholipase activity is 
represented on the ordinate in arbitrary units. 
The height of the peaks is proportional to the 
activity of the eluted samples. The shaded areas 
indicate the increase in activity after preincuba- 
t ion with trypsin. N o  increase is observed in the 
samples f rom the control animal. 
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Fig. 3. Kinetics of lysolecithin hydrolysis by 
irradiated mucosa after treatment with trypsin; 
Two dilutions (A ---- 1 / 1 0 - B  = 1/20) of a high- 
speed supernatant of mucosa from an irradiated 
rat were preincubated for 4 rain at 37C with (A.~, 
Br) and without (Av, Bu) trypsin (4 /~g/ml), 
then tested for lysolecithinase activity. In the 
graph the logarithm of the concentration of un- 
hydrolyzed substrate is plotted against time for the 
two mucosal dilutions used: A in the lower part 
and B in the upper part of the figure. 

In the irradiated animal the distribution was 
completely reversed, and the major portion of 
the activity (90%)  was recovered in the late 
effluent. In addition, as indicated by the shaded 
areas in the figure, treatment with trypsin en- 
hanced the phospholipase activity (lecithinase 
and lysolecithinase) in the irradiated animal 
but not in the normal. By the use of column 
markers a preliminary indication of a molecu- 
lar weight around 50,000 has been obtained 
for the late peak of the irradiated mucosa. 
Similar data have been obtained with thymus 
and spleen supernatants. 

These data distinguish two types of phospho- 
lipases of rat tissues: a) soluble and trypsin- 
activated and b) particle-bound and unaffected 
by trypsin treatment. The first form of the 
enzyme is found in many tissues, thymus, 
spleen, lung, bone marrow, liver of the normal 
rat, and the intestine of x-irradiated rats. The 
second form has been found thus far only in 
the intestinal mucosa of normal rats (6,7). 
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Fig. 4. Effect of variations in substrate con- 
centration and of treatment with trypsin on the 
lysolecithinase activity of thymus. Aliquots of the 
high-speed supernatant from a 1/20 thymus 
homogenate were preincubated with or without 
trypsin (5/zg/ml) at 20C for 6 min, then added 
with different lysolecithin concentrations for 
lysotecithinase activity determination. Final 
lysolecithin concentrations per ml of reaction 
mixture are indicated in the figure by the follow- 
ing symbols: x = 20 ~moles; /~ �9 ---- 12 ~moles; 
O �9 = 6 ~moles; [] �9 ---- 2/zmoles. Solid sym- 
bols --~ preincubated with trypsin. Open symbols 
= preincubated without trypsin. 

The Effect of Enzyme "Activation" 
on Enzyme-Substrate Interaction 

Activation of the phospholipases involves 
marked changes in their reactivity with their 
substrates. For the lecithinase the over-all 
effect can be simply seen as an increase in 
activity. The ratio of activities of the untreated 
and treated preparations is constant at dif- 
ferent reaction times and for different enzyme 
concentrations. First-order kinetics are ap- 
proximated in both preparations, and the Km 
values for the untreated and treated samples 
are identical (1.7x10-3 M).  

For  the lysolecithinase the interaction is 
more complex. The untreated preparation at- 
tacks the lysolecithin but with a progressively 
falling rate of hydrolysis. Treatment with ac- 
tivators prevents the decline in the rate of the 
reaction, which now proceeds according to 
first-order kinetics (Figure 3, A U and AT). It 
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can be shown that  a) decreasing the enzyme  
concentra t ion  by one-half  decreases product  
accumula t ion  but  does not  delay the beginning 
of  deviat ion f rom first-order kinetics (compare  
At; and Be of  Figure  3 ) ;  b)  reducing the 
lysolecithin concentra t ion  f rom 20 to 2 ~moles  
per  ml retards the fall in react ion rate so that  
more  phosphol ipid  is hydrolyzed at the lower  
substrate concentrat ions (Figure  4) .  A rela- 
tively slow process of  enzyme inhibition by 
secondary interact ion with the substrate is indi- 
cated by these findings in agreement  with the 
inhibitory effect of  high substrate concentra-  
tions on lysolecithinases of  l iver and pancreas 
reported by others (13,14) .  I t  must  be  empha-  
sized that these findings and considerations do 
not  apply to the intestinal mucosa  of normal  
rats where the enzymes are not  activated by 
trypsin and do no t  deviate f rom first-order 
kinetics. 

In  sum, ,this study has shown the presence 
in rat  tissues o f  two types of  phospholipases 
distinguishable on the basis of  distribution, 
response to t rea tment  with trypsin, sedimenta-  
tion characteristics, and kinetic behavior.  The  
action of  trypsin and the other  proteolyt ic  en- 
zymes on the phospholipases is a relatively new 
finding, and its mean ing  is still obscure.  A 

true activation,  as it occurs  for the proteases in 
general,  might  be involved. Conversely  the 
remova l  of  a slowly reacting binding site which 
would  eventual ly cause inhibit ion could explain 
the effect on the lysolecithinase 
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ABSTRACT 

The biosynthesis of cyclopropane and 
cyclopropene fatty acids was investigated 
in seeds of several species of the order 
Malvales, including species with a high 
content of sterculic acid, a high content of 
malvalic acid, and a low content of these 
cyclopropene fatty acids. The fatty acid 
composition of the lipids in young and 
developing seeds is compared with partic- 
ular attention to variations in cyclopropane 
and cyclopropene fatty acid contents. 

Incubation studies employing several 14C 
compounds indicate that the methyl group 
of methionine is the most likely precursor 
of the ring-methylene carbon. A pathway 
for the synthesis of the cyclopropane and 
cyclopropene fatty acids is postulated. The 
origin of malvalic acid is also considered. 

INTRODUCTION 

T HEORIE S  ON T H E  BIOSYNTHESIS  of the cyclo- 
propene fatty acids can be summarized as 

follows: 

phosphatidyl ethanolamine (2,3,4). The bio- 
synthesis of the bacterial cyclopropane fatty 
acids has recently been reviewed (5). 

Recently Hooper and Law (6) showed that 
the methyl group of L-methionine was a pre- 
cursor of the methylene group of cyclopropane 
and cyclopropene fatty acids in young seedlings 
of Hibiscus syriacus. They showed that dihy- 
drosterculic acid represented 40% of the labeled 
fatty acids produced by the seedlings. The 
cyclopropene fatty acids contained only a small 
amount of the label, and these authors were 
t:nable to determine whether or not dihydro- 
sterculic acid was the precursor of the cyclo- 
propene fatty acids. 

From the labeling pattern of sterculic and 
malvalic acids isolated after the incubation of 
young H. syriacus seedlings with 1-14C-acetate, 
Smith and Bu'Lock (7) showed that the label 
was not incorporated into the methylene car- 
bon of the ring. They suggested that sterculic 
acid was formed by alkylation of octadec-9- 
ynoic (stearolic) acid and that the formation 
of malvalic acid must involve chain shorten- 
ing of some precursor fatty acid. 

oleic acid + .CH2 ~ dihydrosterculic acid --+ dihydromalvalic acid 

stearolic acid + ~ --> sterculic acid -~ malvalic acid 
1' 

C~7 monounsaturated acid + .CH2 ~ dihydromalvalic acid 

Investigations carried out in this laboratory 
on the biosynthesis of cyclopropene fatty acids 
have been briefly reported in a review (1) of 
the chemistry and biological effects of the 
cyclopropene compounds. These investigations 
showed that the incubation of slices of imma- 
ture Malva parviflora fruit with L-methionine 
[l~C-methyl] led to the labeling of dihydro- 
sterculic acid with only minor amounts of 
labeled malvalic or sterculic acids. Of the 
several compounds tested, methionine was the 
most specific precursor of dihydrosterculic acid. 

The bacterial cyclopropane fatty acid, lacto- 
bacillic acid, is produced by the addition of 
the methylene group derived from the methyl 
group of S-adenosyl methionine across the 
double bond of cis-vaccenic acid attached to 

Kircher and Heywang (8) showed that eggs 
from hens fed one gram of methyl dihydro- 
sterculate daily developed pink whites during 
storage. This observation led them to suggest 
that the hen is capable of desaturating dihydro- 
sterculic acid to produce sterculic acid, a causal 
factor of this egg disorder. By analogy, t h e y  
suggested that the desaturation of dihydro- 
malvalic and dihydrosterculic acids in plants 
could lead to the formation of malvalic and 
sterculic acids, a suggestion which has also 
been made by Wilson, Smith, and Mikolajczak 
(9). 

In lipids containing both cyclopropane and 
cyclopropene fatty acids, methods have not 
hitherto been available for the separate estima- 
tion of sterculic, dihydrosterculic, malvalic, 
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dihydromalvalic acids and their homologues. 
Such a method has been described in a separate 
paper (10) and applied in this investigation. 

In this communication, studies on the bio- 
synthesis of cyclopropane and cyclopropene 
fatty acids in tissue slices of seeds and fruits 
of the order Malvales are reported, and changes 
in total lipid content and in cyclopropane and 
cyclopropene fatty acid composition of triglyc- 
erides and polar lipids are discussed in rela- 
tion to seed maturity. Since the major cyclo- 
propene fatty acid in Sterculia foetida is ster- 
cnlic acid and that of Brachychiton acerifolium 
and B. populneum is malvalic acid, studies with 
these species were conducted to determine 
whether there was a different route for syn- 
thesis of malvalic and sterculic acids. This 
biosynthesis was also investigated in plants 
with a low content of cyclopropene fatty acids, 
namely, the commercially important  member of 
the order Malvales, Gossypium hirsutum (cot- 
ton),  and in some MaIva species. 

EXPERIMENTAL 

Materials 

Seeds or fruits from the following plant  
species were used: family Malvaceae--Malva 
parviflora L., Malva nicaensis All., Malvaviscus 
arboreus Cav., var. mexicanus Schlecht, Gossy- 
plum hirsutum, var. empire; family Sterculia- 
ceae--Sterculia foetida L., Brachychiton aceri- 
[olium F. Muell., Brachychiton populneum 
(Schott) R.Br. 

As it was rarely possible to determine their 
precise age, the seeds were arbitrarily classified 
as young or mature, according to the following 
criteria. The young seeds were those taken 
from fruits that had attained approximately 
half their fully grown size: the cotyledons and 
endosperm were undifferentiated, and the in- 
terior of the seeds was watery and gelatinous. 
Mature seeds were those obtained from fully 
grown, unopened fruits: they had fully devel- 
oped cotyledons, endosperm, and seed coats. 
The hard outer coat of mature seeds was re- 
moved before use, leaving mainly cotyledons 
and endosperm. The entire seed was used from 
young fruits. 

Radioactive materials were obtained from the 
Radiochemical Centre, Amersham, England. 
The absorbents used for column chromatog- 
raphy were silver nitrate-silica gel (Adsorbosil-  
CABN, 25% silver nitrate, 140/200 mesh, 
from Applied Science Laboratories, State Col- 
lege, Pa.) ,  suitable for the estimation of cyclo- 
propene fatty acids as described by Johnson et 

al. (10) and 60-100 mesh Florisil (Floridin 
Company, Flor ida) .  

Methods 

Incubation Procedure. Tissue slices approxi- 
mately 0.5-mm thick were cut transversely 
across seeds or fruits, weighed, and incubated 
in stoppered conical flasks containing a center 
well. Potassium hydroxide solution (10% 
w/v)  was placed in the well, and filter paper 
was added. The incubation solution was 0.05M 
phosphate buffer (pH 6.6, 2.5 ml per g of 
slices), containing chloramphenicol (40 ppm) .  
Potential precursors of the ring-methylene car- 
bon, labeled with ~4C, were added in amounts 
governed by the period of incubation and the 
degree of activity required in the lipid. The 
flasks were shaken gently at 25C, and for incu- 
bations exceeding 4 hr the flasks were flushed 
with oxygen at intervals. After  incubation the 
filter paper was removed, and the potassium 
hydroxide solution was rinsed from the center 
well. The contents of each flask were trans- 
ferred to a Servall-Omnimix blender cup with 
chloroform-methanol 2:1 ( v / v ) ,  and excess 
nonradioactive precursor was added to dilute 
any ~4C labeled precursor remaining. 

Lipid Analysis. The crude lipid was extracted 
from the incubation mixtures, or from seeds 
alone, by homogenizing with chloroform- 
methanol (2:1 v /v )  (11). Neutral  lipid was 
separated from polar lipid on acid-treated Flor- 
isil by the method of Carroll  (12).  Polar lipid 
was either totally removed with methanol or 
separated into five fractions by using Carroll 's 
solvent sequence. Neutral lipid was separated 
into classes by using Florisil which contained 
6% (w/v)  water (13).  

The polar lipid fractions were examined by 
the method of Dawson et al. (14) ;  the water- 
soluble hydrolysis products were separated by 
two-dimensional paper chromatography. Some 
polar lipid fractions were separated by chroma- 
tography on silica gel, by using concave gradi- 
ents of methanol in chloroform (15).  The 
separations were followed by the ninhydrin 
test and analysis for phosphate after digestion 
with perch lor ic  acid (16).  Thin-layer chroma- 
tography (TLC) was carried out by established 
methods (17).  Phospholipids on TLC plates 
were detected by molybdenum blue spray 
reagent (18).  It was shown that the polar lipids 
comprised a complex mixture largely of phos- 
pholipids. 

Methyl esters of the lipid fatty acids were 
o b t a i n e d  by interesterification of the lipid 
classes with potassium methoxide in methanol 
(19).  Triglycerides were reftuxed under nitro- 
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TABLE I 
Major Cyclopropane and Cyclopropene Fatty Acids in Young and Mature Seeds 

Sterculia Brachychiton Brachychiton Gossypiura 
Plant species ]oetida aceri]olium populneurn hirsutum 

Seed maturity Young Mature Young Mature Young Mature Young Mature 

Total lipid (% of seed wet weight) 3.4 25.0 0.6 15.2 1.4 6.0 0.6 22.0 
Polar lipid (PL) (% of total lipid) 31 6 69 8 53 6 34 5 
Triglycerides (TG) (% of total lipid) 53 77 15 81 31 80 43 82 
Cyclopropane and cyclopropene fatty 

acids in TG or PL a TG PL TG TG PL TG TG PL TG TG PL TG 
Cls Branched-chain (malvalic) 11.6 .... 6.5 20.5 8.2 54.3 2.6 7.2 0.8 0.1 0.2 
Cls Dihydromalvalic 1.7 1"16 0.5 0.4 0.1 1.5 
C19 Branched-chain (sterculic) 6418 212 5112 9.1 1.3 210 21.8 3.6 214" 1.4 0.6 019 
C19 Dihydrosterculic 4.6 4.7 0.4 3.5 0.9 1.4 0.8 1.2 .... 1.2 0.7 0.1 

a Estimated as methyl esters by Method B. Thus C~s branched-chain and Ca9 branched-chain give an 
estimate of the malvalic acid and sterculic acid respectively. 

gen for 5 min and polar lipid fractions for 15 
min. The extracted methyl esters were chro- 
matographed on Florisil prior to analysis. 

Estimation o[ Cyclopropane and Cyelopro- 
pene Fatty Acids. The fatty acid composition 
of the various lipid classes was deduced by 
treating the methyl esters in one of the follow- 
ing ways. 

Method A: Hydrogenation. The methyl esters 
were hydrogenated in methanol with platinum 
oxide (10% of ester weight) for 30 min at 
room temperature and atmospheric pressure 
and were analyzed by gas-liquid chromatogra- 
phy (GLC) .  

Method B: Silver Nitrate-Silica Gel Chroma- 
tography. The foregoing hydrogenation method 
only gives a combined estimate of the cyclo- 
propane-cyclopropene esters of each carbon 
number present in a mixture, and during this 
investigation a method was developed for the 
analysis of individual cyclopropane and cyclo- 
propene fatty acids (10).  This method is based 
on the observation that chromatography on 
silver nitrate-silica gel causes cyclopropene 
methyl esters to undergo ring opening, and all 
the products may be hydrogenated to yield 
branched-chain methyl esters. For  example, 
methyl sterculate yields a mixture of methyl 
9- and 10-methyloctadecanoates (C19 branched) 
in approximately a 1:1 ratio. This mixture 
gives a single peak on GLC, thus providing a 
direct estimate of the sterculate originally 
present. Likewise the GLC peak attributable 
to the C1~ branched-chain esters provides a 
measure of the original malvalate. 

Each methyl ester mixture was separated into 
saturated and unsaturated components by 
chromatography on silver nitrate-silica gel 
(Method 2 of Reference 10). The saturated 
methyl esters were analyzed directly by GLC, 
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and the unsaturated esters were first hydro- 
genated, then analyzed. The compositions and 
weights of the two fractions were  used to cal- 
culate the composition of the original methyl 
ester mixture. 

Gas-Liquid Chromatography. A Packard 
model 7508 gas chromatograph with dual argon 
ionization detectors and dual 180 cm X 3 mm 
ID coiled glass columns was used. For  analysis 
of nonradioactive methyl ester mixtures the 
columns were packed with Chromosorb G, 
coated with 1% Apiezon M and maintained at 
185C. Radioactive mixtures were analyzed on 
columns of 10% Apiezon M on Chromosorb G 
at 220C. Peak areas were determined by ball 
and disc integrators (Disc Instruments Inc., 
California) coupled to the recorders. 

Estimation of Radioactivity. The a4C activity 
was determined in a Packard Tri-Carb liquid 
scintillation spectrometer, Model 3324. The 
scintillation fluid used for lipid samples was 
2,5-diphenyloxazole (0.4% w/v)  and 1,4-bis- 
2-f5-phenyloxazolyl)-benzene (0.01% w/v)  in 
toluene. Aqueous samples were counted in 
Bray's solution (20),  and the 14COo absorbed 
on the filter papers was counted by the method 
of Buhler (21),  using the Diotol solution. Ra- 
dioactive fatty acid methyl esters were sepa- 
rated by GLC at 220C. A 50:1 exit stream 
splitter was used, and the major split was 
trapped in anthracene cartridges in an auto- 
matic fraction collector (Packard Instrument 
Company) .  The a~C content of each cartridge 
was then obtained directly by scintillation 
counting. The minor split was passed into the 
GLC detector, and the composition of the mix- 
ture was determined in the usual way. The 
specific activity of each methyl ester was cal- 
culated from the specific activity of the esters 
prior to GLC, the percentage composition of 
the mixture, and the percentage of the total 
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Incorpora t ion  of 14C into the Fat ty  Acids of Fru i t  Slices of Malva  parviflora, Malva  nicaensis, and 
Malvaviscus arboreus after Incubat ion with ~4C-Labeled Compounds  
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~4C Content  of Hydrogenated Methyl  Esters (Method A)  
as a Percentage of the Tota l  ~4C Recovered after G L C  

Malva  Malvaviscu~ 
Species Malva  parviflora a nicaensisb arboreusb 

L,methio-  L-methio- L-methio- 
nine [14C- I4C- a~C-Formal- 3-14C-L - 2 ~4C- l-a4C - nine [a4C- nine [x4C- 

a4C Precursor methyl] Formate  dehyde Serine Malonate Acetate methyl] methyl] 

Fat ty  acid 
10-12 1.5 ...... 3.3 0.7 5.7 0.3 ...... 0.4 
14 0.3 0.7 6.6 2.2 4.7 5.2 
15 1.8 0.1 0.2 ...... 
16 1.3 12.6 32.5 53.2 38.7 49.3 0.2 
17 Cyclopropane 5.4 2.2 3.3 3.8 ...... 0.8 1.8 6.4 
17 2.1 0.4 ...... 1.6 2.8 0.9 0.1 1.0 
18 Branched-chain c 0.5 1.4 0.1 0.1 0.2 
18 Dihydromalval ic  1.3 1.1 1.9 0.4 1.2 0.2 2.1 0.5 
18 2.6 12.3 30.0 26.1 40.5 42.0 1.9 1.0 
19 Branched-chain e 14.1 4.0 2.5 1.1 1.6 0.3 2.1 1.9 
19 Dihydrosterculic 66.3 65.1 15.8 10.7 1.6 0.6 88.2 87.5 
19 4.9 1.9 2.5 0.8 1.3 0.2 3.2 1.7 

14C Content  of ( C P A  
+ C P E ) a  as a percent- 
age of total  incorpora- 92 74 27 17 6 2 98 98 
t ion in  fatty acids 

pc 14C Added per g of 
seed tissue 0.59 0.62 0.34 0.60 0.54 0.57 1.18 2.84 

14C Incorporated into 
fatty acids as a per- 0.27 0.09 0.30 0.53 1.26 10.0 0.72 1.20 
centage of added 1'C 

Specific activity of fat- 480 150 340 700 7 ,720 41,970 2,690 1,860 
ty acids (dpmpmg)e  

After  9 hr  of incubation.  

b After  22 hr of incubation.  

e Branched-chain indicates a mixture of the branched-chain isomers which were derived from the corres- 
ponding cyclopropene fatty acid by hydrogenat ion (Method A) .  

a C P A + C P E  was obtained from the sum of the radioact ivi ty  in Clr cyclopropane, Cls branched-chain, 
dihydromalval ic ,  C19 branched-chain,  dihydrosterculic, and C19 esters. Cont r ibut ion  of  C~r and C~s by-products 
of cyclopropene hydrogenat ion is not  included in  total. 

e Disintegrationz per minute  per mil l igram. 

counts associated with each fraction recovered 
from GLC. 

Determination of Labeling Patterns o~ Methyl 
Sterculate -14C. After  incubation of L-methio- 
nine [l~C-methyl] with slices of young Ster- 
culia [oetida seeds, labeled methyl esters were 
fractionated by reversed-phase, liquid-liquid 
chromatography, and the methyl sterculate 
obtained was oxidized by techniques described 
(22).  The 14C contents of the various oxida- 
tion products and of the iodoform derived 
from the ring-methylene carbon were deter- 
mined. 

RESULTS 

The effect of seed maturity on the content 
of the major cyclopropane and cyclopropene 
fatty acids on the triglycerides and polar lipids 
is shown in Table I. 

In the young seed there was a high concen- 
tration of polar lipid, which had a low content 

of sterculic, malvalic, and dihydromalvalic acids 
and a high dihydrosterculic:sterculic ratio. Ex- 
cepting those in cottonseed, the triglycerides of 
the young seeds contained a high proport ion of 
sterculic and malvalic acids, also a low concen- 
tration of dihydromalvalic acid, and had a low 
dihydrosterculic:sterculic ratio. As the seeds 
developed, the total lipid content increased, 
but the proport ion of triglycerides accumu- 
lated more rapidly. The C16 and C1~ fatty 
acids of the triglycerides also increased, with a 
consequent dilution of the cyclopropene acids. 

Table II  shows the incorporation of 14C into 
the fatty acids of fruit  slices of Malva parvi- 
flora, Malva nicaensis, and Malvaviscus arbor- 
eus after incubation with various 14C-labeled 
compounds. The specificity of incorporation of 
14C into the cyclopropane and cyclopropene 
fatty acids decreased in the order of methio- 
nine, formate, formaldehyde, serine, malonate, 
acetate. Under  the conditions of incubation the 
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TABLE IIl 
Incorporation of 14C of L-methionine [~C-methyl] into the Seed Lipids of Young Seeds of 

Various Plants of the Order Malvales 

Percentage of Lipid 14C Recovered in Each Lipid Class 

Brachychiton Brachychiton Gossypium 
Species acertlolium populneum Sterculia /oetida hirsutum 

Time of incubation (hr) 22 22 4 24 4 22 

Hydrocarbons 0.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sterol esters 1.6 1.1 0.4 0.4 1.4 3.0 
Triglycerides 23.2 28.2 14.0 31.1 18.0 32.5 
Sterols 20.2 22.9 6.0 14.8 6.3 29.8 
Diglycerides 5.5 2.2 7.3 6.5 4.1 4.4 
Monoglycerides 2.7 1.3 1.2 1.5 1.5 1.0 
Free fatty acids 5.8 3.7 3.7 3.4 0.2 0.8 
Phospholipid fatty acids 15.2 8.3 60.1 33.5 6.6 7.9 
Phospholipid bases 25.7 32.5 7.3 8.8 59.2 20.5 

Administered 14C 
(#c per g of seed tissue) 5.0 8.0 4.0 4.0 5.5 5.5 

Percentage 14C recovered in lipid 6.9 5.2 4.1 5.3 0~6 1.0 

f ru i t  slices w e r e  act ively  syn thes i z ing  lipid, as  
s h o w n  by  the  h igh  i n c o r p o r a t i o n  o f  1 - ~ C  - 
ace ta te  in to  the  s t r a i g h t - cha i n  fa t ty  acids. 

A f t e r  i n c u b a t i o n  w i t h  m e t h i o n i n e ,  analys is  
of  the  h y d r o g e n a t e d  m e t h y l  es te rs  s h o w e d  tha t  
d ihyd ros t e r cu l i c  acid c o n t a i n e d  the  h ighes t  pe r -  
cen tage  o f  the  label.  H o w e v e r  the  re la t ive  
a m o u n t s  o f  the  ~4C c o n t r i b u t e d  by  the  n a t u r a l  
d ihyd ros t e r cu l i c  acid and  tha t  der ived  f r o m  
s tercul ic  acid b y  h y d r o g e n a t i o n  c a n n o t  be  deter-  
m i n e d  by  this m e t h o d .  Stercul ic  acid i tself  
m u s t  h a v e  ca r r i ed  s o m e  label  b e c a u s e  b o t h  
C19 n o r m a l  and  the  C~9 b r a n c h e d - c h a i n  i s o m e r s  
de r ived  f r o m  s tercul ic  acid w e r e  labeled.  H y -  
d r o g e n a t i o n  conve r t s  ma lva l i c  acid, the  m a i n  
c y c l o p r o p e n e  f a t t y  acid o f  M a l v a  species,  la rge-  
ly to d i h y d r o m a l v a l i c  acid, b u t  this  c o n t a i n e d  
on ly  1-2% of  the  label.  I n  the  th ree  species  
e x a m i n e d ,  a s igni f icant  p r o p o r t i o n  o f  the  label  

w a s  assoc ia ted  w i t h  a t r ace  q u a n t i t y  o f  a m e t h y l  
es ter  w h i c h  h a d  a r e t e n t i o n  t ime cons i s t en t  
w i th  tha t  o f  a C~7 c y c l o p r o p a n e  m e t h y l  ester .  

T h e  seeds  o f  M a l v a  p lan t s  are  smal l  a n d  
difficult to  s epa r a t e  f r o m  the  g r e e n  frui t ,  the i r  
c y c l o p r o p e n e  fa t ty  acid c o n t e n t  is l o w  ( C P A  q- 
C P E  c o n t e n t  o f  M a l v a v i s c u s  a r b o r e u s  is 0 . 5 % ,  
o f  M a l v a  parv i f l o ra  3 . 0 % ,  a n d  o f  M a l v a  ni-  
caens i s  3 . 3 %  ) ,  a n d  they  are  gene ra l ly  unsu i t -  
able  fo r  inves t iga t ions  o f  this type.  Seeds  f r o m  
trees  o f  the  S t e r c u l i a c e a e  w e r e  u s e d  in m o s t  o f  
the  la ter  e x p e r i m e n t s ,  in w h i c h  the  b io syn thes i s  
of  c y c l o p r o p a n e  a n d  c y c l o p r o p e n e  fa t ty  acids 
f r o m  the  m o s t  specific p r e c u r s o r ,  m e t h i o n i n e ,  
was  s tudied.  

T a b l e  I I I  s h o w s  the  d i s t r i bu t ion  o f  the  14C o f  
L - m e t h i o n i n e  [14C-methyl ]  in  the  lipid classes 
o f  y o u n g  B r a c h y c h i t o n  a c e r i f o l i u m  a n d  B. 
p o p u l n e u m  seeds a f te r  22 h r  o f  i ncuba t i on ,  a lso  

TABLE IV 
Effect of Incubation Time on Incorporation of x4C of L-methionine [~4-methyl] into the Cyclopropane and 

Cyclopropene Fatty Acids a of the Phospholipids and Triglycerides of Young Seeds of 
Sterculia ]oetida and Gossypium hirsutum 

Sterculia Joetida Gossypium hirsutum 

Cyclopropane and cyclopropene Phospholipids Triglycerides Phospholipids Triglycerides 
fatty acidsb 4 hr 24 hr 4 hr 24 hr 4 hr 22 hr 4 hr 22 hr 

C~7 Branched-chain (17 cyclopropene) - -  0.1 - -  0.1 - -  0.04 - -  0.3 
Percentage C1~ Cyclopropane 0.1 0.2 - -  0.2 - -  0.2 - -  0.3 
recovered C:s Branched-chain (malvalic) 0.02 0.04 2.7 1.7 - -  0.9 - -  4.9 
activity CIs Dihydromalvalic 0.2 0.25 0.4 0.4 - -  2.9 5.6 6.1 
after C19 Branched-chain (sterculic) 4.0 13.4 44.2 44.7 4.4 16.0 23,7 25.8 
GLCe C19 Dihydrosterculic 94.7 84.5 51.3 50.8 93.0 77.6 63.9 46.7 

C~s Branched-chain (malvalie) - -  - -  12 21 - -  - -  - -  10 
Specific Cls Dihydromalvalic . . . . .  32 34 104 
activity e C~9 Branched-chain (stereulic) 258 327 36 100 54 437 10 31 
(dpmpmg C:9 Dihydrosterculic 1,682 t,589 581 1,608 983 1,818 33 66 

x 10-D Total methyl esters 120 82 6 17 7 16 1 2 

a For percentage weight composition, see Table I. 
b See footnote, Table I. 
e Dash indicates insufficient activity or mass for accurate estimation. 
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TABLE V 

Incorporation of ~C of L-rnethionine [a~C-methyl] after 22 Hr  of Incubation into the Cyclopropane and 
Cyclopropene Fatty Acidsa of Phospholipids and Triglycerides of Young Seeds of 

Brachychiton aceri/olium and B. populneum 

Cyclopropane and cyclopropene fatty acidsb 

B. aceri]olium B. populneum 

Phospho- Phospho- Phospho- Phospho- 
lipid lipid Triglyc- lipid lipid Triglyc- 

1 d 5 d erides 1 d 5d erides 

Percentage 
recovered 
activity 
after 
GLC~ 

C~r Branched-chain (17 cyclopropene) 0.08 0.2 0.02 0.1 0.2 0.1 
Car Cyclopropane 0.5 0.4 0.3 3.2 3.7 2.6 
Cls Branched-chain (malvalic) 0.06 0.1 7.2 0.1 0.2 .07 
Cls Dihydromalvalie 2.0 0.9 1.3 7.1 7.0 9.6 
C19 Branched-chain (sterculic) 9.7 30.4 38.4 16.0 20.4 51.1 
C19 Dihydrosterculie 86.5 67.1 50.3 65.7 56.0 27.5 

Specific 
activity* 
(dpmpmg x 

10-3) 

C17 Branched-chain (17 cyclopropene) . . . . .  193 
C17 Cyclopropane - -  - -  - -  366 776 1,282 
C~s Branched-chain (malvalic) - -  - -  42 1 3 0.3 
Cls Dihydromalvalic 42 - -  90 449 816 371 
Ct9 Branched-chain (sterculic) 222 2,366 499 114 221 46 
C1~ Dihydrosterculic 727 2,402 1,699 1,143 2,448 654 
Total methyl esters 34 170 11.$ 30 31 20 

~For percentage weight composition, see Table I. 
b See footnote, Table I. 

r  indicates insufficient activity or mass for accurate estimation. 

aPhospholipids I and 5, eluted with 5% v /v  methanol-chloroform and 100% methanol respectively. 

the effect of incubation period on this distribu- 
tion in seeds of young Sterculia /oetida and 
Gossypium hirsutum. In all these plants, irre- 
spective of the period of incubation, the main 
sites of 14C incorporation were the triglycerides, 
the sterols, the phospholipid fatty acids, and 
the phospholipid base moieties. The label asso- 
ciated with sterols and triglycerides increased 
with the time of incubation. The total incor- 
poration of label into the triglycerides and 
phospholipid fatty acids does not give a true 
picture of the incorporation of the 14C of the 
methyl group of methionine into cyclopropane 
and cyclopropene fatty acids "for the cyclo- 
propene fatty acid content of the triglycerides is 
high whereas that of the phospholipids is low 
(Table I) .  

The effect of the incubation period on the 
incorporation of 14C of L-methionine [14C- 
methyl] into the phospholipid and triglyceride 
fatty acids of the young seeds of Sterculia 
[oetida and Go,esypium hirsutum is shown in 
Table IV. Only the cyclopropane and cyclo- 
propene fatty acids contained significant 
amounts of radioactivity. The dihydrosterculic 
acid of the phospholipids was, in both seeds, 
the initial product for it carried at least 93% 
of the label after 4 hr of incubation. This per- 
centage of label decreased after 24 hr of incu- 
bation, and the a4C content and specific activity 
of the phospholipid-sterculate (C~9 branched- 
chain isomers, Table IV) increased, suggesting 
that the dihydrosterculic acid was desaturated 
to sterculic acid. In many instances it was not 

possible to calculate specific activities; the 
content of some labeled fatty acids was too low 
to produce a response from the mass detector. 
However, with the phosphotipids, the percent- 
age of recovered counts associated with dihydro- 
malvalate was higher than that of the Ct8 
branched-chain fatty acids, suggesting again 
that the cyclopropane fatty acid is desaturated 
to the cyclopropene. 

The relative amounts of label incorporated 
into the fatty acids of the phospholipids and 
triglycerides of Brachychiton aceri[olium and 
B. popuIneum seeds after 22 hr of incubation 
are shown in Table V. In both species the 
phospholipids were separated into five fractions, 
but only the results for the phospholipid 1 
(phosphatidic acid, phosphatidyl ethanolamine, 
and phosphatidyl glycerol) and phospholipid 5 
(phosphatidyl choline) are recorded in the table 
because the incorporation of radioactivity into 
the intermediate fractions was essentially the 
same as in phospholipid 1. The 14C activity of 
the phospholipid cyclopropane esters was al- 
ways higher, than that of the corresponding 
cyclopropene esters, confirming that the cyclo- 
propene fatty acid is derived from the cyclo- 
propane, as in the other seeds examined. 

Some radioactivity was found before C17 and 
beyond C19 in all species examined. This 
activity was found to be located at retention 
values corresponding to lower and higher mem- 
bers of an homologous series of cyclopropane 
and cyclopropene fatty acids. 

The distribution of the t4C between the in- 
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dividual fatty acids of the triglycerides and 
phospholipids of mature seeds was determined, 
but results are not given because the deduc- 
tions were the same as those obtained from 
young seeds. 

Methyl dihydrosterculate (specific activity 
200,000 dpmpmg) and a fraction containing 
largely methyl stercnlate (15,000 dpmpmg) 
were obtained (22) from the labeled methyl 
esters of young Sterculia foetida seeds. Radio- 
active methyl n-octyl ketone (30,000 dpmpmg) 
was identified in the neutral products of the 
periodate-permanganate oxidation of the labeled 
sterculate (calculated specific activity 29,600 
dpmpmg) .  Iodoform prepared from the labeled 
ketone retained all the activity, showing that 
the 14C was located on the a-methyl grou0 of 
the ketone, which was originally derived from 
the methylene bridge carbon atom of the ster- 
culate. This showed that the radioactive methyl 
sterculate was specifically labeled on the 
methylene carbon atom. 

Further  proof of this finding was provided 
by an examination of the acidic products of the 
oxidation-hydrolysis of the labeled sterculate. 
The steam-volatile acids, mainly pelargonic 
acid, showed little activity. The acids not vola- 
tile in steam contained inactive azelaic acid and 
radioactive 9-keto-decanoic acid as the main 
components. Of the three acids only the radio- 
active keto-acid retained the methylene carbon 
atom of the parent sterculate, thus again show- 
ing that the methylene carbon atom was specifi- 
cally labeled. 

DISCUSSION 

The 14C of L-methionine [14C-methyll is 
incorporated into the dihydrosterculate and 
sterculate residues in the phospholipids and 
triglycerides. The methyl group is probably 
transmitted as S-adenosyl methionine, as has 
been demonstrated in bacteria (2,3,4),  and the 
derived methylene group then adds across the 
double bond of a fatty acid. To form dihydro- 
sterculic acid (9, 10-methylene octadecanoic 
acid) the fatty acid precursor must be oleic 
acid (octadec-9-enoic acid). Biosynthesis of 
cyclopropane fatty acids in these seeds is there- 
fore analogous to that in bacterial systems, 
where it has been shown (2,4) that cis-vaccenic 
acid on phosphatidyl ethanolamine is the pre- 
cursor of lactobacillic acid. In the seeds studied 
the  complex composition of the polar lipids 
precluded the isolation of pure single phospho- 
lipids, and it was not possible to determine 
whether there was a specific phospholipid essen- 
tial for the synthesis of dihydrosterculic acid. 
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The percentage of label incorporated into the 
initial product, the dihydrosterculate on the 
phospholipid, decreased during the time of in- 
cubation whereas that of the sterculate on the 
phospholipid rose, suggesting that dihydro- 
sterculic acid is desaturated to sterculic acid. 
This conclusion does not support the postulated 
biosynthesis of sterculic acid by  the addition of 
a methylene group to the acetylenic bond of 
stearolic acid (7).  

While the biosynthetic pathway for dihydro- 
sterculic and sterculic acids has been deduced 
from the results presented herein, the route of 
synthesis of the other members of the homolo- 
gous series is not immediately apparent. The 
route of synthesis of malvalic acid is of interest 
because it forms the major cyclopropenoid 
component of some of the seeds examined and 
because the ring is in the 8,9-position in the 
carbon chain. It is likely, from the observed 
activities of dihydromalvalic and malvalic acids, 
that dihydromalvalic acid is the immediate pre- 
cursor of malvalic acid; but it is not  apparent 
whether the dihydromalvalic acid arose by  a- 
oxidation (23) of dihydrosterculic acid or from 
the addition of a methylene group to a C1~ 
mono-unsaturated fatty acid. The latter com- 
pound is present in small amounts in these 
seeds, but  the position of the double bond is 
unknown. The work of Smith and Bu'Lock 
(7) does not exclude the possibility that the 
C17 mono-unsaturated fatty acid could be 
formed from a-oxidation of oleate. 

The labeled C1~ cyclopropane fatty acid 
which was observed could have been formed 
from either palmitoleic acid or from dihydro- 
sterculic acid by chain shortening by t -oxida-  
tion. Wood and Reiser (24) have shown that 
cis- and trans-3,4-methylene dodecanoates ac- 
cumulate in the tissues of rats fed cis- and 
trans- dihydrosterculate, and they conclude 
that these arose by fi-oxidation of the dihydro- 
sterculic acids. In the seeds, a-oxidation (23) 
or t -oxida t ion  of dihydrosterculic and sterculic 
acids could tead to the trace amounts of lower 
cyclopropane fatty acids, and higher homologs 
could be formed by the addition of C2 units. 
Alternatively, although the enzyme responsible 
for the formation of dihydrosterculic acid is 
most active for the addition of the methylene 
group to oleic acid, it could to a lesser extent 
add the methylene group to other mono- 
unsaturated fatty acids. The  results do not 
suggest which of these pathways predominates. 

For  all three types of seeds examined, 
namely, those rich in sterculic acid, those rich 
in malvalic acid, and those with a low cyclo- 
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propene fatty acid content, the results have 
demonstrated the same biosynthetic pathway 
for the formation of the cyclopropene fatty 
acids. 

ACKNOWLEDGMENTS 

The work was supported in part by USDA PL480 grant 
number Fg-Au-102. Thanks are given to J. B. Davenport 
for elucidating the structure of some of the phospholipids; 
for the technical assistance of R. Hood, M. A. Brown, and 
D. L. Norton; and to the many individuals and organiza- 
tions who assisted in supplying the seeds used in this work. 

REFERENCES 

1. Shenstone, F. S., J. R, Vickery and A. R, Johnson, 
J, Agr. Food Chem. 13, 410-414 (1965). 

2. Chung, A. E., and J. H. Law, Biochemistry 3, 967- 
974 (1964). 

3. Liu, T. Y., and K. Hofmann, Ibid. 1, 189-191 (1962). 
4. Zalkin, H., J. H. Law and H. Goldfine, J. Biol. 

Chem. 238, 1242-1248 (1963). 

5. O'Leary, W. M., in "Transmethylation and Methionine 
Biosynthesis," ed. S. K. Shapiro and F. Schlenk, Univer- 
sity of Chicago Press, Chicago, 1965, p. 94. 

6. Hooper, N. K., and J. H. Law, Biochem. Biophys. 
Res. Commun. 18, 426-429 (1965). 

7. Smith, G. N., and J. D. Bu'Lock, Ibid. 17, 433-436 
(1964). 

8. Kircher, I-t. W., and B. W. Heywang, Poultry Sci. 45, 
1432-1434 (1966). 

9. Wilson, T. L., C. R. Smith Jr. and K. L. Miko- 
lajczak, JAOCS 38, 6964599 (1961). 

10. Johnson, A. R., A. C. Fogerty, K. E. Murray, Judith 
A. Pearson, F. S. Shenstone, and B. H. Kennett, Lipids 
2, 316-322 (1967). 

11. Folch, J., M. Lees and G. bI. Sloane Stanley, J. Biol. 
Chem. 226, 497-509 (1957). 

12. Carroll, K. K., JAOCS 40, 413-419 (1963). 
13. Carroll, K. K., J. Lipid Res. 2, 135-141 (1961). 
14. Dawson, R. M. C., Norma Hemington and J. B. 

Davenport, Biochem. J. 84, 497-501 (1962). 
15. Bader, H., and H. E. Morgan, Biochem. Biophys. 

Acta 57, 562-568 (1962). 
16. Fiske, C. H., and Y. Subbarow, J. Biol. Chem. 66, 

375-400 (1925). 
17. Mangold, I-I. K., JAOCS 38, 708-727 (1961). 
18. Dittmer, J. C., and R. L. Lester, J. Lipid Res. 5, 

126-127 (1964). 
19. Luddy, F. E., R. A. Barford and R. W. Riemen- 

schneider, JAOCS 37, 447-451 (1960). 
20. Bray, G. A., Anal. Biochem. 1, 279-285 (1960). 
21. Buhler, D. R., Ibid. 4, 413-417 (1962). 
22. Fogerty, A. C., A. R. Johnson, Judith A. Pearson, 

and F. S. Shenstone, JAOCS 42, 885-887 (1965). 
23. Martin, R. O., and P. K. Stumpf, J. Biol. Che~n. 

234, 2548-2554 (1959). 
24. Wood, R., and R. Reiser, JAOCS 42, 315-320 

(1965). 

[ R e c e i v e d  N o v .  18, 1965]  

LIPIDS, VOL. 2, NO. 4 



The Reaction of Methyl Sterculate and Malvalate with Silver 
Nitrate-Silica Gel and Its Use as a Basis for the Estimation 
of Cyclopropene Fatty Acids 
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ABSTRACT 

When in contact with silver nitrate- 
silica gel, methyl esters of cyclopropene 
fatty acids undergo ring opening to yield 
pairs of isomers with methylene, hydroxy- 
methyl, or  nitratomethyl side-chains at the 
original ring positions. Thus the main 
products from methyl sterculate were the 
methyl 9(or  10)-methylene octadec-10(or 
8)-enoates, and, in lesser quantities, the 
methyl 9(or  10)-(ni t ratomethyl)-octadec-  
9-enoates and the methyl 9(or  10)-(hy-  
droxymethyl)  - octadec- 9-enoates. Hydro- 
genation quantitatively converted this mix- 
ture of isomeric pairs to a mixture of 
methyl 9- and methyl 10-methyloctadec- 
anoates. 

Chromatography on silver nitrate-silica 
gel, followed by gas chromatography of 
the hydrogenated products, has been used 
as the basis of a new method for estimat- 
ing individual cyclopropene and cyclopro- 
pane acids in lipids. 

INTRODUCTION 

C HROMATOGRAPHY on silver nitrate-silica gel 
is extensively used for the separation of 

methyl esters of fatty acids of varying degrees 
of unsaturation (1,2) and accordingly appeared 
to provide a suitable means for separating 
cyclopropene methyl esters (3) .  However, 
Cornelius et al. (4) found the method to be 
unsuitable for this purpose. Kircher (5) later 
reported that sterculene in dilute solution in 
organic solvents reacts wth silver nitrate; the 
nature of the end-product  and its rate of forma- 
tion both are largely determined by the char- 
acter of the solvent. 

I t  was observed in this laboratory that methyl 
sterculate applied in hexane to thin-layer plates 
of silver nitrate-silica gel produced three major 
products. A closer study of these, and of the 
reaction products similarly derived from methyl 
malvalate, provided the basis for developing a 
suitable quantitative method for estimating in- 
dividual cyclopropene and cyclopropane fatty 

acids in lipids. An account of this work is now 
given. 

EXPERIMENTAL 

Materials and Methods 

Methyl sterculate was isolated from Sterculia 
/oetida seed oil by the method of Kircher (6) ,  
and methyl malvalate was prepared from the 
same source (7) .  

Silver nitrate-silica gel (Adsorbosil-CABN, 
25% silver nitrate 140/200 mesh from Applied 
Science Laboratories, Pennsylvania) was used 
for column chromatography. For  thin-layer 
chromatography (TLC) ,  Merck Kieselgel G 
was used with hexane:diethyl ether:acetic acid 
(90:10:1)  as solvent; alternatively plates were 
used that had been freshly prepared from 
Kieselgel G impregnated with 25% by weight 
of silver nitrate (8) ;  the solvent was hexane: 
diethyl ether (9 :1) .  In either case, methyl 
esters were detected by spraying with 2', 7'- 
dichlorofluorescein solution (0.2% w / v  in 
ethanol) .  On normal Kieselgel G plates, spray- 
ing with an ethanolic solution of silver nitrate 
(1% w/v)  produced a brown spot at the loca- 
tion of each cycloPropene compound. This re- 
action appears to be specific for the cyclo- 
propene ring; the limit of detection for stercu- 
late or malvalate was approximately 5 /~g. 

The gas chromatograph was a Packard Model 
7508 with dual argon ionization detectors and 
dual 180 cm by 3 mm I.D. columns of coiled 
glass. Stationary phases were 5% diethylene 
glycol adipate and 1% Apiezon M ( A P M ) ,  
both on Chromosorb G. Operation was iso- 
thermal at 185C. Later the organosilicon-poly- 
ester packings 16% ECNSS-S and 14% 
ECNSS-M on Gas-Chrom P (Applied Science 
Laboratories) were also used. The instruments 
used to record the spectra indicated were Per- 
kin-Elmer 221 ( infrared) ,  Beckman DK2A 
(ultraviolet),  Varian 60 ( N M R ) ,  and Atlas 
CH4 (mass).  

Unsaturated esters and the reaction products 
of methyl sterculate and malvalate were hydro- 
genated in methanol over plat inum oxide ( I 0 %  
of ester weight) for 30 min at room tempera- 
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ture and atmospheric pressure. Unsaturated 
fractions were oxidized with periodate-perman- 
ganate (9,10),  and the resultant mono- and 
dicarboxylic acids, after being methylated with 
boron trifluoride-methanol reagent, were iden- 
tified and estimated by gas-liquid chromatog- 
raphy (GLC) .  

Isolation of Reaction Products 

In general, methyl sterculate or methyl mal- 
valate was allowed to react with the silver 
nitrate-silica gel by passing a solution of the 
ester in hexane through a column suitably 
packed with this material. The reaction prod- 
ucts were separately recovered by elution with 
mixtures of hexane and successively increasing 
amounts of  diethyl ether or benzene. Several 
such chromatograms were run on each ester. 
Details of a typical run on methyl malvalate 
follow. 

"The methyl malvalate was first chromato- 
graphed on a Florisil column (11) to remove 
traces of oxidized impurity ( 7 ) .  This purified 
ester (300 mg),  dissolved in hexane, was ap- 
plied to silver nitrate-silica gel (35 g) packed 
in a glass column (15 mm I.D.) wrapped in 
black tape. Within a few seconds a brown stain 
appeared at the top of the column. The initial 
eluant was 5% (v /v )  diethyl ether in hexane, 
but the proportion of ether was increased step- 
wise to 100% in successive eluants (Fig. 1). 
After  removing the solvent from 25-ml frac- 
tions collected in tared tubes, the residues were 
weighed (total material recovered 301 mg) ."  

All  fractions were examined by TLC on 
Kieselgel G and on Kieselgel G-silver nitrate 
(Fig. 1). For  each ester, fractions which 
showed a single spot on both types of TLC 
plate and had  also identical ]R spectra were 
combined (shaded areas in Fig. 1 ) to give three 
main products, referred to hereafter as prod- 
ucts A, B, and C. All  experiments with methyl 
malvalate yielded closely similar quantities of 
these same products whi/e those with methyl 
sterculate gave analogous products, also in re- 
producible yields. 

Products A, B, and C from methyl sterculate 
and from methyl malvalate were examined be- 
fore and. after hydrogenation by GLC on two 
phases (APM and 14% ECNSS-M) by TLC 
on the two systems mentioned above; and the 
UV, IR, NMR,  and mass spectra were record- 
ed. Product B from methyl sterculate was also 
submitted to oxidative fission. 

Procedures for Est imat ing Acids 

The following two methods have, as their 
basis, findings reported and discussed later in 
this paper. 
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Fro. I. The reaction of methyl malvalate with 
silver nitrate-silica gel. 

I Reaction products eluted from the silver ni- 
trate-silica gel column by increasing concen- 
trations of diethyl ether in hexane. Shaded 
areas indicate pooled fractions designated 
products A, B, and C. 

II Diagrammatic representation of TLC of ap- 
proximately 250 /zg of individual fractions 
and of methyl malvalate. Sprayed with 2', 
7'-dichlorofluorescein. 
a) TLC plates, Kieselgel G impregnated 

with AgNO3 (25%); solvent 9:1 hexane: 
diethyl ether. R~ value of the most mobile 
spots, 0.49. 

b) TLC plates, Kieselgel G; solvent, 90:10:1 
hexane:diethyl ether:acetic acid. R~ of 
the most mobile spots, 0.48. 

Method I.  Simplified Procedure. The fatty 
acid methyl ester mixture (approximately 30 
rag) is applied in hexane to silver nitrate-silica 
gel (3 g) packed in a 15-mm tube. The added 
material  is then completely stripped from the 
column with diethyl ether (100 ml) .  The re- 
covered eluate containing reaction products 
which originate from the cyclopropene methyl 
ester, the normal saturated and unsaturated 
methyl esters, and the cyclopropane esters is 
then hydrogenated and analyzed by GLC. On 
APM columns there is good resolution of the 
unchanged cyclopropane esters, the normal 
saturated esters, and the methyl branched-chain 
esters representing the original cyclopropene 
esters. 
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Method 2. Procedure Involving Separation 
o[ Saturated and Unsaturated Esters. The 
methyl ester mixture (not more than 30 mg) 
is applied to a 10-g column, as in Method 1. 
The saturated esters, including cyclopropane 
esters, are then completely eluted with 30% 
v /v  benzene-hexane; the volume required is 
dependent on the composition and amount of 
the mixture of esters fed into the column. For  
20-30 mg samples of seed lipids, this volume, 
determined by fraction analysis, was found to 
be 160 ml. Unsaturated esters together with 
cyclopropene ester reaction products are next 
eluted from the column with diethyl ether (100 
ml) and, after the solvents are removed, the 
mixed product is hydrogenated. This hydro- 
genated fraction and the original saturated ester 
fraction are each analyzed by GLC on APM. 
From the compositions and weights of these 
two fractions the composition of the orginal 
ester mixture is finally calculated. 

Evaluation of the Methods 

To establish the accuracy of Methods 1 and 
2, methyl esters from the seed lipid of imma- 
ture Brachychiton populneum seeds, rich in 
malvalic acid, and from the seed lipid of 
Sterculia /oetida, rich in sterculic acid, were 
accurately diluted with various amounts of 
methyl esters of the fatty acids of wheat germ 
oil and analyzed by Method 1 and also by GLC 
of their hydrogenation products. 

In the hydrogenation method, the quantity of 
methyl sterculate originally present was cal- 
culated from the total yield of the hydrogena- 
tion products, namely, methyl dihydrosterculate, 
methyl 9- and 10-methylstearates (Ca9 branched- 
chain isomers),  and methyl nonadecanoate 
(C1.~) (12).  One of the hydrogenation products 
of methyl malvalate is methyl stearate, which 
cannot be distinguished from methyl stearate 
originally present or from that derived from the 
hydrogenation of octadecenoates. However it 
is possible to determine the total malvalate 
content by direct hydrogenation if an estimate 
can also be made of the Ca~ esters originally 
present. Such an estimate is provided by the 
silver nitrate method. 

In the absence of methyl malvalate, t h e  hy- 
drogenation method and the silver-nitrate 
method give similar estimates of the saturated 
esters produced whereas, when methyl mal- 
valate is present, the hydrogenation method 
gives a higher methyl stearate value than the 
silver-nitrate method. The difference is attribut- 
able to methyl stearate contributed by methyl 
malvalate. This increment, together with the 
amounts of methyl dihydromalvalate and of 

LIPIDS, VOL. 2, No. 4 

C1~ branched-chain esters produced by the 
hydrogenation method, was used to obtain the 
total content of methyl malvalate. 

In another series of tests a known mixture 
by weight of methyl palmitate and methyl 
sterculate was analyzed by Method I, by the 
hydrogenation-GLC method, and by the method 
of Raju and Reiser (13),  in which the prod- 
ucts of reaction between the cyclopropene ester 
and methyl mercaptan are estimated by GLC. 

Finally, methyl esters from seed lipids con- 
taining cyclopropene acids were analyzed by 
Method 2, also by the direct hydrogenation- 
GLC method mentioned above. 

RESULTS AND DISCUSSION 

Structure of Products Recovered 

Product A. The combined evidence, sum- 
marized below, established that product  A from 
methyl sterculate was a mixture of two nitrated 
products having structures I and II  respectively. 

CH:~ (CH_o) 7 C = CH (CH2)7 COOCH3 
I i 

CH2ONO2 
CH:~ (CH2) ~CH = C (CH~) 7 COOCH,  

! II  
CH2ONO2 

The IR spectrum provided conclusive evi- 
dence of the covalent nitrate group, bands at 
1635, 1278, 862, 760, and 696 cm -1 agreeing in 
wave number and relative intensity with those 
quoted by Brown (14) for liquid mononitrates. 
The methyl ester group (1737 cm -1) of the 
original material was present. The UV spec- 
trum showed no absorption in the region 220- 
350 m~. The integrated N M R  spectrum was in 
agreement with the structures I and II. In 
particular, a "triplet" centered at 8 5.0 repre- 
sented the two protons of the -CH2ONO2 side- 
chain. This value is in accord with the value 
of 3 4.48 for the same protons in amyl nitrate 
when due allowance is made for a further shift 
of approximately 3 0.5 for the double bond in 
the B-position (15).  

The mass spectrum showed no molecular ion 
corresponding t o  m / e  = 371 for structures I 
and II. But an apparent  molecular ion at m / e  
= 324 was present and persisted at low energy 
(9eV) along with a fragment at m / e =  30. These 
observations strongly suggest that product  A 
from methyl sterculate underwent thermal 
change in the mass spectrometer: elimination 
of HNO2 (indicated as NO +, with m / e  = 30) 
would give a carbonyl product  with a molec- 
ular weight of 324. Other peaks at m / e  292, 
293, prominent in the spectra of products B 
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and C from the same ester, are attributed to 
loss of the side-chain. 

The thermal instability of product A from 
methyl sterculate was confirmed by heating it 
in vacuo in a 6-ram glass tube at 180-190C; the 
pressure was reduced from 3 mm to 0.5 mm. 
Distillate was collected in a cool part  of the 
tube, and gaseous products were condensed in 
a liquid air trap. The amount of this conden- 
sate corresponded to the decomposition of ap- 
proximately one-fifth of the original material 
and gave, with the method of Kefford (16), a 
positive indication of NO,.  The distillate, 
examined by TLC and by its IR spectrum, 
contained unchanged material and several oth- 
er products that are discussed further below. 

Product A from methyl sterculate had, after 
hydrogenation, an IR spectrum almost identi- 
cal with that of an authentic specimen of 
methyl 10-methylstearate. The mass spectrum 
however clearly showed that the hydrogenated 
product  was a mixture of 9- and 10-methyl- 
stearates (17), and from the relative intensity 
of peaks at m / e  199 and 213 the 9-methyl 
ester appeared to be in slight excess. 

Product B. The second product from methyl 
sterculate was established as a mixture of the 
dienes III  and IV on the following evidence: 

CH:~(CH2)~ C - -  CH = CH(CH0~ COOCH3 
T1 1It 
CH2 

CH,(CHz) c CH '-- CH - -  C(CH:)7 COOCH~ 
[I i v  
CH2 

The material showed a single peak dur ing 
GLC on polar and nonpolar phases. Retention 
times related to methyl stearate were 1.488 
( A P M )  and 1.945 (14% ECNSS-M) for prod- 
uct B from sterculate, and for the correspond- 
ing product  from malvalate were 0.930 and 
1.425 respectively. 

The mass spectrum of product B from ster- 
culate had a strong molecular ion peak and 
established the molecular weight as 308. The 
IR spectrum showed strong absorption bands 
attributable to CH:----  CR1R 2 (887 and 3085 
cm -~) and to conjugated diene (1610 and 1650 
cm-0 whereas the UV spectrum showed intense 
absorption at 230 mt~ (e . . . .  approx 16000), 
indicating the presence of a disubstituted buta- 
diene group. The N M R  spectrum and the inte- 
grated intensities of the peaks were in general 
agreement with structures I I I  and IV. In par- 
ticular, there was clear evidence (3 4.85) for 
the two protons of the methylene side-chain 
and for the two single protons adjacent to a 
conjugated double bond (8 5.8) (15).  

Like product A, product B from methyl 
sterculate gave, when hydrogenated, a mixture 
of methyl 9- and 10-methylstearates, but the 
mass spectrum showed that the proportion of 
9-methyl ester in this mixture was higher than 
in that from product  A. Oxidative fission of 
product B with permanganate-iodate confirmed 
the double bond positions in I I I  and IV, and 
the molar ratio of the oxidation products, 
azelaic and suberic acids, showed that the ratio 
of I V : I I I  was approximately 1.4:1. 

Product C. The evidence indicated that 
product  C from methyl sterculate was  a mix- 
ture of the unsaturated hydroxytated com- 
pounds V and VI. 

CH~(CH2)7 C = CH(CH2)7 COOCH3 
I v 

CH2OH 
CH:~(CH2)~ CH = C (CH2)7 COOCH3 

] v I  
CHzOH 

In GLC the products from methyl sterculate 
and from methyl malvalate were retained at 
185C by the 14% ECNSS-M column. On 
APM both products gave single peaks of long 
retention-times (sterculate, 3.228; malvalate, 
2.080). 

The mass spectrum gave a small molecular 
ion peak at m / e  326, identifiable as such by 
the presence of M-2, M-18, and M-31 peaks 
typical of a pr imary alcohol of high molecular 
weight (18).  The IR spectrum showed the 
presence of hydroxyl around 3400 cm -1 and 
primary hydroxyl at 1010 cm -1. There was 
also evidence of an isolated double bond, name- 
ly, a small band at 1640 cm-L There was no 
absorption in the UV. The N M R  spectrum and 
the integration of  peaks agreed with the above 
structures. There was particular evidence for 

1 F 
the aUylic alcohol group - C  = C - - C H ~ O H  
with 2 (or 3) protons at 8 4.1 (15),  and for 
one vinyl proton (3 5.5). 

Like products A and B, product C also gave, 
when hydrogenated, a mixture of 9- and 10- 
methylstearates. In this instance the mass spec- 
trum indicated that these end-products were in 
the same proport ion as in the mixture derived 
from hydrogenation of product A. 

Products A, B, and C from pure methyl 
malvalate were examined likewise and, on simi- 
lar evidence, were found to comprise cor- 
responding mixtures of analogs of I to VI, i.e., 
compounds with one carbon atom less and with 
the branches at the 8 C or 9 C atoms. 

Several minor products formed by the reac- 
tion of methyl sterculate or malvalate on silver 
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FIG. 2. Correlation of maJvalate and sterculate 
contents of seed lipids as estimated by the direct 
hydrogenation method and by the silver-nitrate 
technique, Method 1. 

�9 ~ methyl sterculate; o ~--~ methyl malvalate. 

nitrate-silica gel are apparent  in Fig. 1 as thin- 
layer spots lying between those of products B 
and C. However, because the mixture of 9- 
and 10-methyl branched-chain esters accounts 
for approximately 97% of the hydrogenated 
products of the reaction, it is clear that, on 
hydrogenation, some of these minor products 
must give end-products similar to those given 
by the main products A, B, and C. 

One minor product,  which on hydrogenation 
did not form methyl branched-chain esters, was 
isolated in ~mall amount after chromatography 
of methyl sterculate on silver nitrate-silica gel. 
The IR and mass spectra of this product, 
which was eluted from Florisil by 15% diethyl 
ether in hexane during re-chromatography, in- 
dicated it to be a conjugated ketone of molec- 
ular weight 324. Kircher (5) showed that, in 
nonhydroxylic solvents, the major product  of 
the reaction between silver nitrate and ster- 
culene is a conjugated ketone. From the reac- 
tion between silver nitrate and methyl stercu- 
late in acetonitrile, under conditions similar to 
those of Kircher, a conjugated ketone ester was 

XThe results reported in this paper and elsewhere (20) 
were obtained with batches of  Adsorbosi l  C A B N  1420 
purchased in  1964 and 1966. In  1965 several batches 
(e.g., No. 9-15A) gave anomalous results in tha t  ap- 
preciable amounts  of the conjugated ketone esters were 
formed. The reason for the difference between these 
batches is being sought, but  meanwhile  the manufacturers  
have indicated tha t  they are able to supply Adsorbosi l  with 
the desired characteristics. 

isolated with IR and mass spectra identical with 
the above minor product. Presumably, like 
products A, B, and C, the conjugated ketone 
ester is a mixture of isomers, in this case, of 
methyl 10-methylene-9-oxostearate and methyl 
9-methylene-10-oxostearate.1 

Four classes of compounds have thus been 
positively identified among the reaction prod- 
ucts of methyl sterculate or methyl malvalate 
and silver nitrate-silica gel, namely, a nitrate 
ester (product  A ) ,  a diene (product  B) an 
alcohol (product  C) ,  and a conjugated ketone. 
There is strong evidence that the nitrate ester 
is the pr imary product  and gives rise to the 
other three by elimination or hydrolytic reac- 
tions. First, alkyl nitrates are already known to 
undergo hydrolytic decomposition to yield si- 
multaneously an alcohol, an olefin, and a 
carbonyl compound (19).  Also TLC and IR 
spectra indicated that products B and C and 
the conjugated ketone were present in the dis- 
tillate from product  A ;  some decomposition 
occurred during its distillation, with elimination 
of HNO2. Other evidence is that peaks cor- 
responding to products B and C and the con- 
jugated ketone were evident in the gas chromat-  
ogram of product  A. 

In the mass spectrometer, condit ions are ap- 
parently such that e l iminat ion of I-INO2 pro- 
ceeds smoothly to give almost exclusively the 
carbonyl product. Except for the intensity of 
the m / e  30 ion peak and the presence of a 
small m / e  308 peak, attributed to the diene 
ester, the spectra of product  A and the conju- 
gated ketone were almost identical. 

Estimation of Fatty Acids 

Fig. 2 shows that, for seed lipids containing 
no detectable cyclopropane acids, ma lva la t e /  
and sterculate contents determined by Method 
1 of the silver-nitrate technique are strongly 
and linearly correlated with those given by the 
direct hydrogenation-GLC method. For  cyclo- 
propene fatty acid contents below 1%, neither 
method is likely to have given accurate results 
because the GLC technique is not accurate for 
small peaks incompletely resolved from large 
peaks. Although above 5 % cyclopropene 
content both methods gave almost identical 
figures, at lower contents of cyclopropene fatty 
acids the hydrogenation method generally gave 
lower values than the silver-nitrate method. In 
this region the direct-hydrogenation, G L C  tech- 
nique is less accurate because the cyclopropene 
content must be estimated from the sum of the 
GLC peaks representing respectively the de- 
rived cyclopropane, the straight-chain esters, 
and the branched-chain esters; in the silver- 
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E S T I M A T I O N  O F  C Y C L O P R O P E N E  F A T T Y  A C I D S  

T A B L E  I 

C o m p a r i s o n  of  G L C  R e s u l t s  O b t a i n e d  b y  S i lver  N i t r a t e  T e c h n i q u e  ( M e t h o d  2 )  a n d  A f t e r  D i r e c t  H y d r o g e n a t i o n  

F a t t y  a c i d  m e t h y l  e s t e r  c o m p o s i t i o n  ( w t % )  

321 

Sterculia ]oetida Brachychiton aceri/olium Brachychiton populneum 
seed  l i p id  s e e d  l i p id  s eed  l i p i d  t r i g l y c e r i d e s  

H y d r o g e n -  A g N O 3  H y d r o g e n -  A g N O ~  H y d r o g e n -  A g N O 3  

F a t t y  A c i d  a t i o n  S a t u r a t e d  U n s a t u r a t e d  a t i o n  S a t u r a t e d  U n s a t u r a t e d  a t i o n  S a t u r a t e d  U n s a t u r a t e d  

C14 0.1 0 .2  - -  0.3 0 .2  . . . .  

C1~:1 . . . . .  0.1 - -  - -  - -  

C ~  0.1 0. I - -  0 .2  0 .2  . . . .  

Cle 2 3 . 5  22 .9  - -  18.0 16.8  - -  18.3 17~5 - -  

C~6: ~ - -  - -  0 .4  - -  - -  0 .9  - -  - -  0 .7 

C17 0.3 0 . l  - -  2 .7  - -  - -  1 . l  ~ - -  

C17:~ - -  - -  0 .2  - -  - -  3 .0 - -  - -  1.6 

C~8 b r a n c h e d - c h a i n  

( m a l v a l i c )  0 .4  - -  6 .5 0 .6  - -  8.2 1.0 - -  7 .2  

D i h y d r o m a l v a l i c  5 .3  - -  - -  6 .6  - -  - -  5 .7  - -  - -  

Cls  18.7 1.4 - -  68 .4  1.2 - -  71 .5  3.6 - -  

Cls  U n s a t u r a t e s  - -  - -  16.5 - -  - -  66 .0  - -  - -  67 .0  

C1~ b r a n c h e d - c h a i n  

( s t e r c u l i c )  3,8 - -  51 .2  0.1 - -  2 .0  O. 1 - -  2 .4  

D i h y d r o s t e r c u l i c  37 .2  0 .4  - -  2 .6  1.4 - -  2 .2  - -  - -  

C19 10.6 - -  - -  0.1 - -  - -  0.1 - -  - -  

nitrate method the cyclopropene value is repre- 
sented only by the peak corresponding to the 
branched-chain esters. 

A mixture of methyl palmitate and methyl 
sterculate containing 78.5% by weight of the 
latter was analyzed for sterculate content by 
three methods, each in quadruplicate, with the 
following mean results: direct hydrogenation 
method, 78.1%; silver nitrate, Method 1, 
76.1%; methyl mercaptan method (13), 
76.8%. In the silver-nitrate method approxi- 
mately 1% of the methyl sterculate was con- 
verted to the unsaturated ketone esters pre- 
viously mentioned. Reaction of the sterculate- 
palmitate mixture with methyl mercaptan (13) 
also yielded approximately 1% of unidentified 
products, which could have been derived only 
from sterculate since they were not formed 
when methyl palmitate, stearate, oleate, or 
linoleate were treated with methyl mercaptan 
under the same conditions. 

The GLC data pertaining to seed lipids con- 
taining cyclopropene acids and analyzed by the 
silver-nitrate technique, Method 2, and also 
after direct hydrogenation, are compared in 
Table I. Agreement between the two methods 
is excellent, provided allowance is made for 
certain shortcomings of the direct hydrogena- 
tion method. These are that the cyclopropene 
acid content must be derived from the sum of 
its three ester products and, particularly, that 

original cyclopropane and derived cyclopropane 
acids cannot be differentiated; nor can a value 
for stearate derived from malvalate be ob- 
tained directly because of stearates originally 
present or derived from unsaturated Cls 
straight-chain esters. 

Both of the silver-nitrate methods described 
are thus distinctly superior to the direct hydro- 
genation method. When values for the individ- 
ual cyclopropene and cyclopropane acids are 
the principal requirement, the simpler Method 
1 is preferred. A more complete analysis of a 
seed lipid is possible by Method 2, which per- 
mits complete and separate estimation of the 
unsaturated compounds. Also, when the content 
of cyclopropane acids is low, concentration and 
better resolution by GLC is facilitated by the 
prior removal of the unsaturates. For this last 
reason, Method 2 was widely used in recent 
biosynthetic studies in this laboratory (20). 
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The Phospholipid Composition of Plasma 
in Various Mammalian Species 
GARY J. NELSON, Bio-Medical Division, Lawrence Radiation Laboratory, 
University of California, Livermore, California 

ABSTRACT 

Plasma phospholipids in several com- 
mon mammalian species, including cat, 
cow, dog, goat, guinea pig, horse, pig, 
rabbit, rat, and sheep, were analyzed by 
using chromatographic and spectrophoto- 
metric methods. Lipids were extracted 
from plasma with chloroform-methanol 
2:1 (v /v)  and freed of nonlipid material 
by passage through a Sephadex column. 
The phospholipids were separated by two- 
dimensional thin,layer chromatography 
(TLC).  Spots were identified by spray 
reagents, also by infrared spectrophotom- 
etry. The relative distribution of the 
phospholipids was determined by phos- 
phorus analysis on the spot scraped off 
the TLC plate. 

Lecithin, lysotecithin, and sphingomye- 
lin were found in the plasma of all species 
and accounted for more than 95% of 
the phospholipids except in the rodents. 
Lecithin was without exception the  major 
phospholipid in plasma (56 to 83%).  
Lysolecithin and sphingomyelin content 
varied between 8 and 23% and 6 and 
15 % respectively. Phosphatidyl ethanola- 
mine and phosphatidyI inositol were the 
only noncholine-containing phospholipids 
detected (detection limits 0 . 2 % )  in the 
plasma of these species. Together these 
compounds usually made up less than 5% 
of the total phospholipid. Rodents were 
an exception, especially the guinea pig, 
which had 21.7% phosphatidyl ethanola- 
mine~ 

INTRODUCTION 

T H E  P H O S P H O L I P I D S  o f  human plasma 1 have 
been studied extensively in recent years 

(1-5), but detailed analyses of the plasma 

1Only whole  p l a sma  was inves t igated  in this work.  
Previous  invest igators  of  the  lipids in the  circulation (ex- 
cluding the  fo rmed  elements  of  b lood)  have used whole  
p lasma,  def ibr inogenated p lasma,  or  serum. In  this repor t  
the t e rm p lasma  will be used exclusively; it refers  to 
whole p lasma  with  respect  to the current  w o r k  but  can  
m e a n  any of  the derivat ives  of  whole  b lood when  re fe r r ing  
to the work  of  p rev ious  invest igators .  

phospholipid in other species, except for the 
rat (6-9), are limited or unavailable. Daw- 
son et al. (10) present~ data for cow, goat, ~ 
horse, pig, and sheep which were obtained with 
hydrolytic techniques coupled with paper 
chromatography of the hydrolysis products. 
Earlier Taurog et al. (11), Entenman and 
Chaikoff (12), Sinclair (13), and Axelrod et 
al. (14) had reported values for the plasma 
phospholipids in more limited series by using 
a variety of analytical techniques, but differ- 
ences in methods and manner of reporting the 
data have made it difficult to compare values 
between species. 

This report presents the results of an in- 
vestigation o f  the phospholipid distribution in  
the plasma of 10 common mammalian species: 
cat, cow, dog, goat, guinea pig, horse, pig, 
rabbit, rat, and sheep. The analyses were per- 
formed by two-dimensional thin-layer chro- 
matography (TLC),  combined with spectro- 
photometric determination of phosphorus and 
with infrared spectropbotometry. 

EXPERIMENTAL PROCEDURE 

Materials 

Standard phospholipid preparations were 
obtained from General Biochemicals, Chagrin 
Falls, O., and Applied Science Laboratories, 
State College, Pa. Myo-phosphatidyl inositol 
was a gift of C. E. Ballou. These phospho- 
lipids were isolated from plant or animal tis- 
sue and had mixed fatty acid composition. 
The purity of the standards was checked by 
two-dimensional TLC in all cases. 

All solvents used in this work were redis- 
tilled from glass stills and deoxygenated by 
bubbling nitrogen through them before use. 
Silica Gel HR, 20x20-cm TLC plates, plate 
spreader, and spreading template were ob- 
tained from Brinkman Instruments Inc ,  West- 
bury, N. Y. MgSiO2 was obtained from Al-  
legheny Chemical Company, Butler, N. J. 
Sephadex was purchased from Pharmacia Fine 
Chemicals Inc., New York, N. Y. 

Optical densities of the phosphorus deter- 
minations were measured with a Zeiss PMQ- 
II spectrophotometer. Infrared spectra were 
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recorded with a Perkin-Elmer Model-521 grat- 
ing spectrophotometer.  Samples for infrared 
analysis were either dissolved in an appropriate 
solvent or mixed with KBr and pressed into 
a disk. Sealed liquid infrared cells had NaC1 
windows and path lengths of 0.I or 1.0 ram. 

Sampling 

With two exceptions all of the animals used 
in this investigation were maintained in the 
laboratory by using standard animal husbandry 
methods; samples from horse and pig were 
obtained from local slaughter houses. Only 
mature animals were sampled. If an animal 
was large enough, sufficient blood for analysis 
was drawn from a single representative ani- 
mal. The samples from guinea pig, rabbit,  
and rat represent pooled blood from six, two, 
and four animals respectively. B l o o d  was 
drawn by venipuncture or cardiac puncture 
into sterile plastic blood bags for large ani- 
mals or directly into plastic centrifuge tubes 
for the small animals. Heparin  was used as 
an anticoagulant. The blood was cooled im- 
mediately to 0C and maintained at that tem- 
perature during processing. The cells were 
separated by centrifugation at 1570xg for 20 
min in a refrigerated centrifuge. The plasma 
was removed by a volumetric pipette and 
transferred directly to the extraction flask. 

Extraction Procedure 

A measured volume of plasma was added 
slowly to cold methanol that was continuously 
stirred by a magnetic mixer. The flask was 
brought to volume with chloroform, and vig- 
orous stirring was continued for 5 min. The 
final extraction volume was approximately 
25:1 chloroform-methanol,  2:1 (v /v ) ,  to 
plasma. The solution was then filtered using 
a fast, prewashed filter paper (Whatman 41H, 
or Schleicher and SchueU Sharkskin),  into a 
round-bottomed boiling flask. The solvent was 
removed by rotary evaporation at low tem- 
perature ( < 1 5 C )  and reduced nitrogen pres- 
sure. Before all the solvent was removed, the 
residue was transferred to a small graduated 
cylinder (5 ml) with chloroform-methanol 
19:1 (v /v )  and stored at - 10C  until further 
processing. 

Sephadex Column Chromatography 

Sephadex column chromatography, as de- 
scribed by Siakotos and Rouser (15),  was 
used to removed nonlipid contaminants from 
the chloroform-methanol extract. The Sepha- 
dex (G-25,. coarse) was washed, and the col- 
umn was prepared as described (15) except 
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that prewashing of the column was simplified 
by passing the elution solvent once through 
the column after packing and before applying 
the sample. Columns (2.5 x 10 cm) were 
fitted with Teflon needle-valve stopcocks to 
allow easy adjustment of the flow rate. 

Three fractions were collected. Fract ion I, 
170 ml of 19:1 (v /v )  chloroform-methanol,  
containing 5 ml of water per liter, contained 
all of the neutral lipids and phospholipids (or- 
ganic-soluble phosphorus) .  Fract ion II, 350 
ml of 5 parts of 19:1 (v /v )  chloroform- 
methanol and 1 part  of acetic acid, which had 
25 ml of water added to each liter, followed 
by 170 ml of 5 parts 9:1 (v /v )  chloroform- 
methanol and 1 part  of acetic acid, which had 
42 ml of water added to each liter, contained 
any gangliosides present in the initial extract 
and traces of other o/-ganic substances. Frac- 
tion III, 350 ml of methanol-water l :1  (v /v ) ,  
contained nonlipid impurities in the initial ex- 
tracts. 

The first fraction was collected at a flow 
rate of 1 to 2 ml /min,  and the following 
fractions at 3 to 4 ml/min.  A column was 
allowed to stand at least 48 hr before re-use, 
and 500 ml of chloroform-methanol 19:1 
( v / v ) ,  saturated with water, were passed 
through the column before the sample was 
applied. 

The solvent was removed from Fraction I 
as described for the initial extract, and the 
sample was transferred to a glass-stoppered, 
graduated cylinder (5 ml) before all of the 
solvent was removed. At  this time an aliquot 
was weighed to determine the total amount of 
lipid in this fraction. The remainder was 
stored as the solution at - 10C  until further 
analyses could be performed. Fractions II  and 
I I I  were not analyzed further except for a 
total weight determination of the material re- 
covered in each fraction. 

Two.Dimensional Thin-Layer Chromatography 

Neutral  lipids of the plasma were not 
analyzed in this investigation. The phospho- 
lipids were separated by two-dimensional TLC 
by using the methods of Rouser and co- 
workers (16, 17). TLC plates were spread 
with a 0.25-mm layer of Silica Gel HR, mixed 
with 10% MgSiO2 by weight. Plates were 
activated for 20 rain at 120C, then cooled in air 
for 30 min before applying the sample. 

Samples and standards were spotted on the 
TLC plates from Lang-Levy micropipettes of 
appropriate volumes, 5 to 50 /~1. Approxi-  
mately 500 pg of phospholipid (20 /~g P) 
were applied to the plate. Phospholipids in 
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TABLE ] 
Total Lipid and Percentage of Phospholipid in Plasma of Various Mammalian Species 
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Volume of Total lipid Percentage 
plasma extracted (Seplaadex, F-l ) Total lipid phospholipid a 

Species (ml) (mg) (mg/ml  plasma) of total lipid 

Cat 15.0 51.40 3,43 44.9 
Cow 20,0 74.35 3.72 35.5 
Dog 15,0 74.28 4.95 54.9 
Goat 20.0 52.08 2.60 38.1 
Guinea pig 15.0 14.96 1.00 21.6 
Horse 25.0 72.40 2.90 43.8 
Pig 10.0 51.68 5.17 33.1 
Rabbit 70,0 26.80 2.68 45.9 
Rat 16.4 51.05 3.I8 38.5 
Sheep 20,0 35.45 1.77 42.3 

aCalculated as (rag lipid phosphorus X 25) / ( rag  

the samples were separated by both pairs of 
solvent systems developed by Rouser  and co- 
workers ( 16, 17). The first pair of solvents 
consisted of chloroform-methanol-ammonia 
65i35:5 (v /v /v )  in the first'dimension, follow- 
ed by chloroform-acetone-methanol-acetic-acid- 
water, 5 :2 :1 :1 :0 .5  ( v / v / v / v / v )  in the second 
dimension. The second pair consisted of 
chloroform-methanol-water 65:35:4  (v /v /v ) ,  
followed by butanol-acetic-acid-water 40: 20: 20 
(v /v /v ) .  The results in the two systems were 
the same within the experimental errors of 
the method, as determined by triplicate 
analyses of selected samples. 

Spots were visualized by charring. The char 
reagent, 0.6% potassium dichromate in 55% 
by weight H2SO4, was sprayed on the TLC 
plate after the developing solvents had evap- 
orated completely. Charring time was approxi- 
mately 20 min at 180C in a forced-draft oven. 
Plates were photographed, as described pre- 
viously (18), also viewed with UV light (3600 
A) to detect trace components. 

Phospholipids were analyzed from the char- 
red TLC plates by the technique of Rouser et 
al. (17). The spots were scraped off the plate 
into 5-ml, glass-stoppered tubes, and color re- 
agents were added directly. The color was 
developed by methods reported previously 
(18). The total sample was also spotted on 
the plate and scraped off to check the recov- 
ery of phosphorus from the individual spots. 

Additional plates spotted and chromato- 
graphed in an identical manner were sprayed 
with ninhydrin or Dragendorff's reagent to 
locate amino- and choline-containing lipids 
respectively. Still other plates were sprayed 
with distilled water, and the spots were out- 
lined while the plates were wet. After the 
plates were dried in vacuo, the spots were 
scraped into sintered glass funnels so that the 
lipids could be eluted with an appropriate sol- 

total lipid). 

vent. Lipids recovered from the TLC plates 
in this manner were further purified by chro-  
matography on small Sephadex columns (19). 
The infrared (IR) spectra were then obtained 
on the lipids from individual T L C  spots as ifi~- 
dicated above. 

RESULTS 

The total lipid in mg/ml  of plasma and the 
percentage of phospholipid of the total lipid 
are given in Table I for the 10 species investi- 
gated in this work, Total lipid ranged be- 
tween 1.0 and 5.2 mg/ml for the guinea pig 
and pig respectively in this series. No lipemia 
was present in any of the plasma samples, and 
the plasma appeared normal in all other re- 
spects. All of the animals were mature and 
in good health, They were being fed ad 
libitum at the time of sampling so that all of 
the plasma may be considered to be from 
animals in the active absorption phase of di- 
gestion. 

The dog had the highest percentage of cir- 
culating phospholipid, 54.9%, and the guinea 
pig had the lowest, only 21.6%. There was 
no discernible correlation between the percent- 
age of phospholipid a n d  the total amount of 
lipid in the plasma. 

Fig. 1 gives representative infrared (IR) 
spectra of the major phospholipids of plasma 
isolated from TLC plates as described above. 
In all species the spectra were essentially iden- 
tical with spectra obtained with standard refer- 
ence compounds. 

Sphingomyelin frequently gave rise to two 
distinct spots on the TLC plate. This phe- 
nomenon appears to be related exclusively to 
the degree of saturation in the acyl chains of 
the molecule; i,e., unsaturated molecules have 
separated from their saturated analogues. In- 
frared and gas chromatographic analyses of 
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FIG. 1. The infrared spectra of the major lipids 
separated by TLC from the plasma of various 
mammals. Curve A: lysolecithin, 3.0 mg/ml in 
carbon disulfide solution. Curve B: phosphatidyl 
inositol from dog plasma, 66 gg in 50.0 mg KBr; 
the sharp absorption band at 1400 cm -1 is attribut- 
able to an impurity from the TLC absorbent. 
Curve C: sphingomyelin from cow plasma, 150 ~g 
in 50.0 mg KBr. Curve D: lecithin from sheep 
plasma, 5.0 rng/ml in carbon disulfide solution. 
Curve E: phosphatidyl ethanolamine (may con- 
tain ethanolamine plasmalogens) from guinea pig 
plasma, 5 mg/ml in carbon disulfide solution. 

both spots support this conclusion. Attempts 
to establish other chemical differences between 
the molecules to explain the phenomenon have 
been unsuccessful. 

The phospholipid distribution in the plasma 
of each species is given in Table II. The main 
phospholipids in plasma are lecithin, lyso- 
lecithin, and sphingomyelin. Except in the 
guinea pig, rabbit,  and rat, these choline-con- 
taining lipids account for 95% or more of the 
total phospholipids of plasma. Phosphatidyl 
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ethanolamine and phosphatidyl inositol were 
the only other phospholipids detected. Phos- 
phatidyl serine and phosphatidic acid, if pres- 
ent, were below the limits of detection in this 
investigation, <0 .2% of the total phospho- 
lipid. No  polyglycerol phospholipids (cardio- 
lipin) or other lysophospholipids were detect- 
ed. Traces of glycolipids were found on the 
TLC plates; the amounts were small in all 
cases, and no attempt was made to character- 
ize the compounds further. 

Lecithin was the main phospholipid in all 
species, varying from 82.6% in the dog to 
55.7% in the guinea pig. Sphingomyelin 
varied by a factor of two, from 7.7% in the 
rat  to 14.9% in the cow. Lysolecithin was 
more variable than either lecithin or sphingo- 
myelin, by almost a factor of three, 7.8% in 
the dog to 22.7% in the rat. 

The quantitative values reported in Table II  
are subject to experimental errors of -+5%, 
determined by triplicate TLC analyses for the 
major components present in amounts greater 
than 5% of the total phospholipids, whereas 
minor components can be in error as much as 
--+20%. 

DISCUSSION 

The analyses reported were performed on 
blood drawn from a single animal, usually in 
duplicate, for each of the species studied ex- 
cept where it was necessary to pool blood from 
several animals of a species as noted above. 
Although it is well known that  plasma lipid 
distribution is influenced by diet (20-22) in 
different species, the phospholipids are less 
subject to dietary influences than are neutral 
lipids (23, 24).  Furthermore elevation or 
reduction of the total amount of phospholipid 
present in plasma apparently does not alter 
the relative distribution of the individual phos- 
pholipid classes (25).  

Vikrot (4),  in a recent study on a large 
number of rats, found no significant variation 
in plasma phospholipid distribution among in- 
dividual animals despite significant differences 
in the absolute amounts present. H6gdahl and 
Vikrot (26),  in a study of normal young 
women, reported similar results. Previous 
studies by Nelson and Freeman (27) and Phil- 
lips (28) on fractionated human serum lipo- 
proteins has also established a l a c k  of sig-~ 
nificant variation in phospholipid distribution 
among the various lipoprotein classes. 

No  attempt was made in this work to estab- 
lish a normal range for the plasma phospho- 
lipids in the various species. However the 
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TABLE II  
Plasma Phospbolipid Composition in Various Mammalian Species a 
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Guinea 
Lipid class Cat Cow Dog Goat pig Horse Pig Rabbit Rat Sheep 

Phosphatidyl 
ethanolarnine b 1.3 1.2 1.3 0.8 21.7 3.3 1.9 6.7 1.3 1.0 

Phosphatidyl 
inositol 0.3 1.1 1.9 0.3 0.8 0.3 2.8 5.5 4.3 0.5 

Lecithin 69.3 74.5 82.6 77.7 55.7 74.9 69.9 60.8 63.9 71.7 
Sphingomyelin 14.6 14.9 6.3 12.5 7.8 10.6 13.5 6.7 7.7 13.4 
Lysolecitkin 14.4 8.4 7.8 8.7 13.9 10.8 11.9 20.3 22.7 13.4 

aValues represent average phosphorus determinations obtained by using duplicate analysis with two pairs 
of TLC solvents per sample; presented as weight percentage phosphorus of the total phospholipid phosphorus 
recovered for each phospholipid. 

b l n c l u d e s  ethanoramine !alasmalogen if present. 

data do present an accurate analysis for a 
single animal in each species and, in view of 
the relative constancy of the plasma phospho- 
lipid distribution for members of a species, 
establish the general pattern of the plasma 
phospholipids in each species. 

Limited data are available on phospholipid 
distribution in the plasma of various species. 
Taurog et al. (11) analyzed dog plasma pbos- 
pholipids, and Sinclair (13) analyzed dog, 
horse, and cow. Rat plasma phospholipids 
have been studied by Newman et al. (6),  
Howard et al. (7), Lyman et al. (8), and 
Vikrot (9). All of these reports without ex- 
ception agree that the major plasma phospho- 
lipids are lecithin, lysolecithin, and sphingo- 
myelin although lysolecithin was not always 
separated as a distinct entity. 

Dawson et al. (10) surveyed the largest 
number of species in a previous report. Their 
values agree well with those obtained in this 
work for pig, horse, cow, sheep, and goat 
although they did not separate lecithin from 
lysolecithin. They also concluded that phos- 
phatidyl serine was absent from plasma. 

The guinea pig appears to represent an ex- 
ception to the trend established for the other 
species, with 21.7% phosphatidyl ethanolamine 
in its plasma phospholipids. Phosphatidyl 
ethanolamine in the rabbit (6.7%) was also 
higher than the average (1 .5%) for the other 
species. The guinea pig however is even more 
unusual in that it appears to differ from the 
other species in this series in all of its plasma 
lipid parameters. It had the lowest total lipid 
(1.00 mg/ml)  and lowest percentage of phos- 
pholipid (21.6%) of any species. In addition, 
the phospholipid distribution in guinea pig 
plasma is more similar to that reported in 
chickens by Ranney et al. (29) and turkeys 
by Sinclair (13) than to the mammals in this 

series. The physiological significance of these 
observations is unknown. 

The data for the guinea pig were obtained 
on plasma pooled from six animals and should 
be representative of the plasma phospholipid 
distribution for this species. Further analyses 
will be necessary however to confirm these 
observations and establish the normal range in 
individual animals. 

The ruminants, cow, goat, and sheep, have 
a typical plasma phospholipid composition, an 
observation that may have considerable physio- 
logical significance for these species because 
their erythrocytes exhibit a unique phospho- 
lipid pattern with absolutely no lecithin (Nel- 
son, paper submitted for publication). Sheep 
cannot apparently exchange fatty acids be- 
tween plasma and erythrocytes as has been 
observed in human beings and rats by Oliveira 
and Vaughan (30), presumably because leci- 
thin is absent from their erythrocytes. Cow 
and goat may also lack this exchange reaction 
for similar reasons. 

Although lysolecithin was established as a 
normal constituent of plasma only recently 
(31, 32), it appears to be ubiquitously distri- 
buted in mammalian plasmas in varying but 
significant amounts. There remains however 
some controversy about the in vivo existence 
of this substance since Glomest and co-workers 
(33, 34) have demonstrated a plasma enzyme 
that converts lecithin to lysolecithin while 
transferring a fatty acid to free cholesterol in 
vitro. In this work the blood was cooled to 
0C immediately after drawing and kept at 
that temperature until extraction (as soon as 
possible after separating the cells); lysolecithin 
in appreciable amounts was still detected in 
all samples. Hence it would seem that lyso- 
lecithin is a true constituent of plasma in 
vivo. 

LIPIDS, VOL. 2, NO. 4 
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The Incorporation of Ethanolamine into Ether,Containing 
Lipids in Rat Brain 1 

L. A. HORROCKS 2 and G. B. ANSELL, Department of Experimental Neuropharmacology, 
The Medical School, Birmingham, England 

ABSTRACT 

After intracerebral injection of C 14- 
ethanolamine into rats, the ethanolamine 
phosphoglycerides were isolated and hy- 
drolyzed with mild alkali and acid. The 
specific radioactivity of the diacyl, acyl 
alkenyl, and acyl alkyl glyceryl-3-phos- 
phorylethanolamine, the diacyl and acyl 
alkenyl glyceryl-3-phosphorylcholine, and 
sphingomyelin was determined at 0.5, 2, 
24, and 48 hours. The specific radio- 
activity-time relationships show that the 
ethanolamine plasmalogen is not a pre- 
cursor for the glyceryl ether form but 
suggest that acyl alkyl glyceryl-3-phos- 
phorylethanolamine is desaturated to form 
some of the acyl alkenyl glyceryl-3-phos- 
phorylethanolamine. The radioactivity in 
the choline portion of the choline phospho- 
lipids was very low. 

INTRODUCTION 

A L T H O U G H  THE PRESENCE of alkenyl and 
alkyl substituents in the same class of 

compounds in brain and other tissues has been 
recognized for some time, a biosynthetic rela- 
tionship has been proposed but not demon- 
strated (1). Since brain tissue contains an un- 
usually large amount of acyl alkenyl GPE 3 (2) 
and since acyl alkyl GPE accounts for 3.1% 
o f  the phospholipids of rat brain (3,4), this 
tissue was chosen for a study of possible re- 
~tationships. A previous study (4) had demon- 
strated that a combination of chromatography 
of the intact lipids and hydrolytic procedures 
could be used to determine the specific activity 
of acyl alkenyl and acyl alkyl GPE. 

METHODS 

Four adult female albino rats (220 to 250 g) 
were used in these experiments. An injection 

1 Presented at the AOCS Meeting, Cincinnati, October 
1965. 

2 Present address: Laboratory of Neurochemistry, Cleve- 
land Psychiatric Institute, 1708 Aiken Avenue, Cleveland. 

s Abbreviations: GPE, glyceryl-3-phosphorylethanolamine; 
GPC, glyceryl-3-phosphorylcholine; TLC, thin-layer chro- 
matography; dps, disintegrations per second. 

4 The composition of the mixture was 300 ml 2-ethoxy 
ethanol, 300 ml 1,4-dioxane, 100 ml xylene, 65 g naphtha- 
lene, 8 g PPO, and 0.4 g POPOP. 

of 1.0 /~c (0.5 /xmole) of (1,2-C1Q-ethanol - 
amine into the lateral ventricle was made under 
Avertin anesthesia, as described by Ansell and 
Spanner ( 5 )  and Davison and Gregson (6). 
Preparation of brain lipid extracts (7), the 
D E A E  cellulose column separation of ethanol- 
amine phosphoglycerides (4),  and mild hydrol- 
ysis procedures (4) have been described pre- 
viously. Samples containing 2 to 4 /zmoles of 
either choline or ethanolamine phospholipids 
were subjected to hydrolysis. Portions of the 
first and second upper phases and of the last 
lower phase were taken for determination of  
phosphorus (4) and radioactivity contents. The 
upper-phase samples for radioactivity determin- 
ation were dissolved in 5 ml of a xylene- 
dioxane-Cellosolve-naphthalene-P P O- P O P O P 
mixture. 4 Portions of all lipid samples, includ- 
ing the last lower phase of the hydrolysis pro- 
cedure, were taken to dryness in a counting 
vial before the addition of 5 ml of xylene con- 
taining 0.4% PPO. The radioactivity of all 
samples was determined by the use of a Pack- 
ard Tri-Carb liquid scintillation spectrometer. 
The channels ratio method (8) was used to 
determine the efficiency of counting by com- 
parison of the ratio of counts in two channels 
(50-1000 and 90-1000) with an experimental- 
ly determined graph of countir/g ratio against 
counting efficiency. Very little quenching was 
observed for any of these samples. The phos- 
phorus content was taken as a measure of the 
molar content of phospholipid or phospholiPid 
derivative for the purpose of calculating the 
specific radioactivity. 

Thin-layer chromatography (TLC) was car- 
r i e d  out (4) with 65:25:4 CHCI~-MeOH-18 
N NH4OH (by ir Areas of the TLC plates 

were assayed for radioactivity by scraping of 
the silica gel into vials and by the addition of 
0.5 ml of water, one drop of 10% Na2S203 
(to reduce residual iodine to iodide), and 5 ml 
of the  scintillator for aqueous solutions de- 
scribed above. Radioactivity recoveries were 
always approximately 100%. The distribu- 
tion of radioactivity in the intact lipids was 
found to be the same by use of either TLC or 
DEAE column separation. 

In some cases a silicic acid column was 
used for purification of phospholipids whicll 
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T A B L E  I 
Ch roma tog raphy  on D E A E  Cellulose of Ra t -Bra in  Lipids  Ex t rac ted  

48 Hours  Af te r  I n t r ace reb ra l  In ject ion of C14-Ethanolamine a 

F r a c t i o n  E luan t  ( v / v )  v~moles P dps 

dps 
#mole  

1 CHC13 0 0 
2 " 0 9 
3 9:1 C H C I > M e O H  0.1 3 
4 " 13.7 54 
5 t.' 4.2 14 
6 " 0.2 10 
7 " 0.1 6 
8 7 :3  C H C 1 3 - M e O H  7.5 1880 
9 " 8.2 l g l 0  

10 " 1.3 218 
11 " 0.2 24 
12 " 0.2 19 
13 M e O H  0.2 12 
14 :t 0.1 1 
15 " 0.2 8 
16 " 0.3 26 
17 ammoniaca l  4 :1  C H C I : - M e O H  0.4 22 
18 :' 0.3 14 
19 " 8.4 22 
20 *' 0.9 4 
21 " 0.2 0 

m 

3.9 
3.3 

250 
220 
170 

2-~ 

a The  co lumn was loaded  wi th  44.4 /zmoles of l ip id  P. The  recovery was 105%. 

were stable to hydrolysis. Columns, 1 cm 
diam., were packed with 1.0 g of silicic acid 
as a slurry in chloroform to a height of 1.9 
cm. From 1-2 /~moles of phospholipid were 
present in the sample, which was applied to the 
column in chloroform. Four-ml portions of 
solvents were used for elution. Fraction A 
was eluted with chloroform, B with 7:3 (v /v)  
chloroform-methanol, C with 2:3 (v/v)  chlo- 
roform-methanol, and D with methanol. 

RESULTS 

The ethanolamine phosphoglycerides were 
well separated from other brain lipids by 
chromatography on a column of DEAE cellu- 
lose in the acetate form (Table I) .  Major 
fractions were identified by TLC. Cholesterol 
was found in fractions 2 and 3, cerebrosides 
in 2-4, choline lipids in 4 and 5, ethanolamine 
lipids in 8-10, and acidic lipids (including 
serine phosphoglycerides) in 19. 

The distribution of radioactivity which was 
found in column fractions after four time 
periods is summarized in Table II. The bulk 
of the radioactivity was found in the ethanol- 
amine phosphoglycerides. A small but signifi- 
cant amount of radioactivity was in unidenti- 
fied neutral lipids eluted by chloroform. The 
choline lipid fraction contained a small amount 
of radioactivity although the choline lipids 
were completely separated from the ethanol- 
amine lipids. The compounds eluted after the 
ethanolamine lipids were not characterized be- 
cause of their low level of radioactivity. The 
results obtained by TLC of the intact lipids 
agreed with those from column separations. 
Ethanolamine and choline lipid fractions were 
pooled separately on the basis of phosphorus 
and radioactivity determination. 

The pooled ethanolamine phospholipid frac- 
tions were subjected to hydrolysis by mild 
alkali and mild acid. The results of radio- 

T A B L E  II  
Dis t r ibu t ion  of Radioac t iv i ty  in D E A E  Cel lulose Co lumn F r a c t i o n  of Ra t -Bra in  

Lipids at Var ious  Times  Af te r  In t race rebra l  Inject ion of C l < E t h a n o l a m i n e  

E luan t  ( v / v )  and 
E lua te  

0 5  

CHC13, nonpola r  l ipids 2 
9 :1  CHCI~-MeOH,  choline l ipids 21 
7 :3  C H C I ~ - M e O H ,  e thano lamine  600 

l ipids 
a 

M e O H ,  water-soluble  compounds  263 
A m m o n i a c a l  4 :1  C H C l a - M e O H ,  b 

acidic  l ipids 25 

Time,  Hours  

2 24 48 
Radioact iv i ty ,  dps per  b ra in  

10 20 22 
45 163 218 

3069 11445 9878 

100 218 118 
b 

14 352 155 

a P robab ly  includes e thano lamine  not r emoved  by a single wash of  the l ipid extract .  
b E lu t ion  of these f ract ions  was not complete.  

LIPIDS,  V O L .  2, No. 4 



INCORPORATION OF ETHANOLAMINE INTO RAT BRAIN L1PIDS 

TABLE III 
Results of Mild Hydrolysis of Rat-Brain Ethanolamine Phospholipids 

Obtained by DEAE Cellulose Chromatography 
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Time, Hours 
0.5 2 24 48 

Percentage of the ethanolamine phospholipid fraction 

Diacyl GPE 45 42 41 43 
Acyl alkenyl GPE 48 50 53 47 
Acyl alkyl GPE 7 8 6 9 

activity and phosphorus assays are given in 
Tables III and IV. The ethanolamine lipids 
from the 48-hour  experiment which were 
stable to hydrolysis were applied to a silicic 
acid column. More than 90% of the phos- 
phorus and radioactivity was recovered in frac- 
tions B and C. A spot representing 8 % of the 
stable ethanolamine lipids with the  same Rf 
value as intact ethanolamine phospholipids was 
found by TLC of fraction B. It had a specific 
radioactivity of 120 dps per /~mole. The TLC 
spots representing alkyl GPE from fractions B 
and C had a specific radioactivity of 240. 

The pooled choline phospholipid fractions 
were also examined by the hydrolysis method 
(4).  Tables V and VI report the results of 
phosphorus and radioactivity assays. The in- 
tact choline phospholipid fraction from the 
0.5-hr experiment had a specific radioactivity 
of 0.6 dps per tzmole P. It was not examined 
further. Because of the relatively large amount 
of radioactivity in the stable choline lipids from 
the 24-hr and 48-hr  experiments, the specific 
radioactivity of sphingomyetin was measured 
by other methods. The intact choline lipids 
from the 24-hr experiment were separated 
by TLC. No radioactivity was detected in 
sphingomyelin. The lecithin had a specific 
radioactivity of 4.7. Two samples of choline 
lipids which were stable to hydrolysis were 
purified on silicic acid columns. Pooled frac- 
tions C and D contained phospholipids with a 
specific radioactivity of 1.1 and 1.0 dps per 

/~mole P from the 24-  and 48-hr  experiments 
respectively. TLC was also used to examine 
the last lower-phase lipids from the 24-hr ex- 
periment. The phosphorus distribution was 
10% in lysolecithin (probably alkyl GPC)  and 
90% in sphingomyelin. No  radioactivity was 
found at the origin or associated with the lyso- 
lecithin. The sphingomyelin had a specific 
radioactivity of 1.6 dps per /~mole P and ac- 
counted for 6% of the radioactivity in the 
fraction. The cerebroside area contained 37%, 
and the solvent front contained 57% of the 
total radioactivity originally present in the 
pooled choline phospholipid fraction. 

DISCUSSION 

The best available evidence has indicated 
that ethanolamine phospholipids are formed 
in the brain by the condensation of the ap- 
propriate disubstituted glycerol with cytidine 
diphosphate ethanolamine to form the phos- 
pholipid and cytidine monophosphate (9).  
Constant radioactivity ratios between each type 
of ethanolamine phospholipid would be ex- 
pected if cytidine diphosphate ethanolamine 
were the immediate precursor for each. On the 
basis of the present results and others (5, 10- 
12) the cytidine diphosphate ethanolamine 
pathway may not be the only or even the major 
pathway for the in vivo labelling of acyl alkenyl 
GPE under these conditions. The differences in 
the radioactivity ratios of the diacyl GPE and 

TABLE IV 
Specific Radioactivity of Ethanolamine Phospholipid Types at Various Times After 

Intracerebral Injection of C14-Ethanolamine 

Time, Hours 
0.5 2 24 48 
Specific radioactivity, dps per #mole 

Diacyl GPE a0 139 406 295 
Acyl alkenyl GPE 4.5 29 193 174 
Acyl alkyl GPE 24.5 66 360 196 
Total GPE 19.9 81 298 219 

Ratio of specific radioactivities 
Acyl alkyl GPE 

5.3 2.3 1.9 1.1 
Acyl alkenyl GPE 
Acyl alkyl GPE 

0.61 0.47 0.89 0.66 
Diacyl GPE 

LIPIDS, VOL. 2, No. 4 
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TABLE V 
Results of Mild Hydrolysis of Rat-Brain Choline Phospholipids Obtained 

by DEAE Cellulose Chromatography 

Time, HOURS 

2 24 48 
Percentage of the choline phospholipid fraction 

Diacyl GPC 80 81 80 
Acyl alkenyl GPC 3 3 3 
Sphingomyelin a 16 16 17 

a Probably includes some acyl alkyl GPC. (See the text for details.) 

the acyl alkyl GPE are not sufficient to rule 
out the cytidine pathway for biosynthesis of 
acyl alkyl GPE. It was reported (13) that this 
compound is synthesized at an unusually high 
rate from cytidine diphosphate (C 14) ethanol- 
amine by brain tissue in vitro. It is now certain 
that the un~sualiy high specific radioactivity 
was caused by an unknown compound present 
in the synthetic labelled nucleotide (14). 

T h e  present results certainly suggest that acyl 
alkyl GPE gives rise to some acyl alkenyl GPE. 
The plasmalogen form cannot be a precursor 
of the glyceryl ether form as previously sug- 
gested (1) because the plasmalogen form had 
a lower specific radioactivity at all times ex- 
amined (0.5 to 48 hr).  The specific radio- 
activity-time relationships observed in this study 
resemble those found by Thompson (15) for 
total phospholipids of the slug (,4rion ater). 
We must mention however that in neither study 
was a crossover point found for specific ac- 
tivities of alkyl and alkenyl substituted phos- 
pholipids, as .would be expected if the alkenyl 
compound were the only product formed from 
the alkyl compound (see the discussions of pre- 
cursor-product relationships by Zilversmit et al. 
(16) and Reiner ( 1 7 ) ) .  Some of the early 

steps in the pathway proposed by Thompson 
(15) for biosynthesis of acyl alkyl phospho- 
lipids in the slug do not appear to agree with 

data obtained by Malins (18) with dogfish 
( Squalus acanthias ) liver. 

As shown in Table VI, the amount of radio- 
activity found in the GPC portions of diacyl 
and acyl alkenyl GPC was very low. The ab- 
sence of any significant formation of choline 
from ethanolamine in the brain (19,20) is con- 
firmed by these data. 

A substantial portion of the radioactivity in 
the choline lipid fraction, 85% at 24 hr, was 
found in the lipids which were stable to hydrol- 
ysis. Most of this radioactivity was Separated 
from. sphingomyelin by chroma~gr~aphy and 
appeared to be present 4n c~rebro~ides and in 
the fatty acids and  aldehydes produced by 
hydrolysis. At 24 hr ~ e  specific rad!oactivity 
values found for purified sphingomyelin were 
0, 1.1, and 1.6 dps per /~mole P_by different 
methods. For comparison, intact-diacyl GPC 
gave a value o~.4.7 by TLC and the GPC por- 
tion from diacyl GPC gave a value.of 0.7. The 
results with choline lipids suggest that a small 

por t ion  of the injected ethanolamine was 
metabolized to acetate (21) and then to fatty 
acids. 

The phospholipid composition found for 
these rat-br~ain extracts is the same as reported 
previously (4). The specific radioactivities of 
the diacyl and acyl alkenyl GPE and GPC 
types agree well with those obtained by Ansell 

TABLE VI 
Specific Radioactivity of Choline Phosoholioid Types at Various Times After Intracerebral 

Injection of C14-Ethanolamine 

Time, Hours 

2 24 48 
Specific Radioactivity, dps per #mole P 

Diacyl GP, C 0.4 0.7 2.1 
Acyl alkenyl GPC 2 1 4 
Sphingomyelin a 4 22 18 

Ratio of specific radioactivities 
Diacyl GPC 
Diacyl GPE 0.003 0.002 0.007 

Acyt alkenyl GPC 
Acyl alk~nyl GPE 0.07 0.005 0.02 

aThese values are high, as explained in the text. (See also Table V, footnote a.) 
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TABLE VII 
Relative Specific Radioactivities of Rat-Brain Ethanolamine Phospholtpids, 

Using Ethanolamine and Phosphate Precursors 
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Phosphate (22) a Ethanolami ne~ 

Alkali-stable, 24 hr 0.48 0.51 
Alkali-labile 

Alkali-stable, 48 hr 0.69 0.60 
Alkali-labile 

"These values were calculated by division of the value for microsomal phosphatidal ethanolamine by the 
value for microsomal phosphatidyl ethanolamine at the indicated times. 

b The calculated specific radioactivity for the sum of acyl~ alkenyl GPE and acyl alkyl GPE was divided 
by the value for diacyl GPE for the purpose of comparing the two sets of data. 

and Spanner  (5 ) ,  main ta in ing  the same injec- 
t ion condi t ions  but  using the m e t h o d  of  mild 
alkaline and a d d  hydrolysis  , fo l lowed by paper  
ehromatogr~iphic separa t ion of  the water-solu-  
ble moieties. Mande l  and N u s s b a u m  used a 
similar technique,  b u t  with a shor ter  alkaline 
hydro lys i s ,  to  de termine  the incorpora t ion  of  
P3Z-phosphate  into the major  lipids of  rat- 
bra in  subcellular  fract ions (22) .  A compar i son  
of  the specific radioactivit ies o f  t w o  fract ions 
of  e thanolamine  phosphoi ip ids  i s  given in 
Table  VII.  The  agreement  is very good. 

A possible compl ica t ion  in in terpre ta t ion of 
the data arises if the myel in  in the rat  bra in  
contains  a d i s p r o p o r t i o n a t e  share  o f  any of 
the three types of e thano lamine  phosphoglYce r- 
ides. The  e thanolamine  p lasmalogen  appears  
to be concen t ra ted  in the myel in of  rat  b ra in  
(23,24) but  not  in that  of  the ox (25) ,  How-  
ever Mande l  and N u s s b a u m  (22)  found  similar 
curves for  specific radioactivi ty against  t ime for  
ra t -brain myelin,  microsomes ,  and mi tochon-  
dria for all o f  the major  lipid types. N o  infor-  
mat ion  h a s  been repor ted  on the subcellular 
distr ibution of  acyl alkyl G P E  in bra in  tissue. 

Possible e r rors  which could arise f r o m  an- 
alysis by the mild hydrolysis  p rocedures  in- 
elude p rema tu re  release of  G P E  f r o m  acyl 
alkenyl G P E  into the aqueous phase  f rom 

a lka l ine  hydrolysis  and a car ryover  of  alkenyl 
G P E  into the last lower  phase  because  of  cyclic 
acetal format ion.  If  ei ther  or  bo th  occurred,  
the specific radioact ivi ty assigned to acyl 
alkenyl G P E  would  still be  cor rec t  while  the 
values for  diacyl G P E  and for  acyl alkyl G P E  
would  be depressed.  N o n e  of  those situations 
would  change  the  conclusions of  this report .  
The  fo rmer  possibili ty has been  discussed (4 ) .  
The  latter  possibili ty is unlikely because  a de- 
tailed examina t ion  o f  the  stable e thano lamine  
lipids f r o m  the 4 8 - h o u r  expe r imen t  gave T L C  
spots wi th  the cor rec t  R~ value for alkyl G P E  
and wi th  a specific radioact ivi ty in good agree- 

m e n t  with the value found  for  the  total stable 
lipids. 

These  results are the first r epor ted  examina-  
t ion of  metabol ic  relat ionships be tween  plas- 
malogens  and the c o r r e s p o n d i n g  glyceryl e ther  
phosphol ip ids  in m a m m a l i a n  bra in  in vivo. 
I t  is p roposed  that  acyl alkenyl G P E  m a y  be 
f o r m e d  by  desa tura t ion  of  acyl alkyl G P E  in 
ra t  brain.  
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Determination of Plasmalogens after Treating with a 
2,4-Dinitrophenylhydrazine-Phosphoric Acid Reagent 1 

KI SOON RHEE, R. R. DEL ROSARIO, and L. R. DUGAN JR., Department of Food Science, 
Michigan State University, East Lansing, Michigan 

ABSTRACT 

A method for the quantitative deter- 
mination of plasmalogens is described. 
Glycerophosphatide fractions from animal 
and plant sources were treated with a 2,4- 
dinitrophenylhydrazine-phosphoric acid re- 
agent. The plasmalogen content was esti- 
mated by two different procedures after 
a single treatment with reagent: a) by 
determining the phosphorus content of 
diacyl phospholipid and (2-acyl) lysophos- 
pholipid separated by thin-layer chroma- 
tography, b) by spectrophotometric de- 
termination of the 2,4-dinitrophenylhydra- 
zones and phosphorus assay of the original 
untreated sample. The total plasmalogen 
content of an unfractionated extract may 
be determined easily by the latter pro- 
cedure. 

The method described gives results com- 
parable with those from the p-nitro- 
phenylhydrazine method and iodination 
procedure. The usefulness of this 2,4- 
dinitrophenythydrazine- phosphoric acid 
treatment for further structural analyses 
of plasmalogens is discussed. 

pholipid component and formation of DNP 
hydrazones of the fatty aldehydes. 

It was thought that, if only the fatty alde- 
hydes are cleaved from a plasmalogen by an 
acidic DNP hydrazine reagent to form DNP 
hydrazones, leaving the diacyl phospholipid 
intact, the determination of the lysocompound 
formed from the plasmalogen could be used 
for estimating the plasmalogen content of the 
phospholipid fraction concerned. This paper 
describes a method for determining the plasma- 
logen content of a phospholipid by using a 
DNP hydrazine-phosphoric acid reagent. The 
plasmalogen content was estimated by deter- 
mining the DNP hydrazones of plasmalogen- 
bound aldehydes and by phosphorus assay of 
the (2-acyl) lysophospholipid and diacyl phos- 
pholipid components after thin-layer chroma- 
tography. 

When this study was in completion, Owens 
(16) reported a two-dimensional thin-layer 
chromatographic procedure for the estimation 
of plasmalogens. His method was based also 
on the specific hydrolysis of plasmalogens to 
(2-acyl) lysophospholipid by the use of a mer- 
curic chloride spray reagent. 

INTRODUCTION 

O F THE MANY PROCEDURES reported for 
plasmalogen determination, the most 

widely used are the fuchsin-sulfurous acid (5, 
13, 20, 28, 29) and p-nitrophenylhydrazine 
methods (19, 21, 31) for plasmalogen-bound 
aldehyde determination and the iodination pro- 
cedure which is specific for the vinyl ether 
bond (7, 15, 30). 

The formation of 2,4-dinitrophenylhydra- 
zones (DNP hydrazones) on a Celite column 
impregnated with 2,4-dinitrophenylhydrazine 
(DNP hydrazine) and phosphoric acid has 
been used to isolate carbonyl compounds from 
reverted or oxidized fats and oils (14, 18, 27). 
Katz and Keeney (10) described a spectro- 
photometric procedure for determination of 
plasmalogen-bound aldehydes which ultilized 
simultaneous methanolysis of the acyl phos- 

aMichigan Agr. ]Expt~ Sta. Journal Article No. 3912. 

EXPERIMENTAL PROCEDURE 

Reagents 

DNP hydrazine (Eastman Organic Chemi- 
cals) was purified as described by Katz and 
Keeney (10). 

Carbonyl-fl'ee hexane and chloroform were 
prepared by the method of Schwartz and Parks 
(26). Carbonyl-free methanol was prepared as 
described by Katz and Keeney (10). 

The reagent for cleaving the vinyl ether link- 
age of plasmalogens was prepared from purified 
DNP hydrazine (300 mg), dissolved in 12 ml 
of 85% H3PO4 by grinding in a mortar. Dis- 
tilled water (8 ml) was added to the clear yellow 
solution, and the precipitated DNP hydrazine 
was redissolved by grinding. The final concen- 
tration of this reagent was 15 mg of DNP 
hydrazine per milliliter of 51% H3PO4. This 
reagent was freshly prepared bi-weekly and 
stored in a dark bottle. 
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Separation of Lipids 

Total lipids were extracted from fresh hog 
and beef brains and beef liver by the method 
of Bligh and Dyer (1) ,  and the extract was 
washed according to the procedure developed 
by Folch et al. (6).  Ethanolamine glycero- 
phosphatide (EGP)  of brains was isolated by 
column chromatography on DEAE cellulose 
(24),  and choline glycerophosphatide (CGP)  
was separated on a silicic acid-silicate-water 
column (23) from the first fraction of D E A E  
cellulose column chromatography. 

A commercial soybean phospholipid Sample 
(Centrolex P, Central Soya, Chicago, IlL) con- 
tained EGP and CGP as major phospholipids, 
as shown by thin-layer chromatography (TLC). 
The two phospholipids were separated by silicic 
acid (Mallinckrodt)  column chromatography 
by the scheme used by Kuchmak and Dugan 
(12).  A s  the two phospholipid fractions thus 
isolated showed n0nlipid contaminants on TLC, 
the two fractions were cleaned by passage 
through separate DEAE cellulose columns (15 
cm, 2.2 cm I.D.) CGP was eluted from one 
column with chloroform-methanol (9:1 ) and 
EGP from the other with chloroform-methanol 
(7 :3) .  All  solvent mixtures used in the study 
were prepared in v / v  ratios unless otherwise 
specified. 

The final EGP and CGP fractions from 
brains and the soybean phospholipid sample 
were pure as monitored by TLC. 

Reaction of Lipids with the DNP 
Hydrazine-H~P04 Reagent 

A stream of nitrogen was used to remove 
the solvent from an aliquot of a solution con- 
taining a sample (up to 5 /~moles of phos- 
phorus) in a 50-ml centrifuge tube with glass 
stopper. The lipid was then redissolved in 0.2 
ml of carbonyl-free chloroform-methanol (1 : 1); 
1 ml of the DNP hydrazine-H~PO4 was added; 
and the contents were shaken thoroughly. Then 
the centrifuge tube was stoppered under nitro- 
gen and allowed to stand for one and one-half 
hours, with occasional shaking, in a dark cabi- 
net at room temperature. 

Distilled water (10 ml)  was added to the 
reaction mixture. The DNP hydrazones, (2- 
acyl) lysophospholipid, and diacyl phospholipid 
were extracted with three 5 mt-portions of 
carbonyl-free hexane. Centrifuging was used 
when necessary to break emulsions or remove 
the excess precipitate of DNP hydrazine (re- 
agent) from the hexane layer. The extract was 
washed with distilled water until the washing 
water became colorless. Three washes with 10 
ml of water each were usually adequate. The 

washed hexane solution was dried over anhy- 
drous sodium sulfate before it was made up to 
volume. The absorbance of the hexane extract 
was measured, against a blank prepared with- 
out lipid, at 338 m/~ on a Beckman DU spec- 
trophotometer. The concentration of DNP 
hydrazones was calculated from a molar absorp- 
tivity of 21,500 (9) .  

TLC and Phosphorus Assay of TLC Spots. 

Chromatoplates were prepared with the De- 
saga applicator by using a slurry of Silica Gel 
G (Merck)  in distilled water, 1:2 (w /v ) .  

For  TLC of the DNP hydrazones, diacyl 
phospholipid, and (2-acyl) lysocompound the 
hexane extract was concentrated under a stream 
of nitrogen and the chromatogram was de- 
veloped with chloroform-methanol-ammonium 
hydroxide (cone.) (75:25:4). The DNP hydra- 
zones traveled nearly to the solvent front and 
were observed without any spray. The lyso- 
compounds and diacyl phospholipids were made 
visible by spraying with ninhydrin (0.2% nin- 
hydrin in n-butanol/aqueous acet ic  acid I 0 % ,  
95: 5),  the sensitive mo lybdenum spray de- 
veloped by Dittmer and Lester (4) and sul- 
furic acid ( 5 0 % ) ,  followed by charring. 

The plates were exposed to iodine vapor, 
and each spot was outlined for phosphorus 
assay of the phospholipid component in each 
of the spots. After  the iodine vapor had 
evaporated from the plate, the phosphorus 
contents of TLC spots of the phospholipids 
were determined by Parker 's  procedure (17) 
after aspirating the silica gel containing each 
of the spots into a flask and digesting with 1 
ml of perchloric acid (70%)  at a mild heat 
setting of an electrica!!y heated digestion rack 
(22,25). 

A basic developing solvent mixture, chloro- 
form-methanol-ammonium hydroxide (75:25 : 
4) ,  was most effective for TLC of the hexane 
extract since any residual phosphoric acid was 
neutralized at the origin and did not streak 
as it did when nonbasic solvents were used. 

Column Chromatography of the Hexane Extract 

A silicic acid column was prepared in chloro- 
form-methanol (1 : 1 ), for column separation 
of the DNP hydrazones, diacyl phospholipid, 
and (2-acyl) lysocompound in the extract. The 
hexane extract was concentrated to 0.2 ml 
under a nitrogen atmosphere, and 0.2 ml of 
chloroform was added to this before applica- 
tion to the column. The DNP hydrazones were 
eluted with chloroform. If  desired, the phos- 
pholipids may be eluted with mixtures of 
chloroform and methanol: 3:1 for phosphatidyl 
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ethanolamine, 3:2 for phosphatidyl choline, 
1 : 3 for (2-acyl) lysophosphatidyl ethanol- 
amine and methanol for (2-acyl) lysophos- 
phatidyl choline. 

RESULTS 

Comparison of Methods 

The plasmalogen contents of EGP and CGP 
fractions from hog brain and the soybean phos- 
pholipid sample were determined by two dif- 
ferent procedures after a single treatment with 
the DNP hydrazine-HaPO~ reagent as follows: 
a) by determining the phosphorus content of 
diacyl phospholipid and (2-acyl) lysophospho- 
lipid separated-by TLC, b) by spectrophoto- 
metric determination of the DNP hydrazones 
and phosphorus assay of the original untreated 
glycerophosphatide. 

Fig. 1 shows the TLC chromatograms of the 
untreated and DNP hydrazine-H3PO4 treated 
EGP of hog brain and CGP of the soybean 
phospholipid sample. Usually components of 
spots from two or three chromatograms were 
pooled for phosphorus assay when the glycero- 
phosphatide contained a very small amount of 
plasmalogen. The DNP hydrazone measure- 
ment was also carried out with samples shaken 
with saturated sodium bisulfite solution to re- 
move the free aldehydes which resulted from 
lipid peroxidation. The sodium bisulfite-treated 
samples were thoroughly washed with distilled 
water and dried over anhydrous sodium sulfate 
before the DNP hydrazine-H,PO~ treatment. 

The results by both procedures are shown in 
Table 1. The DNP hydrazone determination, 
without removing free aldehydes, gave higher 
apparent values of plasmalogen content for all 
phospholipid fractions tested. The differences 
between this method and the phosphorus deter- 

T A B L E  I 

Compar i son  of  P lasmalogen  Content  De te rmined  by  Phos-  
phorus  Assay  with That  by D N P  hydrazone  af ter  

T rea tmen t  wi th  2 ,4 -DNP hydrazine-H:,PO~ a 

Lip id  
source 

% P la sma logen  

D N P  hydrazone  
de te rmina t ion  

Phospho-  Af te r  Pr ior  to 
l ipid P Assay  N a H S O 3  NaHSO~ 

frac t ion  b procedure  t r ea tmen t  t rea tment  

H o g  bra in  E G P  56 55 6t  
C G P  8 9 12 

Soybean E G P  4 4 7 
C G P  8 - ~  9 

a E a c h  figure represents  the  average  of  two analyses.  
b E G P :  e thano lamine  glycerophosphat ide;  C G P :  choline 

glycerophosphat ide .  
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FIG. 1. TLC of the untreated and DNP hydra- 

zine-H,,PO,-treated glycerophosphatides. Adsorb- 
ent: Silica Gel G; solvent system: chloroform- 
methanol-ammonium hydroxide (75: 25: 4) ; ifidi- 
cator: 50% sulfuric acid spray followed by char- 
ring. 1. Untreated ethanolamine glycerophospha- 
tide from hog brain; 2. hexane extract of the 
treated ethanolamine gtycerophosphatide from hog 
brain; 3. untreated choline glycerophosphatide 
from the soybean phospholipid sample; 4. hexane 
extract of the treated choline glycerophosphatide 
from the soybean phospholipid sample. SF: sol- 
vent front; DNPH: 2,4-dinitrophenylhydrazones 
(for Samples 2 and 4); PE: phosphatidyl ethanol- 
amine plus phosphatidal ethanolamine for Sample 
1 and phosphatidyl ethanolamine for Sample 2; 
PC: phosphatidyl eholine plus phosphatidal cho- 
line for Sample 3 and phosphatidyt choline for 
Sample 4; L-PE: (2-acyl) lysophosphatidyl etha- 
nolamine; L-PC: (2-acyl) lysophosphatidyl cho- 
line. 

ruination procedure varied between !% and 
5%, depending on the phospholipid, whereas 
the samples with free aldehyde-removed showed 
nearly the same results as those based on the 
phosphorus determination. 

T A B L E  I I  

P lasmalogen  Content  of  E thano lamine  Glycerophosphat ide  
F rac t ion  f r o m  H o g  Bra in  as De t e rmined  by the  

D N P  hydrazine-H~PO4 Trea tmen t  and  Acet ic  
Acid Incuba t ion  Method  a 

Method  Tr ia l  % P lasmalogen  

D N P  hydrazine-H:PO~ a 55 
b 55 
c 57 

Acet ic  acid  ( 9 0 % )  a 49 
b 53 
c 48 

a Percentage  of p lasmalogen  es t ima ted  by P assay of  
phophat idyl  e thanolamine  and (2-acyl)  lysophosphat idyl  
e thano lamine  af ter  T L C .  
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TABLE I I I  

Comparison of the 2,4-Dinitrophenylhydrazine-H3PO4 Method (2,4-DNPH),  p-Nitrophenyl-Hydrazine 
Method (p -NPH) ,  and Iodination Procedures for Plasmalogen Contenta,b 
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Moles of Plasmalogen/1 lipid solution 

Lipide 2,4-DNPH d p-NPH Is uptake 

EGP (beef brain) 
CGP (beef brain) 
Total beef liver lipids 
Total beef brain lipids 

(2.170 • 0.005) >( 10 -3 
(0.603 • 0.010) X 10 -4 
(8.618 +__ 0.031) X 10 -4 
(2.256 -+- 0.031) X 10 -4 

(2.158 ___ 0.008) )< 10-~ 
(0.560 -+- 0.020) X 10 -4 
(8.460 ___ 0.051) )< 10 -4 
(2.205 • 0.046) )< 10 -4 

(2.164 __+ 0.014) )< 10 -3 
(0.566 • 0.170) X 10 "4 
(8.570 -4- 0.031) X I0 "4 
(2.197 • 0.037) X 10 -4 

a Each figure represents the results of  three analyses. 

b The final concentration o f  each lipid preparation was not the same, but the same volume of aliquot was  
used for the three methods with a given preparation. 

c EGP:  etfianolamine glycerophosphatide; CGP:  choline glycerophosphatide. 

Spectrophotometric determination of 2,4-dinitrophenylhydrazones. 

Completeness of Cleavage of Vinyl Ether Linkage 
by the ONP Hydrazine-H~P04 Reagent 

The recovery of plasmalogen-bound alde- 
hydes by the DNP hydrazine-H3PO 4 reagent 
was compared with the acetic acid incubation 
method described by Gray  (8) .  To cleave 
vinyl ether linkage of plasmalogen by acetic 
acid, EGP of hog brain (10 /~moles or less) 
was incubated with 2 ml of 90% acetic acid 
at 38C for 18 hr. The free aldehydes, phos- 
phatidyl ethanolamine, and (2-acyl) lysophos- 
phatidyl ethanolamine were extracted as de- 
scribed by Gray. Table II  shows the results of 
three separate trials for each treatment. The 
percentage of plasmalogen of the EGP fraction 
was slightly higher as estimated by the DNP 
hydrazine-H~PO~ treatment than by the 90% 
acetic acid incubation. If  100% cleavage of 
the vinyl ether linkages of phosphatidal etha- 
nolamine by the H3PO~-containing reagent is 
assumed, the acetic acid cleaved about 90% of 
the linkages. 

To test any possible splitting of the ester 
linkage in phospholipids by the DNP hydra- 
zine-H~PO~ reagent, pure phosphatidyl etha- 
nolamine and phosphatidyl choline (diacyl 
moieties) were separated by silicic acid column 
chromatography after reacting EGP and CGP 
of hog brain with the reagent and extracting 
the resulting components with hexane. Each 
solvent-free diacyl phospholipid was again re- 
acted with the reagent, and the filtered aqueous 
phase (filtered to remove the excess DNP 
hydrazine) and the hexane phase were chroma- 
tographed on TLC plates of Silica Gel G after 
concentrating to a small volume (0.1-0.2 ml) 
under a stream of nitrogen or in vacuo. No  
water-soluble glycerylphosphoryl ethanolamine 
or choline was detected in the aqueous phase, 
and the hexane phase showed only phosphatidyl 
choline but no corresponding lysophospholipids, 
indicating that the DNP hydrazine-H3PO4 

treatment does not split the acyl ester linkage 
of the phospholipids. 

Comparison with Other Methods 
The spectrophotometric procedure of the 

present method was compared with the  p- 
nitrophenylhydrazine method of Wittenberg et 
al. (31) and the iodination procedure of Wil- 
liams et al. (30) by using separated phospho- 
lipid fractions and total lipid extracts of beef 
brain and liver. The results are presented in 
Table III. Plasmalogen contents by the three 
methods were in close agreement for each lipid 
preparation, but  the DNP hydrazine-H3PO4 
method gave better reproducibili ty and slightly 
higher results. 

The TLC procedure of this DNP hydrazine- 
H3PO ~ method was also compared with the two 
dimensional TLC method of Owens (16).  The 
EGP of hog brain, containing (56--+ 1 )% of 
plasmalogen as estimated by the former method 
(Table I I ) ,  showed (53 -+ 2 )  % of plasmalogen 
in three analyses by the latter. 

DISCUSSION 

The observation that ethanolamine plasma- 
logen is highly predominant  over choline plas- 
malogen in hog brains is in accord with other 
results obtained with brain tissues of animals 
(2,3).  The presence of plasmalogens, although 
in small amounts, in plant products such as 
soybeans and other legumes has been reported 
(11),  but there was a question as to whether 
or not the results could be ascribed to artifacts 
or defects in methodology. As demonstrated in 
Table I, the soybean phospholipid sample 
which was used contained ethanolamine plas- 
malogen and choline plasmalogen at levels of 
less than 10% of the corresponding glycero- 
phosphatide. 

The present method has some advantages. 
The method seems to have better reproduci- 
bility than other methods with which it was 
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c o m p a r e d .  T h e  p l a s m a l o g e n  c o n t e n t  o f  a s e p a -  
r a t e d  g l y c e r o p h o s p h a t i d e  f r a c t i o n  c a n  be  de t e r -  
m i n e d  b y  t w o  d i f f e r en t  w a y s  a f t e r  s ing le  t r ea t -  
m e n t  w i t h  t he  r e a g e n t .  T h e  T L C  s e p a r a t i o n  
a n d  p h o s p h o r u s  d e t e r m i n a t i o n  p r o c e d u r e  m a y  
be  b e t t e r  t h a n  t he  D N P  h y d r a z o n e  m e a s u r e -  
m e n t ,  if t h e  g l y c e r o p h o s p h a t i d e  f r a c t i o n  is n o t  
v e r y  f r e sh ,  b e c a u s e  t h e  a l d e h y d e s  f r o m  l ip id  
p e r o x i d a t i o n  w o u l d  a l so  be  c o n v e r t e d  to D N P  
h y d r a z o n e s  b y  t he  t r e a t m e n t .  I f  t h e  D N P  
h y d r a z o n e  m e a s u r e m e n t  is still p r e f e r r e d ,  t h e  
f r e e  a l d e h y d e  s h o u l d  be  r e m o v e d  b y  t r e a t i n g  
t h e  s a m p l e  w i t h  s a t u r a t e d  s o d i u m  b i su l f i t e  so l u -  
t i on  b e f o r e  r e a c t i n g  w i t h  t h e  D N P  h y d r a z i n e -  
H , P O  4 r e a g e n t .  T h e  m e t h o d  is u s e f u l  f o r  
f u r t h e r  a n a l y s e s  o f  f r a c t i o n a t e d  p h o s p h o l i p i d s .  
I t  f ac i l i t a t e s  t h e  c o m p l e t e  s t r u c t u r a l  a n a l y s i s  o f  
a p l a s m a l o g e n .  T h e  D N P  h y d r a z o n e s  c a n  b e  
c o n v e r t e d  to  d i m e t h y l  ace ta l s ,  a n d  t h e  f a t t y  
a l d e h y d e s  a t  t h e  a '  p o s i t i o n  c a n  be  i den t i f i ed  
b y  ga s  c h r o m a t o g r a p h i c  a n a l y s i s  o f  t h e  di-  
m e t h y l  ace ta l s .  T h e  f a t t y  a c i d s  a t  t h e  fl pos i -  
t i on  c a n  be  iden t i f i ed  b y  ga s  c h r o m a t o g r a p h y  
o f  m e t h y l  e s t e r s  o f  t h e  f a t t y  ac ids  in  t h e  
( 2 - a c y l )  l y s o c o m p o u n d .  

T h e  m e t h o d  d e s c r i b e d  in  th i s  p a p e r  a n d  t h e  
p r o c e d u r e  o f  O w e n s  ( 1 6 )  h a v e  a s imi l a r i t y .  I n  
b o t h  m e t h o d s  t h e  p l a s m a l o g e n  c o n t e n t  o f  a 
g l y c e r o p h o s p h a t i d e  c a n  b e  e s t i m a t e d  b y  p h o s -  
p h o r u s  d e t e r m i n a t i o n  o f  t h e  d i acy l  p h o s p h o -  
l ip id  a n d  ( 2 - a c y l )  l y s o p h o s p h o l i p i d  f o r m e d  b y  
t he  t r e a t m e n t s .  W h e n  t h e  p e r c e n t a g e  o f  p l a s -  
m a l o g e n ,  as a w h o l e ,  o f  a n  u n f r a c t i o n a t e d  l ip id  
e x t r a c t  o r  t o t a l  p h o s p h o l i p i d  s a m p l e  is to be  
e s t i m a t e d  w i t h o u t  c o n c e r n i n g  t h e  i n d i v i d u a l  
p l a s m a l o g e n s ,  t h e  s p e c t r o p h o t o m e t r i c  D N P  
h y d r a z o n e  m e a s u r e m e n t  p r o c e d u r e  o f  t h e  p r e s -  
e n t  m e t h o d  is m u c h  s i m p l e r .  W h e n  t h e  p r o c e -  
d u r e  o f  O w e n s  is u s e d  fo r  th i s  p u r p o s e ,  p h o s -  
p h o r u s  a n a l y s e s  o f  i n d i v i d u a l  d i acy l  p h o s p h o -  
l ip ids  a n d  ( 2 - a c y l )  l y s o p h o s p h o l i p i d s  s h o u l d  
still  b e  m a d e .  I f  t he  p l a s m a l o g e n  c o n t e n t  o f  
i n d i v i d u a l  g l y c e r o p h o s p h a t i d e s  in  a n  u n f r a c -  
t i o n a t e d  e x t r a c t  is to  be  d e t e r m i n e d  w i t h  n o  
a t t e m p t  f o r  f u r t h e r  s t r u c t u r a l  a n a l y s e s  o f  e a c h  
p l a s m a l o g e n  , t h e  O w e n s '  p r o c e d u r e  m a y  be  
a d v a n t a g e o u s  s i n c e  it e l i m i n a t e s  t he  n e c e s s i t y  
o f  p r i o r  T L C  o r  c o l u m n  s e p a r a t i o n  o f  g l y c e r o -  
p h o s p h a t i d e s .  
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Determination of Petroselinic Acid by 
Microreactor Chromatography 

R. KLEIMAN, V. L. DAVISON, F. R. EARLE, and H. J. DUTTON, 
Northern Regional Research Laboratory, 1 Peoria, Illinois 

ABSTRACT 

The microreactor-ozonolysis technique 
was applied to the quantitative determina- 
tion of the relative amounts of petro- 
selinic and oleic acids in seven Umbelli- 
ferae seed oils. The operation was easy 
and rapid. Results were excellent when 
the method was tested on ester mixtures of 
known composition. When used on esters 
prepared from Umbelliferae seed oils, the 
method gave results comparable with those 
found by another procedure, also de- 
scribed, which combined thin-layer chro- 
matography with either gas-liquid chroma- 
tography or ultraviolet spectrophotometry. 

INTRODUCTION 

I N STUDYING THE COMPOSITION o f  seed oils 
from many species of plants, investigation 

of the family Umbelliferae has been deferred 
because no rapid, reliable method was avail- 
able for determining petroselinic acid in the 
presence of oleic acid. Older methods which 
utilized ester distillation and lead-salt separa- 
tions (1) were recognized as containing certain 
errors (2).  More recently oxidation with per- 
manganate-periodate and analysis of the oxida- 
tion products by gas-liquid chromatography 
(GLC)  (3) or by column chromatography (4) 
have proved useful. Ozonolysis, followed by 
GLC, appears to constitute a further improve- 
ment (5).  

Ozonolysis in the microreactor apparatus 
( M R A ) ,  developed by Davison and Dutton 
(6) for determining the location of double 
bonds in fatty acids, has now been successfully 
applied to the quantitative determination of 
petroselinic acid in seed oils of the Umbelli- 
ferae. Results are compared with another 
method, developed in this laboratory, utiliz- 
ing thin-layer chromatography (TLC) and 
either GLC or ultraviolet spectrophotometry. 

METHODS 

Oils were extracted from the seed or seed 

1No. Utiliz. Res. Dev. Div., ARS, USDA. 

plus pericarp with petroleum ether (bp 30- 
60C) (7) .  The oil was saponified, and un- 
saponifiable matter was removed by the usual 
procedures (8).  Free acids were recovered 
and esterified with diazomethane or with 5% 
HCl-methanol (w /v ) .  

Microreactor 

Ozonolysis of methyl esters and pyrolysis of 
the ozonides were accomplished in an MRA,  
and products were injected directly into the 
column for GLC as previously described (6) .  
The 30xl/4-in.  aluminum column was packed 
with 20% poly(ester-acetal) (9) or 30% di- 
ethylene glycol succinate on 40-60 mesh 
Chromsorb W. 

The CG and Co aldehyde-ester ozonolysis 
products of methyl oleate and methyl petro- 
selinate were used for quantitation since these 
products elute f r o m  the chromatographic 
column as single components whereas the C12 
and C9 aldehydes often are superimposed on 
other ozonolysis products and require correc- 
tion factors. 

The suitability of the procedure was demon- 
strated by analysis of mixtures containing 
known amounts of methyl petroselinate and 
methyl oleate (A, B, C, Table I ) ,  which were 
prepared from Hormel standard samples, and 
of two mixtures containing methyl palmitate 
and methyl tinoleate in addition (D, E) .  The 
amount of Co aldehyde-ester derived from 
methyl linoleate was considered in calculating 
the amount of methyl oleate in samples D and 
E. 

A similar correction for methyl linoleate was 
made for the Umbelliferae seed oil methyl 
esters. In a second analysis of the Umbelliferae 
esters and of standards D and E, the 18:1 frac- 
tions were isolated by preparative GLC in an 
aerograph A-700 "Autoprep," equipped with 
a 10 f t x l / 4  in. copper column packed with 
15% LAC-2-R 446 on 40-60 mesh Celite 545 
run isothermally at 180C. A 12-/,1 injection 
yielded more than enough 18:1 (approximately 
6 mg) for analysis with the MRA. The 18:2 
fraction from Daucus guttatus esters was iso- 
lated in the same manner as the 18:1 fraction. 
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TABLE 1 

Determination of Methyl Petroseliaate in Standard Mixtures and in Mixed Esters f rom Seed Oils 

Methyl Petroselinate in Total 18:1 a 

Sample Wt TLC M R A  
% % % 

MRA-Prep. GLC 
% 

Standard A 87.8 84 
Standard B 50.7 52 
Standard C 10.6 11 
Standard Db 74.2 76 
Standard E c 25.4 27 
Actinolema macrolema Boiss. 62 d 70 
Bupleurum croceum Fenzl. 58a 63 
Daucus guttatus Sibth. & Sin. 81 d 86 
Ducrosia anethi/olia Boiss. 85 e 84 
Eryngium eburneum Decne. 93 d 94 
Oenanthe globulosa L. 99e 96 
Petroselinum crispum (Min,) Mansf. 93 e 94 

76 
26 
62 
57 
84 
84 
94 
94 
94 

aAverage of at least two analyses. 

bContains 9% 16:0 and 9% 18:2. 

eContains 13% 16:0 and 10% 18:2. 

a TLC-UV method. 

e TLC-GLC method. 

Preparative TLC Methods 

Used with GLC. TLC plates, 10x34 cm, 
were spread with 1 =mm layers of diethyl-ether- 
washed Silica Gel G impregnated with 30% 
silver nitrate. Each plate was spotted with 25 
(0.2 ~tl each) samples of Umbelliferae methyl 
esters. The chromatogram was developed with 
benzene in a 14x45-cm cylinder. Movement  
of the solvent front to 32 cm completely sep- 
arated methyl petroselinate from methyl oleate. 
The bands containing the separated esters were 
scraped into individual flasks, and the adsor- 
bent Was extracted three times with ether. The 
solution was filtered, and the ether was re- 
moved under nitrogen. Ten milligrams of 
methyl myristate were weighed into a one-ml 
volumetric flask, and one of the recovered 18:1 
fractions was quantitatively washed into this 
flask with ether. The flask was filled to the 
mark, and a 5-/d aliquot was analyzed by GLC 
in an F&M gas chromatograph, Model 810, 
equipped with a flame ionization detector and 
a 10 f t x l / 8  in. copper column packed with 
20% LAC-2-R 446. The other fraction of 
18:1 was treated similarly, and the proport ion 
of each was calculated by the following equa- 
tions: 

Area 18 : 1 peak 
Area 14:0 peak 

x w t l 4 : 0 = w t l 8 : l  

W t l 8 : l ~ x l O 0  
W t  1 8 : 1 6  -k w t  1 8 : 1 9  

= % 18:16 in 18:1 

Used with UV. TLC separation of methyl 
petroselinate and methyl oleate was carried out 
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as for GLC except that the ether was distilled 
from sodium hydroxide pellets before extrac- 
tion of the components. The esters were wash- 
ed into individual one-ml volumetric flasks 
with spectral grade hexane and made to vol- 
ume with this same solvent (no internal stand- 
ard is used).  These solutions were analyzed 
on a Beckman DK-2A recording spectropho- 
tometer, which was continuously purged with 
d r y  nitrogen. The absorbance was determined 
at 182 m/z [molar absorptivity is 13,000 for 
both methyl petroselinate and oleate (10)],  
and the percentage of methyl petroselinate in 
the total 18:1 was calculated by the equation: 

Absorbance 18:16 x 100 
Absorbance 18:16 + absorbance 18:19 
-- % methyl petroselinate in total 18:1 

RESULTS AND DISCUSSION 

The MRA procedure provided accurate 
analytical data on the five mixtures of known 
composition (Table I ) :  Comparison of re- 
sults from direct determination on Samples D 
and E, with data on the 18:1 fraction isolated 
by preparative GLC, indicates that the presence 
of methyl palmitate introduces no error, that 
the correction for methyl linoleate is entirely 
adequate, and that there is no fractionation of 
methyl oleate and methyl petroselinate in the 
preparative GLC. 

In general, analyses of Umbelliferae esters 
either by direct M R A  or by preparative GLC, 
followed by the MRA,  gave results comparable 
with the TLC methods (Table�9 I ) .  Usually, 



DETERMINATION OF PETROSEL1NIC ACID BY MICROREACTOR CHROMATOGRAPHY 341 

where results were not as close as desired, addi- 
tion of preparative GLC helped to reconcile ~ 
the percentages from the M R A  and TLC 
methods. Since the esters were free of un- 
saponifiable material and since no unusual 
components were observed by GLC, the rea- 
son for the analytical differences is unknown. 
It was suspected that the 18:2 might include 
a component with A6 unsaturation which 
would make correction for methyl linoleate in- 
valid; but isolation of the 18:2 component of 
Daucus  guttatus by preparative GLC and lo- 
cation of its double bonds by M R A  showed no 
• unsaturation present. 

The M R A  method is more straightforward 
and less time-consuming than the TLC method. 
The time required for the M R A  method is 
about one-half hour whereas TLC plates re- 
quire about three hours for the solvent to 
migrate 32 cm and another hour for the 
other steps in the method to be completed. 
Both methods are equally successful in deter- 

mining the relative amounts of methyl petro- 
selinate and methyl oleate. 

A C K N O W L E D G M E N T  

Seeds were supplied by Quentin Jones, USDA Crops 
Research Division, Beltsville, Maryland.  
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Reduction of Atherogenicity of Natural Fats by Small Additions 
of Ethyl Linoleate in the Diet of the Rat 1 
T. C. HUTSELL 2 and F. W. QUACKENBUSH, Department of Biochemistry, 
Purdue University, Lafayette, Indiana 

ABSTRACT 

Ethyl linoleate was substituted in part  
for the 20% of butterfat, hydrogenated 
coconut oil, lard, or tallow in an a the ro -  
genie diet fed to rats throughout a 40- 
week experimental period. Aortic degen- 
eration, evidenced by lipid infiltration of 
the intima, was observed in the control 
groups but not in the linoleate-fed groups. 
Groups that received butterfat  or hydro- 
genated coconut oil showed reduced plas- 
ma and hepatic cholesterol levels when 
fed 2% of ethyl linoleate; groups that re- 
ceived lard or tallow showed no significant 
change in plasma and hepatic cholesterol 
levels when fed 2% of ethyl linoleate; and 
groups that received a fat-free diet with 
2% of ethyl linoleate showed lower plas- 
ma and hepatic cholesterol levels and 
more complete aortic protection than 
groups that were fed 20% of corn oil or 
cottonseed oil. The data suggest that, in 
the cholesterol-fed rat, the kind and 
amount of dietary fatty esters may in- 
fluence aortic condition via some route(s)  
other than control of plasma and hepatic 
cholesterol levels. 

INTRODUCTION 

F ROM TI lE  T I M E  W H E N  FATS of vegetable 
origin first were reported to have a hypo- 

cholesteremic action (1) ,  research has been 
conducted in many laboratories to elucidate 
further the relationship of animal and vegetable 
fats to atherosclerosis. In most of the studies 
with purified fatty acids or their derivatives 
emphasis has been upon hypocholesteremic 
effects during periods which were too brief to 
permit observations on aortic or other vascular 
effects. Recent work in this laboratory has 
shown that 2% of purified ethyl linoleate can 
decrease plasma cholesterol in rats which have 
experimental hypercholesteremia and can give 
protection against formation of atheromatous 
plaques when fed to such rats in an otherwise 
atherogenic diet, which contains 20% of hy- 

1Presented at the AOCS Meeting, Los Angeles, April 
1966. Journal Paper No. 2952 of the Agricultural Experi- 
ment Station, Purdue University, Lafayette, Ind. 

~Present address: US Army Medical Research Unit, 
Presidio of San Francisco, Calif. 

drogenated coconut oil as the only dietary fat 
(2).  

It was the objective of the present work to 
investigate the effects of purified linoleate when 
added to other natural dietary fats which have 
been thought to be atherogenic; observations 
were to be made on aortic changes as well as 
on cholesterol levels of plasma and liver in the 
cholesterol-fed rat. 

EXPERIMENTAL SECTION 

Weanling rats (males; Wistar strain, 40-50 
g),  in individual wire cages, were fed ad 
libitum for 40 weeks a semipurified diet which 
contained (in percentage) casein, ether-ex- 
tracted, 18; glucose (Cerelose),  55; salts No. 
185, 4; cellulose (Cellu Flour) ,  2; cholesterol 
and sodium glycocholate (Nutrit ional Biochem- 
ical Corporation, Cleveland),  0.5 (each);  fat 
20; and a vitamin mixture, which was pre- 
pared as a premix with a portion of the casein. 
Details concerning sources and composition of 
the dietary items have been published else- 
where (3).  

The fat, which was the variable in this diet, 
was supplied to the different groups as hydro- 
genated coconut oil (HCO) ,  butterfat  (Purdue 
Dairy Farm) ,  lard, tallow, cottonseed oil, and 
corn oil (Mazola) .  Ethyl linoleate, when in- 
cluded, was prepared from safflower oil as a 
98% pure, all-cis product (3,4) and was sub- 
stituted for fat in the diet on an equal weight 
basis. One group of rats in each experiment 
was fed a fat-free diet, to which 2% of 
linoleate was added as the only lipid. This diet 
was adapted from that described above by in- 
creasing glucose to 77% and dividing the 
quantities of all other components by the factor 
1.2. In  all diets therefore the ratio of other 
nutrients to calories supplied as fat and carbo- 
hydrate was constant. Two complete experi- 
ments were performed at different times, with 
eight rats per group in Experiment I and 12 
rats per group in Experiment II. 

The fatty acid composition of the dietary fats 
(Table I)  was determined by hydrolysis (5) ,  
esterification (6),  and chromatography. For  
the chromatography, an F and M Model 500,  
programmed-temperature gas chromatograph 
was equipped with a 10-ft column of diethylene 
glycol adipate (DEGA,  Gas Chrom P, Ap- 
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T A B L E  I 

Fa t ty  Acid Dis t r ibut ion in the Dietary Fats  as Determined by Gas-Liquid  Chromatography 

343 

Component  fatty acid ( % )  

C C C C C C C C 
Dietary fat <12  12 14 16 16:1 18 18:1 18:2 

Hydrogenated coconut oil  28.3 39.2 16.2 
Butterfat  (W )  a 10.1 3.2 8.5 
Butterfat  (S) a 22.6 5.4 13.2 
Lard .... 1.1 2.1 
Tal low .... 1.0 6.6 
Corn oil 
Cottonseed oil .... trace trace 

7.2 7.3 1.8 
37.4 316 11.5 23.6 211 
24.5 2.5 9.8 19.1 1.9 
28.8 4.5 12.2 39.8 11.5 
36.5 5.6 20.2 30.0 trace 
14.1 .... 2.6 29.3 54.0 
23.9 .... 3.6 26.1 44.6 

aW, winter butter;  S, summer butter. 

plied Science Laboratories, State College, Pa.) .  
For  quantitation under identical conditions, 
methyl ester standards, long-chained, were in- 
jected at 215C with 30.5 psi He (65-70 
ml /min ) ;  short-chained, at 65C and a tempera- 
ture increase of 4C/min  to a maximum of 
215C. 

Blood samples were collected by heart punc- 
ture, from pentobarbital-anesthetized rats into 
a heparinized syringe, at 10-week intervals 
throughout the experiments. They were taken 
as quickly as possible after anesthetization and 
at the same time of day for each time period. 
After centrifugation the plasma was held in 
the frozen state until analyzed for cholesterol 
by the method of Sperry and Webb (7).  

Livers and aortas were removed (to the 
level of the iliac artery) after 40 weeks of 
dietary treatment; livers were frozen until 
analyzed, and aortas were fixed in 10% 
formalin. Total  hepatic lipid, extracted by the 
method of Harris and Gambal  (8),  was deter- 

mined gravimetrically by evaporation of a por- 
tion of the extract. From the apical aortic arch 
and from the abdominal aorta just below the 
diaphragm about 25 frozen cross-secti0ns 
(20 /~) were cut, stained with Oil Red O, and 
counterstained with alum hematoxylin. The 
degree of atherogenesis was estimated as per- 
centage of the arterial surface area which 
showed lipid infiltration into endothelial or 
subintimal cells as evidenced by Oil Red O 
retention. 

RESULTS AND DISCUSSION 

Rats which consumed 20% of the more- 
saturated fats in their diets during the 40-week 
period showed extensive aortic damage (Table 
II). The damage was equally severe in both 
of the experiments and was generally more ex- 
tensive in the abdominal aorta than in the 
aortic arch. Others (9,10) have generally 
found involvement of the thoracic aorta of the 
rat to be greater than that of the abdominal 

T A B L E  II  

Forty-Week Response to Par t ia l  Subst i tut ion of Ethyl  Linoleate for  Different Fats  in an Atherogenic Diet;  
Al l  Fats  Were Fed at 20% of the Diet  

Ethyl  Body Plasma 
finoleate weight  cholesterol 

substi tuted g rag/100 ml 
Dietary - -  

fat % Exp. I Exp. I I  

Hepatic  Hepatic  ~ Aort ic  Lesions a 
cholesterol total  l ip id  Aort ic  Abdomina l  

m g / g  wet wt. m g / g  wet wt. arch aorta 

Exp. I Exp. I I  Exp. I Exp. I I  Exp. I Exp. I I  % % 

HCO b 0 304 312 300 372 99 72 177 173 31 48 
2 531 631 151 140 47 32 129 126 0 0 
4 664 611 181 151 67 76 143 186 0 0 

Butterfat  0 542 557 227 228 111 73 218 197 11 18 
2 582 588 163 131 59 52 159 147 0 0 
4 574 594 126 164 46 49 134 158 0 0 

Lard 0 603 582 177 197 81 98 194 219 4 I1 
2 595 576 226 169 78 76 185 190 0 0 

Tallow 0 508 571 199 273 107 77 229 206 4 17 
2 536 624 232 214 71 81 136 183 0 0 

Corn oil 0 648 546 140 140 80 72 213 180 <1 <1  
CSO b 0 654 678 183 163 114 71 213 200 <1 <1 
None 2 500 499 115 79 48 34 137 112 0 0 

a% ---Percentage of int imal  surface involved in aortic lesions, est imated as fol lows:  at least 25 sections each 
of apical aortic arch and abdominal  aorta  just below diaphragm were cut f rom each animal  and graded 
visually as to surface area involved in l ipid infil tration. Averages of these values for the two experiments are 
presented. 

bHCO,  hydrogenated coconut oil; CSO, cottonseed oil. 
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aorta, perhaps because of more drastic dietary 
treatment with high levels of cholesterol and 
bile salts and even the inclusion of thiouracil. 
Substitution of 2% or 4% of ethyl linoleate for 
a portion of the coconut oil, butterfat, tallow, 
or lard prevented gross lipid infiltration into 
endothelial and subintimal cells. The only 
arterial involvement in animals which received 
the linoleate was a small amount of stainable 
lipid observed in isolated aortic sections. 

Although the lard contained sufficient 18:2 
acid to provide more than 2% in the diet, a 
distinctly improved aortic condition was ob- 
served in both experiments when 2% of ethyl 
linoleate was substituted for an equal amount 
of lard in the diet. This suggests that linoleate 
as the simple ester may be more effective than 
an equal amount in the form of glyceride in a 
natural fat. Earlier studies (2) had shown that 
rats fed a diet low in fat derived arterial pro- 
tection from dietary levels of ethyl linoleate 
which were no greater than those provided by 
the butterfat (Table I).  However a higher fat 
level may increase the atherogenicity of the 
diet and tend to raise the linoleate level needed 
for a favorable response. The failure of the 
high-linoleate glycerides in corn oil and cotton- 
seed oil to give arterial protection comparable 
with ethyl linoleate feeding suggests a need for 
further investigation of these relationships. 

Although aortic lesions were generally asso- 
ciated with high cholesterol levels in plasma 
and liver, this relationship was not precise. The 
animals which were fed 2% of ethyl linoleate 
in the diet without any other dietary fat were 
free from aortic lesions and, of all groups, had 
the lowest cholesterol levels in their plasma and 
liver. On the other hand, small substitutions of 
ethyl linoleate for either lard or tallow gave 
aortic protection but produced only minor dif- 
ferences in plasma and liver cholesterol levels. 
Hepatic cholesterol levels were relatively high 
in the groups which were fed corn oil or cot- 
tonseed oil. It does not appear that the anti- 
atherogenic effect of ethyl linoleate is exerted 
wholly through control of cholesterol in blood 
and liver. 

Growth rates of the 20% HCO group with- 
out linoleate were retarded (15-20 g/wk vs. 
25-30 g/wk for all other groups during the 
first 10 weeks), and these animals also showed 
other classical, essential fatty acid-deficiency 
symptoms including scaliness of tail, loss of 
hair, and increased water consumption. Sur- 
vival rates of this group and the 2% linoleate 
(fat-free) group were relatively low (below 
50% vs. > 66% for any other group). The 
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minimal number finishing either experiment in 
any group was four rats. Some animals were 
lost during anesthetization and heart puncture. 

Plasma cholesterol concentrations of rats fed 
20% fat diets were essentially constant after 
the 10th week and were generally correlated 
with the degree of saturation of the dietary fat. 
Animals fed the 20% HCO diet~had the highest 
concentration. Substitution of either 2% or 
4% of ethyl linoleate for an equal amount of 
HCO produced plasma and liver cholesterol 
levels comparable with those of animals re- 
ceiving 20% of either corn oil or cottonseed 
oil. Although similar results were obtained 
with substitutions in the 20% butterfat diet, 
linoleate substitution for lard or tallow pro- 
duced no consistent lowering of plasma 
cholesterol. 

A general effect of ethyl linoleate feeding 
was to lower hepatic cholesterol levels as well 
as plasma cholesterol levels. The r a t io  of 
hepatic cholesterol to  plasma cholesterol was 
not altered in a consistent pattern by linoleate 
feeding, thus evidencing no redistribution effect 
between blood and liver during 40 weeks in 
this experimental model. This is consistent 
with the observations of Frantz and Carey  
(11 ), who found no evidence of a cholesterol 
shift from blood to liver in human beings as a 
result of corn oil feeding. In the liver,  
cholesterol constituted about one-third to one- 
half of the total lipid present, and this relation- 
ship was relatively consistent among the dif- 
ferent groups irrespective of ethyl linoleate 
feeding. 
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The Triglyceride Composition of 17 Seed Fats Rich in 
Octanoic, Decanoic, or Lauric Acid:' 2 
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ABSTRACT 

Seed fats of eight species of Lauraceae 
(laurel family), six species of Cuphea 
(Lythraceae family), and three species of 
Ulmaceae (elm family) were extracted, 
and the triglycerides were isolated by 
preparative thin-layer chromatography. 
GLC of the triglycerides on a silicone 
column resolved 10 to 18 peaks with a 22 
to 58 carbon number range for each fat. 
These carbon number distributions yielded 
considerable information about triglyceride 
compositions of the fats. 

The most interesting finding was with 
Laurus nobilis seed fat, which contained 
58.4% lauric acid and 29.2-29.8% tri- 
laurin. A maximum of 19.9% trilaurin 
would be predicted by a 1, 2, 3-random, a 
1, 3-random-2-random, or a 1-random-2- 
random-3-random distribution of the 
lauric acid? This indicates a specificity 
for the biosynthesis of a simple triglyceride 
by Laarus nobilis seed enzymes. Cuphea 
lanceolata seed fat also contained more 
simple triglyceride (tridecanoin) than 
would be predicted by the fatty acid dis- 
tribution theories. 

INTRODUCTION 

T H E  D I R E C T  A N A L Y S I S  o f  natural fat tri- 
glycerides by gas-liquid chromatography 

(GLC) was introduced in 1961-62 by Huebner 
(1) and Kuksis and McCarthy (2). It  has 
proven to be a rapid and quantitatively accu- 
rate method for separating triglyceride mixtures 
by molecular weight. Two recent reviews (3, 
4) have discussed the operating procedures and 
applications of this technique. 

Triglyceride GLC is most useful for the 
analysis of fats containing a wide range of 
fatty acid molecular weights and hence a wide 
range of triglyceride molecular weights. The 
authors have already shown how fats contain- 
ing C~o, C~., and C2, fatty acids can be effec- 
tively analyzed by this method (5). The pres- 
ent work was undertaken to demonstrate how 

1Presented at the  A O C S  Meet ing  in  Los  Angeles ,  Apr i l  
1966. 

~This paper  is t aken  f r o m  a thesis to  be submit ted  to 
Texas A&M Univers i ty  by  R.  D.  H a r l o w  in par t ia l  ful- 
fiUment of  the  requi rements  for  a Mas t e r  of  Science degree.  

useful GLC can be for analysis of natural fat 
triglycerides containing C~, C10, and C1~ acids. 
Seventeen seed fats rich in octanoic, decanoic, 
or lauric acid have been analyzed for tri- 
glyceride composition by using GLC. 

EXPERIM ENTAL 
Materials 

Actinodaphne hookeri seeds were obtained 
through the courtesy of N. L. Murty, Bombay, 
India. The seeds were collected in June 1962 
from trees in the Bhandardara Hills, Ahmed- 
nagar District, Maharastra, India. Other seeds 
were purchased from the following suppliers: 
Cinnamomum camphora and Lindera benzoin 
from Herbst Brothers Seedsmen Inc., Brewster, 
N. Y.; Laurus nobilis, Cuphea lanceolata, and 
Cuphea llavia from Thompson and Morgan 
Ltd., Ipswich, England; Lindera praecox and 
Lindera triloba from Harry E. Saier, Dimon- 
dale, Mich.; Sassafras albidum and Ulmus 
pumila from Forestry Associates, Allentown, 
Pa.; Umbellularia californica from Western 
Seeds, Agness,  Ore.; Cuphea ignea from Ger- 
mania Seed Company, Chicago, Ill.; Ulmus 
americana and Zelkova serrata from F. W. 
Schumacher, Sandwich, Mass. 

Samples of Cuphea carthagenensis, Cuphea 
hookeriana, and Cuphea painteri seed fats were 
provided by F. R. Earle, Northern Regional 
Research Laboratory, Peoria, Ill. 

Methods 
Gas-Liquid Chromatography of Triglycerides. 

GLC analysis of triglycerides was achieved by 
using the general methods of Litchfield, Har- 
low, and Reiser (4). The gas chromatograph 
(F&M 400) was equipped with a hydrogen 
flame detector and automatic temperature pro- 
gramming. The 0.53 m x 2.5 mm I.D. glass 
or stainless steel column contained 3.0% JXR 
silicone on 100/120 mesh Gas-Chrom Q (Ap- 
plied Science Laboratories, State College, Pa.) 
and was programmed from 170C to 340C at 
4C/min with a helium gas flow of 100 ml/min. 
The peaks were identified as to carbon number 
by co-chromatography with known compounds. 
Quantitation procedures were the same as pre- 
viously described (4). Results are reported in 
mole percentage. 

Gas-Liquid Chromatography of Fatty Acids. 
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Fatty acid composition was determined by GLC 
analysis of the methyl esters, prepared by 
heating the triglycerides for 60 min at 100C 
with 5% HC1/CH~OH in a sealed vial (6). 
After cooling and the addition of water the 
methyl esters were extracted in 1-2 ml of 
petroleum ether and injected directly into the 
gas chromatograph. To avoid any loss of low- 
molecular-weight esters, no solvent was evap-.~ 
orated after extraction. The methyl esters were 
analyzed on a 1.82 m x 2.4 mm I.D. column 
containing 20% diethylene glycol succinate 
polyester coated on 60/80 mesh Chromosorb 
W, as previously described (7). All fatty acid 
compositions are reported in mole percentage. 

Procedure. Each seed sample was sorted to 
remove damaged seeds and foreign material. 
Where practical, the seed coat was removed 
from the endosperm (Table I ) .  The seeds were 
then ground in a Waring Blendor, weighed 
into a tared paper thimble, and extracted with 
petroleum ether (30-60C bp) for 4 hr in a 
Soxhlet extraction apparatus. T h e  oil content 
(wet basis) of each seed is reported in Table I. 

The triglycerides were isolated from each 
seed fat by using preparative thin-layer chro- 
matography on 1.0-mm thick plates of silicic 
acid impregnated with Rhodamine 6G. Plates 
were developed in a 79/20/1  mixture of petro- 
leum ether/diethyl ether/acetic acid. The tri- 
glyceride band was located under ultraviolet 
light, scraped into a beaker, placed in a small 
chromatography column, and eluted with di- 
ethyl ether. Visual examination of the chro- 
matoplates indicated that the triglyceride con- 
stituted more than 85% of the total fat in all 
cases. 

R ES U LTS 

Each purified triglyceride sample was ana- 
lyzed for fatty acid and triglyceride composi- 
tion by GLC. Fig. 1 illustrates the peak reso- 
lution obtained in the triglyceride chromato- 
grams. Quantitative results are reported in 

48  

42 

46  54 

34 44  50 52 

52 58 40 56 58 

FIG. 1. Chromatogram of Laurus nobili~ seed 
fat triglycerides. GLC operating conditions: 0.53 
m x 2.5 mm I.D. glass column, packed with 3.0% 
JXR on 100/120 mesh Gas-Chrom Q; 100 ml/min. 
He carrier gas; column temperature programmed 
170 -)~340C at 4C/min. 

Tables I and II. The average fatty acid chain- 
length was calculated from the triglyceride 
composition of each fat, and also from the 
methyl ester GLC data by using the method of 
Kuksis et al. (8). Comparison of the two values 
(Table II) showed close agreement for all 17 
fats, indicating that the carbon number dis- 
tributions reported in Table II are close to the 
correct values. 

DISCUSSION 
Fatty Acid Composition 

All but two of the 17 seed fats analyzed 
have been examined for fatty acid composition 
by previous workers. References to these other 
investigations are listed in Table I. With the 
exception of Sassafras albidum the fatty acid 
compositions found were in general agreement 
with the literature although in some cases the 
ratio of the major component acids was dif- 
ferent. This is not an uncommon phenomenon 
in seeds of the same species which come from 
different sources (23). 

The authors were unable to detect any hex- 
anoic acid in Sassafras albidum triglycerides 
although Earle et al. ( t0 )  reported finding 
13% 6:0 in the total seed fat. The methyl 
ester preparation procedure was designed to 
avoid evaporation of volatile esters so that it 
seems reasonable some hexanoic acid would 
have been detected had it been present. The 
GLC of Sassafras albidum triglycerides showed 
no appreciable amount of triglycerides below 
carbon number 28, which would also indicate 
the virtual absence of 6:0 in a fat containing 
69.3% 10:0. Perhaps the hexanoic acid re- 
ported by Earle et al. (10) is of nontriglycer- 
ide origin or is some other substance which 
elutes at the same time as 6:0 on GLC.  

The complete fatty acid composition of Lin- 
dera triloba seed fat is reported for the first 
time. This unusual fat contains 35.3% laurie 
acid and 37.7% dodecenoic acid as well as 
smatl amounts of decenoie and tetradecenoic 
acids. The monoene character of the 10:1, 
12:1, and 14:1 esters was established by sep- 
arating Lindera triloba methyl esters by Ag § 
thin-layer chromatography (24), recovering 
the monoene band, and analyzing the monoene 
methyl esters separately by GLC. The chain 
lengths of the 10:1, 12: 1, and 14:1 were con- 
firmed by GLC on a 2-ft JXR dimethylpoly- 
siloxane column. These acids are probably the 
cis-4-decenoic, cis-4-dodecenoic, and cis-4-tet- 
radecenoic acids which Hopkins et al. (9) 
found in Lindera umbellata seed fat. It is in- 
teresting to note that not all Lindera species 
contain these unusual acids. 
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The fatty acid composition of Cuphea tan- 
ceolata seed fat is also reported for  the first 
time. It closely resembles the composition of 
Cuphea llavia seed fat. 

Triglyceride Composition 
The triglyceride compositions of the 17 seed 

fats investigated are listed in Table II. F rom 
I0  to 18 peaks within a 22 to 58 carbon num- 
ber range are resolved for each fat. The GLC 
of the triglycerides is rapid and quantitative. 
The chromatogram is available 45 min after 
sample injection, and quantitation takes 2 hr 
by triangulation or 30 min with a mechanical  
integrator. The carbon number distributions 
which were found yielded considerable infor- 
mation about the triglyceride composition of  a 
fat when a wide range of fatty acid molecular 
weights are present. Even more detailed infor- 
mation can b e  gained if the  tr iglyceride mix- 
tures are fractionated by Ag  § chromatography 
(7) or liquid-liquid partition chromatography 
(25) prior to GLC analysis. 

All  the seed fats examined show a complex 
pattern of triglyceride composition. This would, 
of course, be expected with the wide range of 
fatty acids in each fat. However the main tri- 
glyceride peaks always correspond to the tri- 
glycerides containing only the major fatty 
acids. For  example, Zelkova serrata contains 
77.9% 10:0, and its major triglyceride peak 
is C~0, corresponding to tridecanoin. Actino- 
daphne hookeri (16) and Cuphea llavia (7) 
triglycerides have been examined previously. 
Results confirm these earlier findings but pre- 
sent a more detailed analysis. The triglyceride 
compositions of two fats, Laurus nobilis and 
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FIG. 2. Possible range of t r i laur in content in 
Laurus nobilis seed fat as predicted by the 1,2,3- 
random (single point), the 1,3-random-2-random 
(heavy line), and the 1-random-2-random-3-ran- 
dom (shaded area) distribution hypotheses. 

Cuphea lanceolata, show some unusual features 
and will be discussed in detail below. 

Laurus nobilis. Collin and Hilditch (19, 21) 
and BSmer and Ebach (26) have reported that 
Laurus nobilis seed fat contains an exception- 
ally high amount of trilaurin. The L. nobilis 
fat which was examined contained 58.4% 
lauric acid and 29.8% C~ triglyceride. The 
amount of trilaurin in this C~ peak can be esti- 
mated by the following indirect calculation. 
L. nobilis seed fat contains only one fatty acid 
with a lower molecular weight than lauric acid; 
that is the 1.5% 10:0. Therefore the C~ and 
C3, GLC peaks must contain some decanoic 
acid. The C~2 peak contains only one possible 
triglyceride: C~oC~oCI~. Since the C~ peak rep- 
resents 0.2% of the total triglycerides, then 
2~ X 0.2 = 0.13% 10:0 must be in the C~: 
peak. The C.~ peak contains only two possible 
triglycerides: CI,,C~C~ and C,C10C1,. The C:, 
peak would contain the  minimum amount of 
decanoic acid if the peak contained only 
C,0C=C~. The C~ peak represents 3.5% of the 
total triglycerides so at least 1/5 X 3.5 ---- 
1.17% 10:0 must be in the C~ peak. Since 
L. nobilis seed fat contains only 1.5% decanoic 
acid, and a minimum of 0.13 + 1.17 ----- 
1.30% of this must be in the C~, and C~ peaks, 
then the maximum amount of 10:0 that could 
possibly occur in the C~ peak would be 1.50 - -  
1.30 ---- 0.2% 10:0. Now the C~ peak con- 
tains only three possible triglycerides: C,.C~C~, 
C~oCa2C~4, and C~oC~0Ci~. The maximum non- 
trilaurin content of the C~ peak would occur 
if all the remaining 0.2% 10:0 were in the 
form of C ~ C ~ , .  Under  such conditions the 
C~ peak would consist of 3 x 0.2 = 0.6% 
C~0CI~C,. and 29.8 - -  0.6 =~ 29.2 trilaurin. 
Thus the minimum trilaurin content of 
L. nobilis seed fat is 29.2%. Of course 
the maximum amount of possible trilattrin 
would be 29.8%, the total C~ material present. 
Therefore the above calculations show that the 
trilaurin content of L. nobilis seed fat must lie 
between 29.2 and 29.8%. This agrees fairly 
closely with the 30 weight % trilaurin found 
by BSmer and Ebach (26) and the 35.1 mole 
% trilaurin reported by Collin (21) with crys- 
tallization studies. 

The presence of 29.2-29.8% trilaurin in a 
seed fat containing only 58.4% lauric acid is 
quite unusual, and this has been commented 
upon by Collin and Hilditch (19, 21).  There- 
fore it is interesting to compare the trilaurin 
content of L. nobilis seed fat with that pre- 
dicted by the various fatty acid distribution 
hypotheses. This is done graphically in Fig. 2 
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by plotting % trilaurin versus % 12:0 at the 
2-position of the total triglycerides. The % 
12:0 at the 2-position is varied from 0-100% 
to cover all possible cases. The l ,  2, 3-random 
distribution theory ~ predicts 19.9% trilaurin, 
which is represented as a point in the center 
of the graph. The 1, 3-random-2-random dis- 
tribution theory (27, 28) predicts the amount 
shown by the heavy line at the top of the 
shaded area. And  the 1-random-2-random-3- 
random distribution theory (29, 30) predicts 
the amount of trilaurin shown by the shaded 
area. The interesting point is that none of these 
three distribution hypotheses can possibly ac- 
count for more than 19.9% trilaurin regardless 
of the distribution of lauric acid on the three 
positions of the glycerol molecule. Since 29.2- 
29.8% trilaurin is present, it is obvious that 
none of the three distribution hypotheses tested 
can correctly predict the triglyceride composi- 
tion of L. nobilis seed fat. 

Experimental results indicate a distinct spe- 
cificity for the biosynthesis of a simple mona- 
acid triglyceride by L. nobilis seed enzymes. 
I t  is easy to speculate on possible causes for 
this tendency: a) only laurie acid is available 
for triglyceride biosynthesis during one stage 
of seed development (21) ;  b)  one region of 
the seed is much richer in laurie acid than the 
other parts; c) L. nobilis seed contain more 
than one pathway for the biosynthesis of tri- 
glycerides; or d) the enzyme specificities for 
triglyceride biosynthesis in this seed are con- 
siderably different from other seeds. For  the 
present however, such explanations are pure 
speculation; and further study is needed to 
explain properly the unusually high percentage 
of trilaurin in L. nobilis seed fat. 

Cuphea lanceolata, This seed fat is another 
interesting example of fat containing more 
than the expected amount of a simple triglycer- 
ide. Cuphea lanceolata seed fat contains 
86.6% 10:0 with only one lower-molecular- 
weight fatty acid, 0.7% 8:0. By examining 
the triglyceride compositions of the C28 and C30 
peaks in the manner described above, one can 
estimate the tridecanoin content of this fat. 
The C:, peak contains only one possibly tri- 
glyceride: C~C~0C~0. Since the C~ peak repre- 
sents 2.2% of the total triglycerides, it must 

~The "confusing nomenclature of fatty acid distribution 
hypotheses using "random" in their titles has been simpli- 
fied by adopting three easily understood terms. In a 
1.2,3-random pattern, one pool of fatty acids is randomly 
distributed to all three positions of the glycerol molecule. 
In a 1,3-random-2-random pattern, two pools of fatty acids 
are randomly and separately distributed to the 1,3- and 
2-positions of the glycerol molecule. In a 1-random-2- 
raudom-3-random pattern, three pools of fatty acids are 
randomly and separately distributed to the 1-, 2-, and 
3-positions of the glycerol molecule. 

LIPIDS, VOL. 2, No. 4 

contain 2.2/3 ---- 0.73% of 8:0. But the total 
fat  contains only 0.7% 8:0 so all of this is 
accounted for in the C~ peak. Therefore the 
C~0 peak contains no 8:0, and the C~0 peak 
must be all tridecanoin. Cuphea lanceolata 
seed fat contains 70.0% tridecanoin. In a 
graph similar to Fig. 2, a maximum of 64.9% 
tridecanoin would be predicted by a 1, 2, 3- 
random, a 1, 3-random-2-random, or a 1- 
random-2-random-3-random distribution of the 
decanoic acid. Thus Cuphea lanceolata fat 
does not follow any of the above distributions 
theories, and its seed enzymes show a definite 
specificity for the biosynthesis of a simple 
mona-acid triglyceride. 

ACKNOWLEDGMENT 

This work was supported in part by grants from, the 
National Institutes of Health (AM-06011) and the Corn 
Products Institute of Nutrition. 

REFERENCES 

1. Huebner, V. R,, JAOCS 38, 628 (1961). 
2. Kuksis, A., and M. J. McCarthy, Can. J. Biochem. 

Physiol. 40, 679 (1962). 
3. Kuksis, A., JAOCS 42, 269 (1965). 
4. Litchfield, C., R. D. Harlow and Raymond Reiser, 

JAOCS 42, 849 (1965). 
5. Harlow, R. D., C. Litehfield and Raymond Reiser, 

Lipids 1, 216 (1966), 
6. Blank, M. L., B. Verdino and O. S. Privett, JAOCS 

42, 87 (1965). 
7. Litch~eld, C., M. Farquhar and Raymond Reiser, 

Ibid. 41, 588 (19641. 
8. Kuksis, A., M. J. McCarthy and J. M. R. Beveridge, 

Ibid. 40, 530 (19631. 
9. Hopkins, C. Y., M. J. Chisholm and L. Prince, Lipids 

1, 118 (19661. 
10. Earle. F. R., C. A. Glass, G. C. Geisinger, I. A. 

Wolff and Q. Jones, JAOCS 37, 440 (19601. 
11. Lotti, G., and C. Galoppini, Riv. Ital. Sostanze 

Grasse 42, 289 (1965). 
12. Miller. R. W.. F. R. Earle, I. A. Wolff and Q. 

Jones, JAOCS 4l, 279 (19641. 
13. Hopkins, C. Y., and M. J. Chisholm, Ibid. 36, 210 

(1959). 
14. S0rensen, I., and P. Sr Acta Chem. Scand. 12, 

814 (19581. 
15. Zehnofennig, R. G., and H. A. Schuette, Oil & Soap 

18, 189 (194l). 
16. Puntambekar, S. V., and S. Krishna, J. Indian Chem. 

Soc. 10. 395 (t933). 
17. Narang, S. A.. and S. V. Puntamhekar, J. Indian 

Chem. Soc. 34, 135 (1957). 
18. Narang, S. A., and S. V. Puntamhekar, J. Indian 

Chem. Soc. 34, 143 (1957). 
19. Collin, G., and T. P. Hilditch, Biochem. J. 23, 1273 

(t929).  
20. Collin, G., and T. P. Hilditch, J. Soc. Chem. Ind. 

49, 141T (1930). 
21. Collin. G., Biochem. J_ '25, 95 (1931). 
22. Kraicinovic, M., and M. Filajdic, Kern. i Ind. 

(Zagreb/ 6, 141 (19571. 
23. Hilditch, T. P., and P. N. Williams. "The Chemical 

Constitution of Natural Fats," 4th ed., Chapman and 
Hall, London, 1964. 

24. de Vries, B., and G. Jurriens, Fette Seifen 
Anstrichmittel 65, 725 (19631. 

25. Litchfield, C., submitted to Lipids. 
26. BiSmer, A., and" K. Ebach, Z. Uuters. Lebensm. 55, 

501 (1928). 
27. VanderWat, R. J., JAOCS 37, 18 (19601. 
28. Coleman. M. H., and W. C. Fulton, in P; Desnuelle 

(ed.) "The Enzymes of Lipid Metabolism," Pergamon 
Press, New York, 1961, p. 127-137. 

29. Brockerhoff, H., and M. Yurkowski, J. Lipid Res. 7, 
62 (1966). 

30. Slakey, P. M.. and W. E. M. Lands. Paper No. 79, 
AOCS meeting in Philadelphia, October 1966. 

[Received Dec. 13, 1966] 



SHORT COMMUNICATION 
An Autosampler for Solvent-free Sample Introduction 

into a Gas Chromatograph 

T HE HIGH SENSITIVITY and precision ob- 
tained in gas chromatography has made it 

a tool of the utmost importance in lipid analy- 
sis. The manual sample introduction is how- 
ever a serious limitation in effective routine 
analysis of a large number of samples. 

During the analysis of many similar samples 
of fatty acid methyl esters from rapeseed ob- 
tained in plant-breeding projects, the need 
arose for a completely automatic GLC-system. 
Being unable to obtain such a system com- 
mercially, we constructed and assembled one 
at our laboratory. A preliminary report on the 
system was given in 1964 (1). The essential 
part of the new construction, viz., the auto- 
matic sample inlet is presented here. A de- 
tailed description of the whole system as well 
as the types of compounds to be successfully 
analyzed will be dealt with in forthcoming re- 
ports. 

Figure 1 shows a cutaway drawing and 
Figure 2 an actual photograph of the sample 
inlet system, the main parts of which are the 
sample storage unit and the vaporizer unit 

FIG. I. Cutaway drawing of the autosampler: 
1 ~- rotor, 2 ~ storage chamber, 17 --~ piston, 
18 = spring, 19 ---- carrier gas inlet, 20 = carrier 
gas outlet, 22 = trap for empty sample tubes. 

(Figures within brackets refer to the numbers 
on Figs. 1 and 2.) The former contains a rotor 
E1 ] made of light metal with 60 chambers 
E2] 2x2 mm wide and 17 mm deep. The 
rotor fits into the rotor housing [5],  over 
which a round Perspex screen is placed. A 
rubber O-ring and 6 screws [71 provide good 
frictional contact between the Perspex and the 
rotor housing. 

The vaporizer consists of a stainless steel 
unit E 16 ] with carrier gas inlet [ 19 ] and out- 
let [20],  to which the separation column is 
fitted. The upper part of the stainless steel unit 
is connected to the rotor housing through an 
airtight stainless steel fitting [25],  which is 
tightened to the lower unit through a silicon 
rubber packing and to the upper unit through 
a cone which is pressed to the socket in the 
rotor housing via a system of metal sheets and 
clamps [26, 27]. The damps are screwed to 
the metal stands [15] of the rotor housing. 

In the central part of the vaporizer tube a 
piston [17] is held in position by a spring 
[ 183. Through the piston a hole is drilled so 
that the carrier gas can pass. To the lower part 
of the piston tube a metal tube [293 is con- 
nected, which is fitted to the carrier gas line 
via an electric valve (normally open) [31] 
and to the room atmosphere through another 
valve, normally closed. To the left side of the 

FIG. 2. Autosampler with sample introduction 
hole and closing screw [30] easily seen: 5 --- 
rotor housing, 19 ---- carrier gas line, 21 ---- vapor- 
izer, 22 ~-- trap for empty sample tubes, 28 
heat reflector, 31 --~ gas valve. 
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vaporizer unit a side tube [22] is fitted�9 The 
vaporizer unit is heated by heating tape to 
275C and insulated [217 . The rotor is kept 
at room temperature by a fan playing from be- 
hind and by reflecting the heat from the vapor- 
izer with a polished aluminum sheet [28] .  

Fat ty  acid methyl esters are deposited from 
a chloroform solution on the inside of small 
metal tubes (about  2 m m  O.D. and 1 mm 
I.D., 5-ram long),  open at both ends. These 
tubes are introduced one at a time through a 
hole later closed by a screw [30] in the 
Perspex sheet (Fig. 2) into all the compart-  
ments but the one over the opening to the 
vaporizer by revolving the rotor clockwise with 
a manual control-unit. During this process 
argon is flushed through the sample introduc- 
tion hole into all sample chambers as they are 
filled�9 

The rotor is rotated clockwise one step 
(controlled by a t imer) ,  and the small metal 
tube drops on the piston [17] where the 
sample rapidly vaporizes. The argon carrier 
gas then transports the vaporized sample on to 
the column. At  a suitable time the timer unit 
causes a decrease in the gas pressure, which is 
about 1.4-1.6 atm in both the rotor and carrier 
gas line, to atmospheric pressure in the space 
under the  piston by closing the open and open- 
ing the closed valve�9 This makes the piston 
move downward. After  one second the valves 
are returned to previous positions, and the 
piston moves upward under the influence of 
the spring [18] .  In the meantime the empty 
sample tube falls into the side container [227. 

The unit has  been found to function properly 
for methyl esters of oils from rape and similar 
seeds as such esters were not changed to a 
measurable extent when stored solvent-free in 
argon atmosphere for 24 hr or more. A 40-cm- 
long column packed with 10% silicon oil on 
Celite 60/80  mesh and a 9~ ionization de- 
tector have been used in our system, which also 
incorporates a digital recording of peak areas. 
The data received in 15 consecutive analyses of 
a single sample of methyl esters from turnip 
rapeseed, containing 18:3 as the most un- 
saturated ester, are shown below. 

Mean and stand- C16 Cls 
ard deviation 2.3 + 0.08 48.1 • 0.27 

C20 C22 
10.5 • 0.38 39.1 ~ 0.48 

It is obvious that the precision is good and 
completely satisfactory for routine analysis. 
Our automatic GLC has been successfully used 
for similar samples during a period of 4 years. 

After  the completion of our machine Pod- 
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more (2) ,  Tinti (3) ,  and Ruchelman (4) pre- 
sented dry samplers primarily to be used for 
steroid separations. 

Compared with the last two of these auto- 
samplers, this construction offers the advantage 
of withdrawing the empty sample container, 
thus preventing a large number of sample tubes 
from accumulating on top of the column and 
making a frequent disassembly of the unit un- 
necessary. The presence of such tubes may 
cause a variable band broadening of the vapor- 
ized sample. Furthermore any high boiling 
compounds not immediately vaporized may 
slowly decompose, thereby causing detector 
irregularities. 

The rotor in the unit described by Tinti is 
continuously moving whereas our rotor turns 
exactly 1/60 of a full revolution to introduce 
a new sample. The whole rotor in our machine 
can be loaded at one time Compared with only 
half of the former as our sample compart-  
ments are parallel to the rotor axis and not 
perpendicular. 

Ruchelman placed wire gauzes in Teflon 
cups, on which to deposit the sample from a 
large solvent volume. The part  of the sample 
deposited on the outside of the wire gauze 
might cause contamination of the storage 
cabinet. This assumption is based on our ex- 
periences at an early stage when part of our 
samples, although deposited on the inside of the 
metal capillaries, spread to the outside because 
of surface tension. An impregnation of the 
inside of the metal capillaries with a silicon 
oil, followed by heating to 300C for some 
hours, solved this problem. 

The system devised by Podmore (2) utilizes 
impregnated metal cylinders, which are with- 
drawn from the vaporizer zone after a short 
exposure. The way of arranging the samples in 
the storage tube is however critical, and the 
sample capacity appears to be rather limited. 
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Excretion of Lipids by the Liver Fluke (Fasciola Hepatica L) 
C. H. BURREN, I. EHRLICH, ~ and P. JOHNSON, ~ The Wellcome Laboratories 
of Tropical Medicine, Beckenharn, Kent, England 

ABSTRACT 

Adult  liver flukes kept in a glucose- 
enriched medium were found to excrete 
lipids. Analysis of the incubation medium 
showed that both neutral lipids (includ- 
ing cholesterol and its esters) and polar 
lipids were released. The rate of lipid 
excretion was greatly reduced when the 
excretory pores and mouths of the flukes 
were ligated. Histochemical examination 
of the flukes indicated that such tipids, re- 
leased through t h e  excretory pores, origi- 
nate in the cells lining the excretory ducts. 

INTRODUCTION 

/ ~  HE OBSERVATION IN THIS LABORATORY o f  a n  
. L  iridescent film on the surface of media in 
which adult flukes were being incubated sug- 
gested the presence of excreted lipids. Several 
workers (1-3) have demonstrated histochemi- 
cally the presence of lipids in the region of 
the excretory system of the adult liver fluke 
and the passage of fat  droplets through the 
excretory pores. Fur ther  examination of the 
excreted globules failed to reveal the presence 
of cholesterol and its esters or "lipins" although 
some unsaturated lipid was indicated by osmic 
acid treatment (1).  The absence of choles- 
terol was based on negative results with rather 
insensitive histochemical techniques, and tests 
for the so-called "lipin" fraction, presumed to 
be mainly phosphatidyl ethanolamine and 
phosphatidyl serine, were inconclusive, Fail- 
ure to demonstrate cholesterol histochemically 
in the fat droplets of the excretory vessels led 
von Brand (4)  to the conclusion that no 
simple excretion of exogenous food lipid is in- 
volved and that the excreted fat must there- 
fore originate in the body of the worm. More 
recent work by Clegg and Morgan (5) how- 
ever provided evidence that cholesterol and its 
esters were present in the neutral lipid fraction 
of extracts of the posterior portions of adult 
flukes. 

A more detailed investigation of lipid ex- 
cretion from the liver fluke is clearly desir- 

Present address: Veterinary Faculty,  University of Zag- 
reb, Yugoslavia. 

2Author to whom requests for reprints should be sent. 

able, and the present communication reports 
the preliminary findings of such a study. 

EXPERIMENTAL SECTION 

Liver flukes were collected from the bile 
ducts of freshly killed cattle and immediately 
transferred to an incubation medium for trans- 
port  at ambient temperature to the laboratory, 
where they were transferred to fresh medium. 
The medium used throughout this investiga- 
tion was a solution essentially as described 
by Dawes (6) .  The composition was as fol- 
lows: NaC1, 3.8 mg/ml ;  KC1, 0.3 mg/ml ;  
CaC12, 0.1 mg/ml ;  Na2HPO4, 0.5 mg/ml ;  
and MgSO4, 0.3 mg/ml .  To reproduce more 
nearly the conditions in hepatic bile, NaHCO~, 
4.7 mg/ml ,  was added, giving HCO3- a n d  C1- 
concentrations of 35.3 and 81.1 m e q / L  re- 
spectively. Penicillin 500 U / m l  and strepto- 
mycin sulphate 0.5 mg /ml  (Crystamycin, 
Glaxo Laboratories) were also added. For  
some experiments the medium was enriched 
with glucose (1 m g / m l ) .  

Lipid analyses of the gIucose-containing 
medium (2-5 ml/f luke)  were made after 4 
hr of incubation, and histochemical examina- 
tions were made on flukes which had been 
incubated either with or without glucose for 
12 hr. All  incubations were carried out  at 
37C. In a few experiments flukes were kept 
in the glucose-enriched medium for 24 hr  
after mouth openings and excretory pores had 
been closed by ligating with sterilized cotton 
thread. 

Lipids were extracted from the medium by 
the addition of chloroform and methanol to 
give a final ratio by volume of CHCI~:  
M e O H : H 2 0  (2:2 :1 .8)  (7) .  After  mixing 
with a Silverson vortex homogenizer, the re- 
sulting mixture was centrifuged for 10 min at 
1700 g to give clear chloroform and methanol 
phases with an interracial skin. The upper 
methanol phase was aspirated and discarded 
before transferring the chloroform phase to a 
tared, round-bottomed flask fitted with a 
ground glass joint, leaving the interracial skin 
in the tube. Solvent was then removed on a 
rotary evaporator at 37C under reduced pres- 
sure. A few extractions were made by the 
method of Folch, Lees, and Stanley (8) ,  but 
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FIG. 1. Thin-layer chromatograms of excreted 
fluke lipids. Minor components are shown in 
dotted outline. 

(a) and (b) show separation of total lipids in 
solvent systems 1 and 2 respectively. Spots were 
identified as 1, cholesterol ester; 2, unknown, pos- 
sibly glycerylether diester; 3, triglyceride; 4, free 
fatty acid; 5, cholesterol; 6, polar lipid. 

(c) shows separation of total lipids in solvent 
system 3. Some of the spots were tentatively 
identified as a, neutral lipid; b, phosphatidyl 
ethanolamine; d, phosphatidyl serine (phosphatidyl 
inositol?); e, phosphatidyl choline; g, sphingomye- 
lin; h, lysolecithin? 

no chromatographic differences were seen in 
lipid fractions obtained by the two methods. 
The resulting total lipid fraction was dried 
over anhydrous calcium sulphate in a vacuum 
desiccator, weighed, and redissolved in a small 
volume of heptane or chloroform for subse- 
quent analysis by thin-layer chromatography 
(TLC) .  Lipids were separated on 200 /~ lay- 
ers of Silica Gel G (Camag) ,  pre-activated by 
heating for 30 min at IO0-110C, and cooled 
in a vacuum desiccator. The following solvent 
systems were used. 

For  Neutral  Lipids 
Solvent System I. Hexane or petroleum ether 

(b.p. 60C-80C)  - d i e t h y l  
ether-acetic acid (90 :10 :1)  
(9).  

Solvent System 2. Petroleum ether (b.p. 60C- 
80C)-diethyl e t h e r - a c e t i c  
acid (70 :30 :1)  run to 15 
cm, followed, after drying 
the plate, by diethyl ether- 
petroleum ether (b.p. 60C- 
80C)-acetic acid (70:30:1)  
run to 11 cm, in the same 
dimension (10).  
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Fro. 2. Section of liver fluke stained with Oil 
Red O (x 1150.) Fluke incubated for 12 hr in 
glucose-enriched medium. Excretory ducts (D) 
contain neutral lipids in both lining cells and 
lumina. 

For  Polar Lipids 
Solvent System 3. Chloroform-methanol-acetic 

a c i d - w a t e r  (65 :15 :10 :4)  
(11).  

Spots were visualized either by iodine vapor 
or by spraying the plates with 50% aqueous 
sulphuric acid, followed by slow charring in 
an oven at 200C. 

Flukes for histoCbemical examination were 
fixed for 24 hr in 4% formaldehyde saturated 
with calcium chloride (12),  washed in tap 
water, and impregnated for 4 hr in two changes 
of Aquax (G. T. Gurr  Ltd., London) at 50C. 
Transverse sections were cut at 3 ~ and sub- 
mitted to one of the following procedures: the 
Oil Red O method for neutral lipids (13),  
the copper phthalocyanin method for phospho- 
lipids (14),  Fischler 's method for fatty acids 
(15),  the digitonin reaction for cholesterol 
(16),  and the Okamoto method for cholesterol 
and its esters (15).  

RESULTS 
Lipid Analysis of Incubation Media 

Extraction of lipids from glucose-enriched 
medium showed, in four separate experiments 
involving a total of 6.5 g fluke, that the rate of 
total lipid excretion was in the range of 0.5 
to 1.2 m g / g  fluke/hr.  In three further experi- 
ments, in which 3.0 g of flukes with ligated 
oral and excretory openings were incubated for 
24 hr, lipid release into the medium was re- 
duced to less than 0.1 mg /g  fluke/hr.  

Separation of total tipids by TLC in solvent 
systems 1 and 2 is illustrated in Fig. 1. Com- 
parison with standards showed the presence in 
the neutral lipid fraction of both free choles- 
terol and its long-chain fatty acid esters (fur- 
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FIG. 3. Section of liver fluke stained with Oil 
Red O (x 1150). Fluke incubated for 12 hr in 
medium without glucose. Excretory ducts (D) 
contain neutral lipids only in the lining ceils. 

ther confirmed by color reactions with sul- 
phuric acid),  triglyceride, and free fatty acids. 
An  unknown minor constituent with polarity 
less than that of triglyceride was noticed in 
some chromatograms (Fig. l a )  and had an 
Rf comparable with that of a short-chain cho- 
lesterol ester. However no color reaction was 
obtained at this spot with sulphuric acid, and 
the Rf value could have been consistent with 
the presence of a small amount of a glyceryl- 
ether diester (17).  Polar lipids remained in 
the region of the origin in both of these sol- 
vent systems. 

Separation of the total lipid fraction in sol- 
vent system 3 revealed a complex mixture of 
polar lipids (Fig. l c ) .  Tentative identification 
of some of the spots was made by comparison 
with standards; but more detailed work will 
be required before the identity of these com- 
ponents can be confirmed. 
Histoehemical Analysis of Lipids Within the Fluke 

All the small excretory ducts in sections 
from flukes incubated for 12 hr in the glucose- 
enriched medium contained neutral lipids in 
both the lining cells and the lumina (Fig. 2).  
The lumina of most of the small ducts were 
completely filled with neutral lipids, in con- 
trast to the large ducts where lipids appeared 
to be distributed only over the surfaces of the 
lining cells. 

Flukes which had been deprived of glucose 
contained neutral lipids within the cells lining 
the excretory ducts. However most lumina did 
not contain demonstrable quantities of neutral 
lipid (Fig. 3).  

Phospholipids could be seen within the lin- 
ing cells of all ducts in sections from flukes 
which had been incubated with or without 
glucose. The lumina of some of the smallest 

ducts contained some phospholipid, but  a weak 
color reaction was obtained in comparison with 
that produced within the lining cells. Phos- 
pholipids could not be detected within the 
lumina of the larger ducts. 

Neither cholesterol (free or esterified), nor 
free fatty acids were demonstrable histochemi- 
cally in any part of the sections from flukes 
incubated with or without glucose. 

DISCUSSION 

This work indicates that the liver fluke re- 
leases lipid through the excretory pores, that 
such lipid is a mixture far more complex than 
has been suggested by previous workers, and 
that important  lipid constituents can be missed 
by complete reliance on comparatively insensi- 
tive histochemical techniques. In  particular, 
earlier work (1) which reported the lack of 
excretion of phosphatides by the liver fluke 
was in error. The conclusion of yon Brand 
(4) that simple release of exogenous food 
lipid is not involved may be correct but  was 
based on a failure to observe cholesterol excre- 
tion. However the work of Clegg and Morgan 
(5) provided evidence to suggest that excretion 
of cholesterol and its esters does occur, and 
this has now been clearly demonstrated by 
the present authors. The question of excre- 
tion of exogenous lipid by the fluke is thus 
still open to investigation. Absence of histo- 
chemically demonstrable lipid material in other 
parts of the fluke suggests a lack of transport  
of lipids to the excretory ducts. Clarification 
of these points must await the results of a 
more detailed examination of lipid distribu- 
tion within the fluke, and this work is in 
progress. These preliminary studies however 
do indicate that the cells lining the excretory 
ducts are the site of the synthesis of complex 
lipids which are excreted by the fluke. 

Quantitatively the excretion of lipids by the 
fluke is impressive; it can be expressed as about 
2% of the organism's wet weight per day or, 
alternatively, as about 10% of its lipid con- 
tent during 4 hr of incubation. Consideration 
of the physiological significance of such high 
lipid excretion must  be deferred until more de- 
tailed work has been completed. The greatly 
reduced excretion from ligated flukes however 
does suggest that release of lipids through the 
integument is a minor pa thway  of excretion 
if it is involved at all. 

It  is of interest that this small amount of 
lipid was still released into the medium by 
flukes with ligated oral and excretory openings. 
Although the amount of lipid thus obtained 
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w a s  o n l y  a b o u t  o n e - t e n t h  o f  t h a t  f r o m  n o n -  

l i g a t e d  f lukes ,  t h e  T L C  p a t t e r n s  w e r e  i d e n t i c a l .  
I t  h a s  n o t  y e t  b e e n  e s t a b l i s h e d  w h e t h e r  s u c h  

l i p i d  e x c r e t i o n  b y  l i g a t e d  f l ukes  is a t t r i b u t a b l e  

to  m o b i l i t y  o f  t h e  l i p i d  t h r o u g h  t h e  i n t e g u m e n t  

o r  to  i n c o m p l e t e  c l o s u r e  o f  m o u t h s  a n d  ex-  
c r e t o r y  p o r e s .  
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The Occurrence of Diastereomers of Phytanic and Pristanic Acids 
and Their Determination by Gas-Liquid Chromatography 

R. G. ACKMAN; Fisheries Research Board of 'Canada, Halifax Laboratory, Halifax, Nova Scotia, 
and R. P. HANSEN, Food Chemistry Division, Department of Scientific and 
Industrial Research, Wellington, New Zealand 

ABSTRACT 

The methyl esters of phytanic (3,7,11,15- 
tetramethylhexadecanoic) a n d  p r i s t a n i c  
(2,6,10, t 4-tetramethylpentadecanoic) acids 
derived from phytol each can be resolved 
into two diastereomers by gas-liquid chro- 
matography on an efficient open-tubular, 
gas-liquid chromatographic column with a 
polyester coating. Authentic D,D,D isomers 
prepared from the lipids of bacterium H. 
cutirubrum gave only one peak. In mam- 
mals the D,D,D isomers usually predomi- 
nate, but  in marine life the L,D,D isomers 
apparently are the principal forms. The 
origin and metabolic roles of the diaster- 
comers are discussed. 

INTRODUCTION 

T HE OCCURRENCE IN LIPIDS of mammals of 
p h y  t an  i c (3,7,11,15 -tetramethylhexadeca- 

noic) acid and of the structurally related pris- 
tanic (2,6,10,14-tetramethylpentadecanoic) acid 
(1-9) has been investigated with particular 
emphasis on the potential role of rumen bac- 
teria in converting phytol as the major source 
of phytanic acid (10-12).  The accumulation of 
phytanic acid in human beings with Refsum's 
syndrome has led to further speculations as to 
the relative roles of exogenous and endogenous 
sources of this acid or of metabolic defects 
hindering its catabolism (13-25).  In this rare 
condition phytanic acid can represent nearly 
half of the fatty acids of lipids in particular 
tissues (17).  In ruminants phytanic acid may 
exceptionally be as high as 10% of the total 
fatty acids of serum lipids (4,25), but, al- 
though variable, the levels in other lipids are 
normally 0.01-0.2% of total fatty acids (3,7,25, 
26).  In nonruminants phytanic acid levels may 
be 0.01% or less of the total fatty acids. In re- 
ports for animal lipids, where pristanic acid 
proportions are given, these usually range from 
an equivalent amount down to one-tenth of 
phytanic acid level in the same sample (6,8,- 
25,26). 

Three multiple-branched-chain fatty acids 
were suggested as commonly occurring com- 

ponents of lipids from higher marine organisms 
(27).  The 4,8,12-trimethyltridecanoic acid, 
pristanic acid, and phytanic acid have been 
isolated from a marine oil and positively iden- 
tified (28).  Phytanic acid and other multiple- 
branched acids were also shown to be compon- 
ents of whale oil (29,30).  The total of these 
three acids in marine lipids is moderately con- 
sistent at 0.5-1.5% of all fatty acids; phytanic 
acid predominates (26,27). 

The occurrence of these three fatty acids 
may be conveniently studied without specific 
isolation through the use of open-tubular, gas- 
liquid chromatography (31) : Further,  samples 
of methyl phytanate and methyl pristanate from 
which interfering materials have been removed 
can be partially resolved into two components 
with butanediol-succinate coated, open-tubular 
columns of high efficiency. A number of sam- 
ples of different origin have therefore been 
examined to evaluate this information from the 
point of view of origin and metabolic role of 
these acids. 

EXPERIMENTAL 

Gas-Liquid Chromatography 
Columns were purchased from the Perkin- 

Elmer Corporation, Norwalk,  Conn., and used 
without conditioning in a Perkin-Elmer Model 
226 gas-liquid chromatograph,  employing a 
flame ionization detector. The columns were of 
stainless steel tubing in a pancake configura- 
tion, 0.01 in ID and 150 It long. Coatings were 
BDS (butanediol succinate polyester) or Apie- 
zon L. Operating temperatures for these phases 
were respectively 150C and 190C; helium car- 
rier gas was respectively at 40 and 50 psig. 
Injection port  temperatures were 260C, and a 
No. 2 injection splitter was employed. Samples 
of approximately 1-5 /~g of a particular ester 
were injected in neohexane solution with a 
Hamilton 10 /~1 microsyringe and were suffi- 
ciently small that all peaks were on scale at 
2, 5, or 10 x attenuation. 

Samples 
The origin of samples analyzed in the present 

study is given in Table I. Materials of ter- 
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TABLE I 
Origin of Samples of Phytanic and Pristanic Acids Examined in the Present Study with the Ratios 

L,D,D and D,D,D Diastereomers Determined by Gas-Liquid Chromatography 
of 

Figure Ratio 
No. Material Origin Reference LDD/DDD form 

1-A Phytanic acid Synthetic (from phytol) Hansen (18) 0.94 
1-B Phytanic acid Synthetic (from phytol) Lough (4) 0.95 
- -  Phytanic acid Sheep fat Hansen (7) 0.95 
I-C Phytanic acid Ox fat Hansen (3) 0.75 
1-D Phytanic acid Butterfat Hansen (1) 0.48 
1-E Phytanic acid Butterfat Hansen (9) 0.53 
1-F Phytanic acid Human (Refsum's Syndrome) Hansen (17) 0.39 
1-G Pristanic acid Sheep fat Hansen (8) 0.67 
1-H Pristanic acid Butterfat Hansen (6) 0.96 
4 Phytanic acid Herring oil Ackman a - -  ~--q0 
- -  Phytanic acid Cod liver oil Ackman a - -  ~10  

Phytanic acid Finwhale blubber Ackman a - -  ~-~ 2 
4 Pristanie acid Herring oil Ackman a - -  2.2 
- -  Pristanic acid Cod liver oil Ackmana - -  1.2 
- -  Pristanic acid Finwhale blubber Ackman a - -  0.65 
2 Phytanic acid Bacterial (all D,D,D) Kates (32,33) ...... 
2 Pristanic acid Bacterial (all D,D,D) Kates (32,33) ...... 

a Current study. 

r e s t r i a l  a n i m a l  o r ig in ,  w i t h  t h e  e x c e p t i o n  o f  
p h y t a n i c  a c id  f r o m  s h e e p  fa t ,  w e r e  s h o w n  b y  
o p e n - t u b u l a r ,  g a s - l i q u i d  c h r o m a t o g r a p h y  to 
c o n t a i n  o n l y  1 - 5 %  o f  v a r i o u s  i m p u r i t i e s .  T h e s e  
m i n o r  c o m p o n e n t s  i n d i v i d u a l l y  d i d  n o t  e x c e e d  
1 %  o f  n e t  a r e a  r e s p o n s e .  T h e  p h y t a n i c  a c i d  
f r o m  s h e e p  f a t  w a s  in  a c o n c e n t r a t e  c o n t a i n i n g  
2 8 . 7 %  p h y t a n i c  a c id  a n d  5 8 . 7 %  ante-iso h e p -  
t a d e c a n o i c  ac id ,  w i t h  v a r i o u s  m i n o r  i m p u r i t i e s .  
N o n e  o f  t h e  l a t t e r  i n t e r f e r e d  w i t h  t h e  d e t e r m i -  
n a t i o n  o f  i s o m e r  ra t ios .  

A u t h e n t i c  3 D , 7 D ,  11 D ,  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 ,  c o n t a i n i n g  a b o u t  5 %  o f  2 D , 6 D , -  
1 0 D ,  1 4 - t e t r a m e t h y l p e n t a d e c a n o i c  ac id ,  w a s  p r e -  
p a r e d  b y  M .  K a t e s  f r o m  t h e  d i - O - p h y t a n y l  
g l y c e r y l  e t h e r  m o i e t y  o f  l ip ids  in  Halobacteriurn 
cutirubrum, as d e s c r i b e d  e l s e w h e r e  ( 3 2 ) ;  t h e  
p r i s t a n i c  a c id  i m p u r i t y  w a s  d e r i v e d  f r o m  t h e  
p h y t a n i c  a c i d  d u r i n g  t h e  p r e p a r a t i o n .  T h e  c o n -  
f i g u r a t i o n  o f  t h e  p h y t a n i c  a n d  p r i s t a n i c  a c i d s  
w a s  e s t a b l i s h e d  as "a l l  D "  b y  c o n v e r s i o n  to  
c o m p o u n d s  o f  k n o w n  c o n f i g u r a t i o n  ( 3 3 ) .  

T w o  s a m p l e s  o f  p h y t a n i c  a c id  w e r e  s y n -  
t h e s i z e d  f r o m  p h y t o l  o f  p l a n t  o r i g i n  ( I -A ,  I -B;  
T a b l e  I ) .  C o n c e n t r a t e s  o f  b r a n c h e d - c h a i n  f a t t y  
a c i d  m e t h y l  e s t e r s  f r o m  h e r r i n g ,  c o d  l iver ,  a n d  
f i n w h a l e  oi ls  w e r e  p r e p a r e d  f r o m  h y d r o g e n a t e d  
s a m p l e s  b y  u r e a - c o m p l e x  t r e a t m e n t .  P h y t y l  
a c e t a t e  w a s  p r e p a r e d  f r o m  c o m m e r c i a l  p h y t o l  
a n d  h y d r o g e n a t e d  to  g ive  d i h y d r o p h y t y l  ace ta t e .  

RESULTS 

O f  t h e  B D S  p o l y e s t e r  c o l u m n s  r e c e i v e d  
f r o m  t h e  m a n u f a c t u r e r ,  o n l y  o n e  o u t  o f  f o u r  
w h i c h  w e r e  e x a m i n e d  p o s s e s s e d  t h e  r e q u i s i t e  
n u m b e r  o f  t h e o r e t i c a l  p l a t e s  (ca .  4 0 , 0 0 0  w i t h  
m e t h y l  p a l m i t a t e )  f o r  r e s o l u t i o n  o f  t h e  d ia -  
s t e r e o m e r s  o f  m u l t i p l e - b r a n c h e d  f a t t y  ac ids .  
T h i s  p a r t i c u l a r  c o l u m n  w a s  e m p l o y e d  t h r o u g h -  
o u t  t he  s t udy .  T h e  e f f i c i ency  o f  t h e  r e m a i n d e r  
( 2 0 , 0 0 0 - 2 5 , 0 0 0  p l a t e s )  w a s  s u c h  t h a t  p e a k s  f o r  
t h e s e  m a t e r i a l s  w e r e  b r o a d e r  t h a n  t h o s e  f o r  
n e i g h b o r i n g  h o m o g e n e o u s  c o m p o n e n t s  (e .g . ,  

TABLE II 
Gas-Liquid Retention Data for L,D,D and D,D,D Diastereomers on a Butanediol-Succinate 

Coated, Open-Tubular Column at 150C and with Helium at 40 psig as Carrier Gas a 

Ret. Time Equivalent 
Material (rel. to 16: 0 ) chain length 

Methyl myristate 
Methyl 4D,8D,12-trimethyltridecanoate 
Methyl 2L,6D,10D, 14-tetramethylpemadecanoate 
Methyl 2D,6D,10D,14-tetramethylpentadecanoate 
Methyl palmitate 
Methyl 3L,7D,11 D, 15-tetramethylhexadecanoate 
Methyl 3D,TD,11D,15-tetramethylhexadecanoate 
3L, TD,11D,I 5-tetr amethylhexadecauol acetate 
3D,7D, 11D,15-tetramethylhexadecanol acetate 

0.443 14.00 
0.470 14.12 
0.910 15.76 
0.921 15.80 
1.000 16.00 
1.50 16.98 
1.52 17.02 
2.22 17.93 
2.25 17.97 

a Methyl palmitate emerged 28 minutes after the solvent front. The ECL data were ob- 
tained from extrapolation of the methyl myristate-methyl palmitate line. 
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FI6. 1. Partial gas-liquid chromatograms of 
methyl esters of phytanic (A-F) and pristanic (G 
and H) acids of synthetic or mammalian origin 
as identified in Table I. 

methyl palmitate) ,  but  there was no obvious 
resolution. Only one Apiezon L column was 
investigated, and, although under the operating 
conditions which were specified the number of 
theoretical plates was the same as with the 
better BDS columns (ca. 41,000 with methyl 
palmitate) ,  there was only slight evidence for 
the resolution of diastereomers. This is a com- 
mon relative property of these GLC substrates; 
separation factors for iso and ante-iso heptade- 
canoates are 1.04 for the Apiezon phase and 
1.07 for the polyester phase. The poorer  per- 
formance of Apiezon and SE-30 nonpolar 
phases in this respect has been illustrated else- 
where (31,34). 

The virtue of the Apiezon column was that 
analyses on it made sure that there were no 
superimposed materials which would affect the 
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FIo. 2. Partial gas-liquid chromatogram of 
methyl ester of D,D,D phytanic acid (with pris- 
tanic D,D,D acid impurity) prepared from lipids 
of Halobacterium cutirubrum. Methyl palmitate 
added as a marker. 

ratios of diastereomers obtained on the BDS 
column. Methyl phytanate is usually found on 
polar columns in the immediate vicinity of 
methyl heptadecanoate (12,19,31), as shown 
by the equivalent chain-length (ECL) data of 
Table II. Retention data were obtained by 
measuring distances from the leading edge of 
the solvent peak to the intercepts of the frontal 
tangents and baselines. Data for the L,D,D 
isomers from chromatograms of synthetic and 
naturally occurring phytanic acids (Table I, 
Fig. 1) agreed in all cases and were measured 
directly. Data for the D,D,D, isomers were 
measured directly from chromatograms of the 
pure D,D,D isomers (Fig. 2).  Approximate  
retention data for the components of longer 
retention time agreed with those for the refer- 
ence D,D,D isomers, and chromatograms of 
mixed esters showed exact coincidence of the 
D,D,D isomers and these components (Figs. 3 
and 4).  Retention data obtained by measuring 
to the peak apices were also in good agreement 
when the column loads were small (cf. 35).  

In samples of marine origin only one com- 
ponent could be detected in the peak (Fig. 4) 
considered to be methyl 4,8,12-trimethyltri- 
decanoate on the basis of calculated E e L  values 
(31,36),  literature data (28),  GLC behavior 
on polar and nonpolar phases (31) ,  and non- 
adductive behavior on repeated treatments with 
urea. The width of this peak was similar to 
that of the neighboring methyl myristate peak. 
Similarly the width of the 2D,6D,10D,14- 
tetramethylpentadecanoate peak was similar to 
that of the neighboring methyl palmitate (Fig. 2). 

The pristanic and phytanic acids of marine 
origin have not been defined by isolation in a 
form substantially free from other materials. 
Identifications in concentrates were based on 
complete coincidence with mammalian samples 
on both BDS and Apiezon phases, quantitative 
interrelationships on both phases with a mutual 
internal standard, and the lack of change in 
the relative proportions on repeated urea-com- 
plex treatment. Dihydrophytyl  acetate was also 
partially resolved into two components (Fig. 5). 

Ratios of diastereomers (Table I)  were based 
on peak height measurements, corrected in the 
case of the D,D,D isomers for tailing of L,D,D 
isomers in proport ion to peak height. The cor- 
rection was based on observed tailing of the 
D,D,D isomer. In  phytanic acid of marine 
origin the proport ion of D,D,D isomer was so 
low as to render correction meaningless, and 
ratios given are approximations only. The 
L,D,D isomer peak apex was in advance of the 
leading edge of the D,D,D isomer. 
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FIG. 3. Partial gas-liquid chromatograms of 
methyl ester of pristanic acid from butterfat (A),  
with the addition of authentic D,D,D pristauic 
acid (B). Methyl palmitate added as a marker. 

DISCUSSION 

Four  racemates of methyl esters of 2,4,6- 
trimethyloctanoic acid have been synthesized 
and resolved on an open-tubular column, 
coated with polypropylene glycol (37).  Three 
of the four racemates were completely re- 
solved, the fourth separated only partially from 
a diastereomeric form. In this type of multi- 
methyl-branched fatty acid, occurring natur- 
ally in the preen glands of swans, the optically 
active acids observed are "all D" in structure. 
In  the course of synthesis of these acids stereo- 
specificity was observed in a dealkylation step 
(37).  

The results of the present GLC analyses 
(Table I, Fig. 1) are sufficiently diverse in terms 
of isomer ratios of L,D,D and D,D,D dia- 
stereomers for phytanic and pristanic acids to 
explain the differing optical activities observed 
in samples isolated f r o m  mammalian sources. 
The ratios are qualitatively in agreement with 
optical rotations for those samples where deter- 
minations were made at common wavelengths 
(11 ). Most of the optical activity originates in 
the 2- and 3-methyl substituents; there is much 
less contribution from centrally located methyl 
substituents (37,38; cf. 39,40). 

The G L C  results for isomer ratios (TaMe I) 
are not completely satisfactory since the sepa- 
ration of diastereomers was incomplete and 
area proportions could not be obtained. Peak 
height adjustment of the D,D,D isomer for 
tailing of the L,D,D isomer did not raise the 
proportions for phytanic acids derived from 
phytol to the expected 1:1 ratio. I t  is not 
known if this is because of insufficient correc- 
tion, slight stereospecificity in the reduction 
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FIG. 4. Partial gas-liquid chromatogram of hy- 
drogenated methyl esters of herring oil fatty acids 
after urea complex treatment. Dotted peaks show 
co-chromatogram with methyl esters of authentic 
D,D,D pristanic and phytanic acids. 

(cf. 37),  a GLC effect which might broaden 
the L,D,D isomer, or the presence of an im- 
purity originating in the phytol. The same 
ratio of peak heights was evident in the dihy- 
drophytyl  acetate chromatogram (Fig. 5).  

I t  is known that, in ruminants, phytanic acid 
is produced by rumen bacteria (10-12);  it then 
passes into the circulatory system and lipid 
p o o l  Production of pristanic acid in ruminants 
is presumably concurrent with the oxidation 
step in which the phytol alcohol group is con- 
verted to the carboxyl group. It has been shown 
that phytanic acid can be produced in non- 

Fro. 5. Partial gas-liquid chromatogram of di- 
hydrophytyl acetate. 
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ruminants from ingested phytol (15,16,19-24), 
and that, in human beings with Refsum's syn- 
drome, catabolism of phytanic acid is slower 
than in normal human beings (16) and can 
involve an unusual metabolic pathway (22). 

From the data in Table I it might be inferred 
that, in ruminants, there is either partially 
stereospecific formation of D,D,D isomers or 
preferential catabolism of L,D,D isomers. The 
ratio of 0.96 for one pristanic acid (from but- 
terfat) suggests that catabolism is the key re- 
action since it is possible that the material in 
this sample originated during a period of heavy 
feeding and passed into the milk before much 
pristanic acid could be catabolized. Similarly 
the two mammalian phytanic acid samples of 
high isomer ratios (from sheep fat and ox fat) 
are from fats where deposition of metabolically 
inactive fatty acids would be likely in periods 
of heavy feeding. This is speculation only. 

The markedly low ratio for phytanic acid 
isomers in the sample from a human being 
with Refsum's syndrome can also be inter- 
preted as evidence for a relatively sluggish 
catabolism of the D,D,D isomer compared to 
the L,D,D isomer. However this preference 
may only be a slight amplification of a normal 
process in mammals favoring catabolism of the 
L,D,D isomer. Alternatively in mammals en- 
dogenous synthesis, proposed as one source of 
this acid, may be stereospecific and lead to the 
D,D,D isomer (41; cf. 24). 

Ratios of diastereomers of the samples ex- 
amined thus do not provide clear-cut evidence 
on the question of the endogenous or exogen- 
ous origin of phytanic acid involved in Ref- 
sum's syndrome. However ratios of the dia- 
stereomers could provide a useful tool for 
further investigations, based on catabolism of 
phytanic acid samples of specific structure. 

The isomers from marine animals occur in 
proportions completely different from those i n  
mammals although the authors believe that 
phytol in marine chlorophyll is identical with 
that of terrestrial origin. In higher marine life- 
forms, such as herring and cod, the less com- 
mon fatty acids represent a pooling of fatty 
acids that originate in lower forms of life since 
marine lipids, excepting those synthesized by 
phytoplankton, are recycled continuously 
through the food chains. The presumed specific 
occurrence of 4D,8D,12-trimethyltridecanoic 
acid is satisfactorily explained by assuming that 
this acid is derived from phytol through oxida- 
tion of intermediate 1,3-phytadienes (42) or of 
the principal "zamene" (2,6,10,14-tetramethyl- 
2-pentadecene) (43). 

H. cutirubrum is a marine bacterium favor- 
ing a high salt concentration (e.g., tidal pools, 
solar salt ponds). Although it produces specifi- 
cally a D,D,D phytanyl skeleton (33), there is 
no reason to assume that this would be a char- 
acteristic of marine bacteria in general (44). 
Bacteria play a significant role in the marine 
food chain (45), but it is unlikely that the 
amount of phytanic acid involved would be 
large in respect to that originating in phytol. 
There are relatively high levels of hydrocar- 
bons, particularly pristane, in some species of 
zooplankton important in the aquatic food 
chain (46-48). To explain the preponderance 
of L,D,D-phytanic acid, it is suggested that the 
route from phytol to pristane proceeds through 
phytanic acid (48,49) with preferential con- 
version of the D,D,D-phytanic acid to pristane, 
leaving the L,D,D isomer to accumulate in 
depot fats of higher species ingesting the zoo- 
plankton. In proportion to lipid the pristane 
content of Calanus (48) is very similar to that 
of phytanic acid in higher species (27,31). 

In Nova Scotia water, finwhales feed primar- 
ily on zooplankton and occasionally on small 
fish; the food intake thus does not differ greatly 
from that of herring (50). Finwhale blubber 
therefore offered an opportunity to investigate 
the phytanic acid ratio in a mammal which was 
presumably ingesting primarily the L,D,D 
isomer. The ratio of the two phytanic acid 
isomers could not be determined as exactly as 
in the fish since there was evidence, in two dif- 
ferent samples, of a small amount of a third 
material partly under the D,D,D isomer. How- 
ever the ratio was notably lower than in the 
fish oil samples, as was the ratio for pristanic 
acid (Table I) .  The finwhale results support 
the suggestion that intake is largely L,D,D 
phytanic acid, but the greater proportion of 
D,D,D isomer could arise from a mammalian 
characteristic favoring either endogenous syn- 
thesis of the D,D,D isomer or catabolism of 
the L,D,D isomer as discussed above. 

Marine oils originating in fish thus appear to 
offer a source of phytanic acid specifically en- 
riched in the L,D,D isomer. Marine origins 
have been suggested for petroleum, but several 
isoprenoid fatty acids isolated from a Cali- 
fornia petroleum showed little or no optical 
activity (51). If of marine origin, then these 
may be derived from phytol and related hydro- 
carbons (48) and not from lipids of marine 
crustacea and vertebrates or from marine 
bacteria (52). 
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Gas-Liquid Chromatography of Triglyceride Mixtures Containing 
Both Odd and Even Carbon Number Fatty Acids 1'2 

CARTER LITCHFIELD, R. D. HARLOW, and RAYMOND REISER, Department of Biochemistry 
and Biophysics, Texas Agricultural Experiment Station, Co, liege Station, Texas 

ABSTRACT 

Quantitative GLC of triglycerides has 
been extended to natural fats containing 
both odd and even carbon number fatty 
acids. A 1.83-m glass column containing 
3.0% JXR silicone on 100/120 mesh Gas- 
Chrom Q resolved triglycerides differing 
by only one carbon number. Peak resolu- 
tion was significantly improved by hydro- 
genating each triglyceride sample prior to 
GLC analysis. 

The triglycerides of four fish oils (mul- 
let, tuna, menhaden, and pilchard) and 
one seed fat (Acanthosyris spinescens) 
containing odd carbon number fatty acids 
were analyzed by this technique. The 
method was also useful for determining 
the triglyceride composition of the cyclo- 
pentene fatty acid oil from Hydnocarpus 
wightiana seeds. 

INTRODUCTION 

A LTHOUGH MOST FATTY ACIDS occurring in 
nature contain an even number of carbon 

atoms, GLC has clearly demonstrated that odd 
carbon fatty acids are also present in most 
natural fats (1-3) .  Seed fats usually contain 
only traces of straight-chain, odd carbon fatty 
acids, but many fish oils contain appreciable 
amounts (1-5%).  Mullet oil (3,4) and Acan- 
thosyris spinescens seed fat (5,6) are unusual 
for they contain major amounts ( > 1 0 % )  of 
such odd carbon number fatty acids. Branched- 
chain, odd carbon number fatty acids are also 
found in many animal and bacterial fats (7,8). 
The presence of both odd and even carbon fatty 
acids in a natural fat inevitably leads to tri- 
glycerides of odd carbon number. However 
present methodology cannot resolve triglycer- 
ides differing by only one carbon atom. 

Although GLC has been widely used for the 
analytical separation of triglycerides by molec- 

aPresented at the AOCS meeting, New Orleans, May, 
1967. 

:Abbreviations:  GLC = gas-liquid chromatography, TLC 
thin-layer chromatography, DEGS = diethylene glycol 

suecinate polyester. 

ular weight, quantitative techniques have only 
been capable of resolving triglyceride mole- 
cules differing by two carbon atoms (9,10). 
During the GLC analysis of tuna muscle 
triglycerides (11) the appearance of small 
partially-resolved peaks in between the larger 
carbon number 44, 46, 48, and 50 peaks was 
noted (Fig. 1). Since odd carbon number 
fatty acids were known to be present in tuna 
triglycerides (11),  the small in-between peaks 
were presumably odd carbon number triglycer- 
ides. Kuksis, McCarthy, and Beveridge (12) 
have also noted that the even carbon number 
triglycerides of butter oil are incompletely re- 
solved during GLC, indicating the probable 
presence of odd carbon number triglycerides. 
The authors have previously shown (9) that 
triglycerides of carbon numbers 45, 46, 47, and 
48 could be resolved on a 1.52-m silicone GLC 
column, but calibration factors in these early 
experiments were too high for accurate quanti- 
tation. 

This paper describes a method for the quan- 
titative analysis of odd carbon number tri- 
glycerides by using high-resolution GLC col- 
Umns. Four fish oils and one seed fat contain- 
ing appreciable odd carbon fatty acids have 
been analyzed for triglyceride composition by 
using this new technique. Possible applications 
to triglycerides containing cyclic fatty acids are 
also discussed. 

PROCEDURES 

Materials 

Trilaurin, trimyristin, tripalmitin, and tri- 
stearin calibration standards of greater than 
99% purity were purchased from Applied 
Science Laboratories, State College, Pa. Tri- 
olein, triarachidin, and tribehenin standards of 
99% purity were purchased from the Hormel 
Institute, Austin, Minn. A synthetic mixture of 
C45, C46, C~7, and C~8 triglycerides was pre- 
pared by reacting equal molar quantifies of 
pentadecanoyl and palmitoyl chlorides with 
glycerol as described by Hartman (13). 

Two samples of mullet (Mugil cephalus) 
were analyzed. Sample A was supplied by 
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Donald Moore of the U.S. Bureau of Com- 
mercial Fisheries, Galveston, Tex. These mul- 
let were caught during December 1965 in 
coastal waters near Galveston and were 13-16 
cm in length. The head, intestines, and fins 
were removed from six fish (140 g total live 
weight) leaving 75 g of muscle tissue, which 
was then extracted by using the CHC1JCH3OH 
method of Bligh and Dyer  (14).  The muscle 
from these six fish yielded 1.5 g of crude lipid 
(2 .0%) .  Mullet sample B was provided by 
Hermann Schlenk, Hormel  Institute, Austin, 
Minn. This oil was obtained from mullet 
caught off the coast of Bangs Island near Pas- 
cagoula, Miss. in early May  1965. The fish 
averaged 50 g in weight and were 25-30 cm 
long. For ty  pounds of whole mullet were 
steam-rendered to yield 3.2% crude lipid on a 
wet-weight basis. 

The origins of "little tuna" muscle oil 
(Euthynnus altetteratus) and menhaden body 
oil (Brevoortia tyrannus) have been described 
previously ( 11 ). 

Pilchard oil (Sardinops caerulea, Girard)  of 
Nor th  Pacific origin was supplied by R. G. 
Ackman,  Fisheries Research Board of Canada, 
Halifax, Nova  Scotia. This sample was a com- 
mercial, alkali-refined oil produced by the 
U.S. Department  of Interior, Fish and Wild- 
life Service, Seattle, Wash. Fa t ty  acid compo- 
sition and other data on this oil have been 
reported by Ackman (15).  

A sample of Acanthosyris spinescens oil was 
provided by R. G. Powell and C. R. Smith Jr., 
Northern Regional Research Laboratory,  Pe- 
oria, Ill. The unusual C w acetylenic acids 
and other fatty acids of this oil have been de- 
scribed by Powell et al. (5,6).  

Hydnocarpus wightiana seed fat was pro- 
vided by P. K. Raju of this institution. The 
fat had been obtained by petroleum ether ex- 
traction of seeds obtained from western India. 

Hydrogenated Sterculia ]oetida seed fat was 
obtained from Hermann Schlenk, Hormel  In- 
stitute, Austin, Minn. This oil had been hydro- 
genated by using the procedure of Gellerman 
and Schlenk (16) so that all cyclopropene and 
cyclopropane rings had been broken to yield 
either straight-chain or methyl-branched fatty 
acids. 

Methods 

Preparation o) r Triglycerides. ,Each fat except 
Sterculia foetida was fully hydrogenated by the 
method of Farquhar  et al. (17),  using freshly 
distilled dioxane as a solvent in place of eth- 
anol. The triglycerides were isolated from each 
of the fats with preparative TLC on 1.0-ram 
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thick plates of Adsorbosil-1 developed in 79:-  
20:1 petroleum ether-diethyl ether-acetic acid. 
The triglyceride fraction was the major neutral 
lipid component in all the crude fat samples. 
Since Acanthosyris spinescens seed fat con- 
tains 20% hydroxy fatty acids, only its non- 
hydroxy triglycerides were isolated for GLC 
analysis. 

GLC of Fatty Acids. Methyl esters were 
prepared from the hydrogenated fats after 
TLC purification. Normal  H2SO4-catalyzed 
methanolysis (18) was carried out in the stop- 
cock ampules described by Archibald and 
Skipski (19). After  extraction the methyl 
esters were analyzed by using a 1.83 m X 2.4 
mm ID column containing 20% DEGS poly- 
ester coated on 60/80 mesh Chromosorb W 
as previously described (18) .  Peaks were iden- 
tified by co-chromatography with known ma- 
terials, by plotting carbon number vs. log of 
retention time and by comparison with com- 
positions reported by other workers. Branched- 
chain acids were identified as those peaks which 
did not correspond to the elution times of a ho- 
mologous series of straight-chain methyl esters. 
Peak areas were determined by mechanical 
integration and triangulation. All fatty acid 
compositions are reported in mole percentage. 

GLC of Triglycerides. An F&M Model 400 
gas chromatograph, equipped with a hydrogen 
flame detector and automatic temperature pro- 
gramming, was used for GLC of triglycerides. 
Operating conditions were the subject of numer- 
ous experiments, which are described in detail 
in the Experimental section. Optimum operat- 
ing conditions are listed in Table II. 

Triglyceride peaks were identified by co- 
chromatography with known standards. Peak 
areas were determined by triangulation. Quan- 
titative response factors for the various carbon 
number triglycerides were determined from 
known composition mixtures of trilaurin, tri- 
myristin, tripalmitin, tristearin, triarachidin, and 
tribehenin. The fm values [molar  calibration 
factors determined by the internal normaliza- 
tion technique ( 9 ) l  of the simple triglycerides 
in the calibration mixtures were then plotted 
vs. carbon number, and fm values for all car- 
bon numbers were interpolated from the re- 
sulting graph. All triglyceride compositions 
are reported in mole percentage. 

EXPERIMENTAL SECTION 

Operating Conditions 

Since initial results had already indicated 
that odd carbon number trigtycerides can be 



GLC OF TRIGLYCERIDE MIXTURES 365 

56 
TUNA 54 

58 60 

50 62 

48 

46 64 

FI6. 1. Gas chromatogram of hydrogenated 
tuna muscle triglycerides. Operating conditions: 
F&M 400 gas chromatograph; 0.53 m x 2.4 mm 
ID stainless steel column packed with 3.0% JXR 
on 100/120 mesh Gas Chrom Q; column pro- 
grammed 200-360C at 4.0C/rain with 100 ml/ 
min. He carrier gas; flash heater at 350C; de- 
tector base at 310-350C. 

partially separated by GLC (Fig. 1), the major 
problem was to change the operating condi- 
tions to improve peak resolution as much as 
possible. The first logical step was to increase 
column length, but this increased elution tem- 
peratures. Well-conditioned JXR liquid phase 
could not be used above 375C without exces- 
sive baseline rise. Comparison of 1.0%, 2.0%, 
and 3.0% JXR columns indicated that 3.0% 
JXR was the lowest level of liquid phase which 
can be used without peak tailing that causes 
a considerable decrease in resolution. Experi- 
ments demonstrated that a 1.83-m, 3.0% JXR 
column eluted tribehenin at 375C, and this 
column length was adopted for all further 
work. 

The authors have demonstrated in a pre- 
vious paper (9) that helium carrier gas gives 
significantly better resolution of triglyceride 
GLC peaks than nitrogen. Therefore helium 
carrier gas was used in all the current ex- 
periments. 

It has been shown that glass columns give 
significantly better resolution than stainless 
steel columns in GLC of triglycerides (9). But 
in the first attempts to use glass columns up 
to 400C, the authors were unable to maintain 
a leak-free, glass-to-metal seal at the ends of 
the column. Either Teflon ferrules or silicone 
rubber O-rings (9) are normally used for seal- 
ing a glass GLC column in a metal tubing 
fitting, but neither of these materials will main- 
tain a gas-tight seal above 300C for any length 
of time. To overcome this difficulty, the spe- 
cial Kovar glass-to-metal seals described by 
Radin (20) were used. These seals are leak- 
free at temperatures as high as 400C but are 
quite fragile and will not withstand the torque 
required for connecting tubing fittings. This 
limitation is no problem however if the U-tube 
column is made in two halves, which are con- 

~ KOVAR METAL  
TUBING �88 D. 

/ 

/ / /GLASS TUBING 
2~MM LD. 

FIG. 2. Construction of Kovar glass-to-metal 
seal used at ends of the GLC column. This seal 
allowed glass columns to be used to 400C with 
a leak-free connection at each end. 

nected together after they are installed in 
the gas chromatograph. The column is then 
packed while in place in the chromatograph. 

Figure 2 shows the design of the Kovar glass- 
to-metal seal used in the present work. A 
Kovar metal rod was drilled to fit as a tight 
sleeve over the glass tubing of the column. A 
Swagelok tubing fitting was installed at one 
end of the rod, and a Kovar glass-to-metal seal 
was constructed at the other end. Figure 2 
shows such a Kovar seal placed in the flash 
heater at the entrance to the column. A sim- 
ilar installation was made at the column exit. 
The Kovar glass-to-metal seal was designed 
so that, with on-column injection, the sample 
came in contact with glass only. When ex- 
posed Kovar metal was used in the flash heater 
zone, considerable degradation of triglycerides 
occurred. Kovar seals, such as shown in Fig- 
ure 2, can be made in any well-equipped glass- 
blowing shop. 

The preparation of longer columns stable to 
375C requires more extensive conditioning than 
with shorter columns. Therefore the 1.83-m 
JXR columns were conditioned for 4 hr at 
350C, 1 hr at 375C, and 1 hr at 400C before 
use. The column was then used in normal pro- 

TABLE I 

Typical Calibration Factors and Elution Temperatures 
for Simple Triglycerides 

Weight Molar 
calibra- calibra- 

Carbon tion tion Elution 
Triglyceride number factor factor temperature 

fw fm ~ 
Trilaurin 36 1.00 1.00 275-283 
Trimyristin 42 0.89 0.79 300-308 
Tripalmitin 48 0.90 0.72 320-327 
Tristearin 54 1.06 0.76 340-347 
Triarachidin 60 1.56 0.98 353-360 
Tribehenin 66 1.90 1.08 368-375 

Operating conditions same as listed in Table II.  
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TABLE II 
Optimum Operating Conditions for High-Resolution 

Gas-Liquid Chromatography of Triglycerides 

Gas 
chromatograph 

Column 

Packing 

Column 
conditioning 

Carrier gas 
Column 

temperature 
Injection 

heater 
temperature 

Detector 
base 
temperature 

Instrument designed for steroid analy- 
sis, equipped with flame detector and 
temperature programming 
1.83 m x 2.5 mm ID glass with Kovar 
glass-to-metal seal at each e n d  
3% JXR on 100/120 mesh Gas Chrom 
Q 
4 hrs at 350C, 1 hr at 375C, and 1 
hr at 400C 
I00 ml/min helium 

210--~375C at 4.0C/rain 

350c 

320-360c 

g r a m m e d  ru n s  fo r  5-10 days  before  s table  cali- 
b ra t ion  fac tors  were  obta ined.  Typ ica l  we igh t  
a n d  m o l a r  ca l ibra t ion  fac tors  (9)  for  a well- 
cond i t ioned  c o l u m n  are  l isted in Tab le  I. It  is 
a p p a r e n t  tha t  s o m e  losses occur  wi th  ca rbon  
n u m b e r s  above  45;  b u t  s ince a l inear  re la t ion-  
sh ip  exists be tween  p eak  a rea  and  a m o u n t  of  
s ample  injected (9 ,1 1 ) ,  these  losses c an  easi ly 
be c o m p e n s a t e d  for  by  p rope r  ca l ibra t ion  pro-  
cedures .  Typ ica l  e lu t ion  t e m p e r a t u r e s  for  the  
var ious  c a r b o n  n u m b e r s  are  also l isted in 
Tab le  I. E lu t ion  t e m p e r a t u r e s  decrease  s l ight ly 
with c o l u m n  age. 

D u r i n g  ea r ly  ex p e r imen t s  the  au tho r s  o f t en  
obse rved  a series of  r egu la r ly  spaced,  ex t rane-  
ous, m i n o r  peaks  e lu t ing  be tween  200 and  
300C.  T h e s e  peaks  appea red  even w h e n  no  
s amp le  was  in jected and  were  f inally t r aced  
to s e p t u m  bleed,  i.e., ma te r i a l  vapo r i zed  ou t  
of  the  s e p t u m  as oven  t e m p e r a t u r e  increased.  
Th i s  p r o b l e m  has  been  d i scussed  by  Kol loff  
(21 )  and  also in a r e cen t  p a p e r  f r o m  this 
l abora to ry  (9 ) .  T h e s e  e x t r a n e o u s  peaks  were  
e l imina ted  b y  l a m i n a t i n g  two s e p t u m s  together .  
T h e  outs ide  s e p t u m  was  c h a n g e d  f r equen t l y  to 

FIG. 3. Gas chromatogram showing partial sep- 
aration of triolein and tristearin on a 1.83-m,3.0% 
JXR column. Operating conditions listed in Table 
II. 

SYNTHETIC 
,*7 

MD(TURE 45 L 

Fro. 4. Gas chromatogram of a synthetic mix- 
ture of C~, C~, C~,, and C~ triglycerides on a 
1.83-m, 3,0% JXR column. Operating conditions 
listed in Table II. 

m a i n t a i n  a gas- t igh t  seal; a n d  a wel l -condi-  
t ioned s e p t u m  was  used  on  the  ins ide  fac ing  the  
co lumn .  In  addi t ion,  it was  f o u n d  use fu l  to 
wrap  the  s e p t u m  n u t  wi th  one  t u r n  of  s ta inless  
steel t ub ing  t h r o u g h  w h ic h  t apwate r  was  cir- 
culated.  Th i s  a r r a n g e m e n t  success fu l ly  lowered  
s e p t u m  t e m p e r a t u r e  a n d  he lpe d  e l imina te  the  
e x t r a n e o u s  peaks  w i thou t  in te r fe r ing  wi th  s a m-  
ple vapor iza t ion .  

O p t i m u m  ope ra t i ng  condi t ions  for  h igh- reso-  
lu t ion  G L C  of  t r iglycer ides  are  s u m m a r i z e d  in 
Tab le  II. A syn the t i c  m i x t u r e  o f  C4s, C46, 
C4;, and  C48 tr iglycerides (F igu re  4)  was  sep- 
a ra ted  with base l ine  reso lu t ion  be tween  the 
fou r  peaks ,  ind ica t ing  tha t  the  ope ra t ing  con-  
di t ions w h ic h  were  selected success fu l ly  re- 
solve t r iglycerides differ ing by  on ly  one  c a rbon  
n u m b e r .  

TABLE III 
Fatty Acid Composition of Fully Hydrogenated Fish Oils 

(Mole %) 

Mullet Mullet 
Fatty A B Tuna Menhaden Pilchard 
acida muscle body muscle body body 

10 tr - -  - -  ~ tr 
11 tr - -  - -  - -  tr 
12 0.2 0.1 0.1 0.2 0.1 

branched tr tr - -  - -  0.1 
13 0.3 0.3 0.2 - -  0.1 

branched tr 0.1 - -  - -  tr 
14 6.2 6.0 4.7 10.5 9.0 

branched 0.5 0.4 0.1 0.2 0.2 
15 8.7 6.7 1.1 0.7 0.6 

branched 0.1 0.2 0.1 0.1 0.1 
16 41.3 38.9 31.8 37.3 31.3 

branched 0.2 0.2 2.4 0.1 0.1 
17 8.5 7.3 2.0 1.2 0.9 

branched - -  - -  0.3 0.1 
18 12.9 15,9 21.2 21.5 18.5 
19 2.1 1,6 0.4 0.4 0.2 
20 12.1 11.9 9.1 14.8 20.2 
21 0.7 0.8 0.4 0.6 0.6 
22 5.9 9.5 25.0 11.3 16.7 
23 0.1 tr 0.1 021 tr 
24 0.2 0.1 1.0 0.9 1.3 

aListed  in order of  elution on DEGS polyester GLC 
cohmm. 

LIPIDS, VOL. 2, No. 5 



G L C  OF T R I G L Y C E R I D E  M I X T U R E S  3 6 7  

T A B L E  I V  

Fatty Acid Composition of  F u l l y  
Hydrogenated Vegetable Fats 

( M o l e  % )  

Fatty Acanthosyris Hydnocarpus Sterculia 
a c i d  a spinescens wightiana ]oetida 

unknown - -  0 .2  - -  
1 4 : 0  - -  - -  0 .2  
1 5 : 0  - -  - -  0.1 
14:  C b __  0.3 - -  

1 6 : 0  3 .7  3.8 17.5 
1 5 : C  - -  0 .5 - -  
1 7 : 0  30 .2  - -  1.4 
1 6 : C  - -  46 .4  - -  

branched e __  - -  7 .2  
1 8 : 0  65 .7  3.5 I1 ,1  

branched d __  - -  46 .9  
1 9 : 0  - -  - -  15.6 
1 8 : C  - -  45 .3  - -  
20:  0 0~4 - -  - -  

aListed in order of  elution on D E G S  
column 

bC= cyclopentane fatty acid 
c8(9)-methylheptadecanoic acid 

d9(10) -- mcthyloctadecanoic acid 

polyester G L C  

Sample Hydrogenation 

Early experiments showed that complete hy- 
drogenation of triglyceride samples before GLC 
analysis greatly improved resolution. This is 
illustrated by the partial resolution of triolein 
and tristearin on a 1.83-m, 3% JXR column 
as shown in Fig. 3. Hydrogenation of the 
triolein-tristearin mixture would produce a 
single peak. All samples were completely hy- 
drogenated before analysis to improve peak 
resolution and to avoid thermal decomposition 

48 5O 52 

46 56 
55 58 

5 4  

T U N A  5 0  5 s  6o 

4 8  6 2  

51 53 55 57 59 61 64 

52 

M E N H A D E N  48  5~ ~ ~ 0 �9 -- 56 

J rl 1 

52 5"t 

'IIIILII}I  

FI6. 5. Gas chromatograms of fully hydro- 
genated mullet, tuna, me,flaaden, and pilchard oil 
triglycerides on a 1.83-m, 3.0% 3XR column. 
Operating conditions listed in Table IL 

T A B L E  V 

Triglyceride Composition of  F u l l y  Hydrogenated Fats 
(Mole % )  

Mullet Mullet 
Carbon A B Tuna Menhaden Pilchard Acanthosyris 
number muscle body muscle b o d y  b o d y  spinescens 

42  0.1 0 .2  t r  0 .4  t r  - -  
43 0 .2  0.1 - -  t r  - -  - -  
44  0 .8  0 .6  0.3 1.4 0 .7  - -  
45 1.4 1.0 0 .2  0 .4  0 .2  - -  
46 4.5 3 .7  1.5 5 .0  2 .4  - -  
47 5 .7  4 .0  0 .6  0 .8  0 .4  - -  
48 12.2  9 .8  4 .9  9 .9  5.7 - -  
49  8.3 6 .2  1 .2  1.2 0.6 - -  
50  12.5 12.2  8.2 13.4  10.5 1.8 
51 8 .0  6.5 1.5 1.5 1.1 9 .2  
52 13.6 13.8  1 ! .0  16.3 15.0 22.1  
53 6.7 5.9 2 .0  1.6 1.3 32.5  
54  9 .0  10.8 17.5 15.3 16.6  34 .4  
55 4 .0  3.9 2 .2  1.3 1.3 - -  
56 5 .7  8.5 17.1 12.3 15.9  - -  
57 2 .0  2 .2  1.5 1.0 1.2 - -  
58 3.0 5 .2  12.1 9.3 13,2  - -  
59 0.8 1.1 1.0 0 .6  0.8 - -  
60  1.1 2 .7  11.0  5 .4  8.3 - -  
61 0 . 2  0.3 0 .6  0 .2  0 .3  - -  
6 2  0 2  1.1 4 ,8  2 .2  3.5 - -  
63 - -  t r  0.1 t r  0 .1 - -  
64  - -  0 .2  0 ,7  0 ,5  0 .9  - -  
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TABLE VI 
Average Fatty Acid Chain Length 

Oil 

Calculated Calculated 
f rom methyl f rom triglyc- 
ester data  eride data 

Mullet A muscle 17.08 17.07 
Mullet B body 17.37 17.33 
Tuna  muscle 18.34 18.31 
Menhaden body 17.61 17.67 
Pilchard body 18.13 18.13 
Aeanthosyris spineseens 17.63 17.63 

of the highly unsaturated fatty acids found in 
fish oils. No information was lost by hydro- 
genation since GLC separations are on the 
basis of carbon number only. 

Applications 

Eight different natural fats containing odd 
carbon or cyclic fatty acids (Tables III  and 
IV) were selected for triglyceride analysis by 
the technique described above. 

Five fully hydrogenated fish oils (mullet A, 
mullet B, tuna, menhaden, and pilchard) were 
analyzed for triglyceride composition by GLC. 
The resulting chromatograms are shown in 
Figure 5, and the triglyceride compositions by 
carbon number are reported in Table V. Peak 
resolution was quite satisfactory for accurate 
quantitation in each case. Even the pilchard 
triglycerides containing only 2.4% odd carbon 
fatty acids (and thus a maximum of 7.2% 
odd carbon number triglycerides distributed be- 
tween 10 peaks) gave small but distinctly sep- 
arated odd carbon number triglyceride peaks. 

Nonhydroxy triglycerides from hydrogenated 
Acanthosyris spinescens seed fat contain 30.2% 
17:0 fatty acid. These triglycerides were an- 
alyzed by GLC and were cleanly resolved into 
five peaks (Figure 6). Quantitative results are 
reported in Table V. 

The average fatty acid chain-length was cal- 
culated from the triglyceride composition for 
each of the fish oils and the Acanthosyris spi- 
nescens by using the method of Kuksis et al. 
(12). These values show close agreement with 
the average fatty acid chain-lengths which were 
calculated from methyl ester GLC data (Table 
VI) ,  indicating that the carbon number dis- 
tributions reported in Table V are close to the 
correct values. 

The availability of a column for high-resolu- 
tion GLC of triglycerides prompted also an 
attempt at analysis of natural fats containing 
cyclic fatty acids. Zeman and Pokorny (22) 
have shown that cyclopentene fatty acids have 
a much longer elution time than their straight- 
chain analogues on a nonpolar Apiezon CO1- 
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. . . . . . .  

FIG. 6. Gas chromatograms of fully hydro- 
genated, nonhydroxy triglycerides from Acantho- 
syris spinescens, Hydnocarpus wightiana, and 
Sterculia Joetida seed fats on a 1.83-m, 3.0% JXR 
column. Operating conditions listed in TaMe II. 
P = palmitic acid; O = oleic acid; H = hydno- 
carpic acid; C = chaulmoogric and gorlic acids; 
OHH = oleodihydnocarpin; etc. 

umn. The question was whether cyclopentane 
triglycerides could be separated from their 
straight-chain analogues on a 1.8-m JXR sili- 
cone column. Fully hydrogenated Hydnocar- 
pus wightiana triglycerides were chromato- 
graphed under optimum operating eonditions, 
and the resulting chromatogram is shown in 
Figure 6. Peaks were tentatively identified 
based on the fatty acid composition of the 
original triglyceride sample. It is apparent that 
two distinct families of peaks were resolved. 
One family of peaks (HHH, HHC, HCC, and 
CCC) contains three cyclopentane acids per 
triglyceride molecule; and the other family 
(PHH, OHH + PHC, OHC -4- PCC, and 
OCC) contains two cyclopentane acids and 
one straight-chain acid per triglyceride mole- 
cule. Other minor peaks are also present. 
Resolution of the two families of peaks is in- 
complete, but approximate analyses can be 
made. 

Sterculic acid contains 19 carbon atoms. 
Although its cyclopropene group is not amen- 
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able to GLC, sterculic acid can be quantita- 
tively converted to a mixture of n-nonadecanoic 
and 9 (10)-methyloctadecanoic acids by proper- 
ly controlled hydrogenation (16).  Sterculia 
[oetida seed fat was hydrogenated in this man- 
ner, and its triglycerides were analyzed by 
high-resolution G L C  (Figure 6). The result- 
ing peaks are of varying width and are insuf- 
ficiently separated for proper identification or 
quantitation. 

DISCUSSION 

Analytical Technique 

The optimum operating conditions described 
in Table II  now make it possible to determine 
the carbon number distribution of natural fat 
triglycerides containing straight-chain, odd car- 
bon number fatty acids. 

Branched-chain acids of even or odd carbon 
number tend to decrease resolution in triglyc- 
eride GLC. Abrahamsson et al. (25) have 
shown that x-methyloctadecanoate is eluted 
considerably before an n-nonadecanoate on a 
silicone GLC column, regardless of the posi- 
tion of the methyl branch in the fatty acid 
chain. If this is true for branched-chain fatty 
acid methyl esters, it is likely to also hold for 
branched-chain triglycerides on a JXR sili- 
cone column. Therefore 16-methylheptadec- 
ano-distearin would undoubtedly elute before 
tristearin even though both triglycerides have 
the same number of carbon atoms. This peak- 
broadening effect of branched-chain fatty acids 
will obviously decrease resolution significantly. 
The fish oil triglycerides which were analyzed 
contain such a small amount  of branched- 
chain acids that satisfactory GLC resolution of 
odd carbon number  triglycerides was achieved. 
On the other hand, hydrogenated Sterculia 
]oetida triglycerides c o n t a i n  7.2% 8 (9 ) -  
methylheptadecanoate and 46.9% 9 (10)-  
methyloctadecanoate, which causes the poor 
resolution of triglyceride peaks (Figure 6).  
Therefore the present method for GLC analysis 
of odd carbon number triglycerides can be 
used only with straight-chain acids and not 
when a high percentage of branched-chain 
acids is present. 

The presence of a cyclopentane ring in a 
triglyceride, however, makes that triglyceride 
elute later than its straight-chain analogue. In 
the Hydnocarpus wightiana chromatogram 
(Figure 6),  hydrogenated tr ihydnocarpin elutes 
after hydrogenated palmitodihydnocarpin.  Res- 
olution between the two compounds is suf- 
ficient to form separate peaks, and a useful 
analytical separation results. 

The calibration data in Table I and in pre- 
vious communications (9 ,11)  indicate that 
significant amounts of C54 and higher triglyc- 
erides are lost during analysis. Although this 
does not affect accurate quantitation if proper  
calibration runs are made (9, 11), the question 
nevertheless arises about the cause of these 
losses. With on-column injection and a proper- 
ly heated column, sample losses should occur 
in only two places: a) in the flash heater or 
b) on the column. 

Flash heater losses could be caused by in- 
complete vaporization or pyrolysis. Compari-  
son of the normal 350C flash heater injection 
with a cold injection procedure (i.e., the 
septum is removed and the sample placed di- 
rectly in the glass wool on top of the pack- 
ing) shows almost identical calibration values. 
Solvent fronts in the chromatograms are very 
narrow and clean; no peaks from low molec- 
ular weight pyrolysis products are observed. 
This holds true even when samples are dis- 
solved in CS2, to which the flame detector is 
very insensitive. On the other hand, with 
samples that  contain triglycerides above C5~, 
small peaks are often present at a point where 
diglycerides produced from the sample might 
elute. Under  opt imum operating conditions 
these "diglyceride peaks" constitute less than 
1% of total triglyceride peak area, and they 
have not been considered during quantitation. 
The mullet chromatogram in Figure 5 shows 
these minor "diglyceride peaks" eluting be- 
fore carbon number 42. On the other hand, 
these "diglyceride peaks" increase markedly 
when Pyrex glass wool is placed in that part  
of the column heated by the flash heater. 

Losses on the column could be attributable 
to irreversible adsorption, condensation, or 
pyrolysis at the high operating temperatures. 
The authors have no direct evidence that 
adsorption or condensation does or does not 
take place. Calibration chromatograms with 
triarachidin and tribehenin under the condi- 
tions of Table II  do show a slight rise in the 
baseline immediately before the emergence of 
the main peak. This apparently indicates some 
on-column decomposition of C60 and C66 tri- 
glycerides at the high temperatures (above 
350C) necessary for elution on a 1.83-m, 
3.0% JXR column. However the amount of 
baseline rise before the triarachidin and tri- 
behenin peaks is too little to account for more 
than 15% and 35% of the respective losses 
indicated by the calibration factors for these 
triglycerides in Table I. 

In summary, the causes of sample losses 
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TABLE VII 

Ratio of Odd Carbon Number Triglycerides to Odd Carbon Number Fatty Acids in Fish Oils 

Mullet A Mullet B Tuna Menhaden Pilchard 
muscle body muscle body body 

% Odd carbon number triglycerides 37.3 31.2 10.9 8.6 7.3 
% Straight chain odd carbon number fatty acids 20.4 16.7 4.2 3.0 2.4 
Ratio of odd carbon number triglycerides to odd 

carbon number fatty acids 1.g 1.9 2.6 2.9 3.0 

wi th  t r ig lycer ides  a b o v e  C54 are  still, f o r  the 
m o s t  par t ,  u n k n o w n .  T h e r e  is s o m e  ev idence  
f o r  a m i n o r  a m o u n t  o f  f lash h e a t e r  pyro lys i s ,  
a n d  s o m e  o n - c o l u m n  d e g r a d a t i o n  m a y  o c c u r  
w i th  C60-C66 molecu les .  But  m o s t  o f  the  lost '  
s a m p l e  is still u n a c c o u n t e d  for ,  and  one  can  
on ly  guess  tha t  it is adso rbed ,  c o n d e n s e d ,  o r  
d e c o m p o s e d  o n  the  c o l u m n .  

Triglyceride Composition 

All the  fish oils ana lyzed  s h o w  v e r y  wide  
c a r b o n  n u m b e r  d i s t r ibu t ions .  Prac t ica l ly  a l l  
poss ib le  di- a n d  t r iacid  t r ig lycer ides  a p p e a r  in 
the c h r o m a t o g r a m s ,  ind ica t ing  a v e r y  wide  dis- 
t r i bu t ion  o f  fa t ty  acids a m o n g  the  fish oil tri- 
g lycer ide  molecu les .  

T h e  ra t io  o f  total  odd  c a r b o n  n u m b e r  tr i-  
g lycer ides  to  total  odd  c a r b o n  n u m b e r  s t ra ight -  
cha in  fa t ty  acids is p r e s e n t e d  in T a b l e  V I I .  
I t  is ev iden t  t ha t  the  odd  c a r b o n  n u m b e r  fa t ty  
acids are  m o s t l y  d i s t r ibu ted  one  p e r  tr iglyc- 
er ide  m o l e c u l e  in tuna ,  m e n h a d e n ,  and  p i l cha rd  
oils, all o f  w h i c h  con t a i n  less t h a n  5 %  odd  
c a r b o n  n u m b e r  fa t ty  acids. T h e  t w o  m u l l e t  
s a m p l e s  have  odd  c a r b o n  n u m b e r  t r ig lycer ide:  
odd  c a r b o n  n u m b e r  fa t ty  acid ra t ios  o f  1.8 
a n d  1.9, ind ica t ing  t ha t  m u l l e t  oil con t a i n s  
m a n y  t r ig lycer ides  h a v i n g  t w o  o d d  c a r b o n  
fa t ty  acids p e r  molecu le .  
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Search for New Industrial Oils. XIV. Seed Oils of Labiatae I 

J. M. HAGEMANN, F. R. EARLE, and I. A. WOLFF, Northern Regional Research Laboratory ~ 
Peoria, illinois, and A. S. BARCLAY, New Crops Research Branch, ~ Beltsville, Maryland 

ABSTRACT 

Seed of 194 species in 56 genera of 
Labiatae, representing six of the eight 
subfamilies, were analyzed for oil and pro- 
tein and for fatty acid composition of the 
oil. The oils are diverse and include some 
that contain up to 70% oleic acid, 79% 
linoleic acid, or 72% linolenic acid. An 
allenic function occurs in a third of the 
samples from the subfamily Stachyoideae 
and in the one sample analyzed from the 
Prasioideae. A method for determining 
the allene was devised. Oils from 
Teucrium species contain trans unsatura- 
tion in unidentified components. Oils from 
two Lamium species have both allenic and 
trans unsaturation. Two species of 
Thymus appear to produce hydroxy acids. 

INTRODUCTION 

T HE LABIATAE (MINT FAMILY) consists of 
about 200 genera and 3,200 species. 

Though cosmopolitan in distribution, the fam- 
ily is particularly abundant in the Mediter- 
ranean region. The members of the family are 
predominantly annual or perennial herbs, some- 
times shrubs, and rarely trees (1).  Many 
secrete aromatic oils, and superficial oil glands 
are often visible on the leaves and flowers. 
These volatile aromatic essential oils account 
for a major share of the mint family's economic 
importance. According to Bailey (2) ,  members 
of about 60 genera are cultivated in Nor th  
America  for odor, flavor, use in medicinal prep- 
arations, or as ornamentals. No species has 
been grown commercially in the United States 
as a source of glyceride oil, but, for some years 
prior to 1942, oil from Perilla frutescens seed 
was imported for use as a drying oil (3) .  In 
Russia some experimental work has been 
directed toward the production of Elsholtzia 
and Lallemantia oils (4).  

When a search for new oils was begun in 
1956, compositional data on seed oils from 

XPresented in part at the AOCS Meeting, Houston, April 
1965. 

~No. Utiliz. Res. Dev. Div., ARS, USDA. 
SCrops Research Div., ARS, USDA. 

only 12 species of Labiatae were included in 
the major compilation (3,5).  Even among 
those few the variability within the family was 
revealed by a wide range in content of the 
common unsaturated fatty acids. Early in the 
search, analyses of oils from 16 species (14 of 
which were newly reported) revealed the same 
compositional pattern and, within the limita- 
tions of the alkali-isomerization method, 
showed no unusual components (6-8).  Follow- 
ing are results obtained by more definitive 
methods on 194 species of Labiatae, 12 of 
which were included in earlier work (6-8).  

MATERIALS AND METHODS 

Seed procurement, analysis of seed, and 
gas-liquid chromatography (GLC)  of the 
methyl esters of the seed oils were essentially 
as described previously (6,9).  For  all species 
but one, nutlets (seed plus pericarp) were 
analyzed; the seed minus seed coat of  Salvia 
suffruticosa was analyzed. 

Preparation of Methyl Laballenate 

Pure methyl laballenate (5,6-octadecadieno- 
ate) (10) was isolated by preparative GLC 
and thin-layer chromatography (TLC) of the 
mixed methyl esters from the seed oil of 
Leonotis nepetaeJolia. The 18:2 peak in GLC, 
containing both laballenate and linoleate, was 
collected from an Aerograph Autoprep, Model 
A-700, equipped with a 20-ft X %-in.  copper 
column which was packed with 20% polyester 
LAC-2-R 446 on 60/80  mesh Celite. The 
column bath was at 200C, and helium flow 
was 600 ml/min.  Laballenate was then sep- 
arated from the other diene by TLC on a 
l - ram film of Silica Gel G, containing 30% 
AgNO3 on I O X 3 4  cm plates. After  the 
chromatogram was developed with benzene, 
the plates were sprayed with 0.2% dichloro- 
fluorescein in 95% ethanol and observed under 
ultraviolet light. The bands containing methyl 
laballenate were removed by a vacuum device 
(11),  and the ester was recovered by extrac- 
tion with benzene. Neither GLC nor TLC re- 
vealed any impurity in the recovered product. 

Determination of Laballenic Acid 

A calibration curve for determining the 
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allene was established by measuring the ab- 
sorbance at 5.1 /z of six solutions of known 
concentrations of methyl laballenate in carbon 
disulfide (Fig. 1). One-millimeter KBr cells 
were used in a Perkin-Elmer infrared spectro- 
photometer, Model 337. Three additional 
standards were analyzed, in which methyl 
laballenate constituted 4.88, 9.80, and 19.5% 
by weight in admixture with methyl esters of 
myristic, palmitic, stearic, oleic, linoleic, and 
linolenic acids. 

In determining laballenate, 75-330 mg of 
oil were weighed into a one-ml volumetric 
flask and made to volume with carbon disul- 
fide. A one-mm KBr cell was filled with the 
solution and scanned across the region of the 
5.1 /z band. The absorbance was determined 
as directed in AOCS Tentative Method Cd 
14-61 (12) for trans isomers, and the concen- 
tration of laballenate was either read directly 
from the calibration curve or calculated on 
the basis of an average value of 0.104 for the 
absorptivity of methyl laballenate. Duplicate 
determinations were made on each oil that 
showed absorption at 5.1 /z. 

For a few of the same oils, methyl esters 
were also analyzed by GLC on a 50-ft HI- 
PAK ' column (F&M Corporation), packed 
with 1% LAC-2-R 446. The laballenate peak 
was separated from others, and quantitative 
results were in good agreement with the IR 
method. 

Oils from Lamium and Teucrium 

For additional information on the unusual 
components in oils of Lamium purpureum and 
Teucrium cubense ssp. laevigatum, methyl es- 
ters from each oil were spotted on 20x20-cm 
TLC plates spread with a one-mm film of a 
mixture of 100 g Silica Gel G, 40 g AgNO3, 
and 60 mg Rhodamine 6G. Chromatograms 
were developed with benzene in a 2-mm open 
"sandwich" chamber (13). Bands were ob- 
served and marked under ultraviolet light, then 
removed from the plate separately. Esters were 
recovered from the silica by extraction with 
ether, and each fraction was analyzed by IR 
for allene and trans unsaturation and by GLC 
on a 50-ft column. 

RESULTS AND DISCUSSION 

The 194 species of the Labiatae in this study 
(Table I) represent six of the eight subfamilies 
which were recognized by Briquet (14) in his 
classification system. Oils from this sampling 
of the family contain primarily the common 
fatty acids (Table I) ,  but many also have an 
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Fig. 1. Standard curve for determining methyl 
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lenate i n  presence of other methyl esters. Cell 
length, 0.98 mm. 

allenic component, presumably laballenic acid 
characterized in oil from Leonotis nepetaefolia 
(10), and several contain unidentified com- 
ponents. There are five oils with more than 
75% linoleic acid, five with 65% or more oleic 
acid, and 12 with more than 65% linolenic 
acid. Oils from the subfamily Scutellarioideae 
(four species of Scutellaria) are all low in 
linolenic acid whereas those from the Lavan- 
duloideae (five species of Lavandula) are all 
high. Oils from the Stachyoideae cover the full 
range of iodine value exhibited by the family, 
and those of the Ajugoideae extend over much 
of the mid-range (IV 110-186). Oils of the 
Ocimoideae are all in the high-IV region ( IV  
178-201) except that of Hyptis suaveolens, 
which differs distinctly in composition from 
other members of the subfamily. It is pos- 
s ine  that the limited range in composition 
shown by subfamilies other than the Stachy- 
oideae may expand as additional genera and 
species are examined. 

With few exceptions the data are in reason- 
able agreement with data on species previously 
examined (3,15); differences in composition 
can probably be attributed to differences in 
sample origins or analytical methods. The 
largest discrepancies relate to oils from 
Ocimum sanctum and Lallemantia royleana, 
reported to have 66% linoleic acid and 60% 
oleic acid respectively (15). In  contrast, oils of 
species reported here are both rich in linolenic 
acid. Oil from Leonurus cardiaca, reported to  
contain 35% 18:1 (6), is now shown to contain 
21% 18:1 and 10% laballenic acid, a c o m -  
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ponent not revealed by the atkali-isomerization 
method. Similarly the isomerization method 
revealed nothing unusual in oil of Thymus 
vulgaris and barely suggested unusual compo- 
sition in oil of Lycopus asper by indicating a 
complete absence of saturated acids. 

The general pattern of composition of the 
oils is revealed by plotting fatty acid content 
against iodine value (Fig. 2). The percentage 
of 18:2, assumed to be mostly linoleic acid, is 
shown for each oil, but the amounts of 18:1 
(probably oleic acid) and 18:3 (probably 

l i no l en i c  acid) are indicated only as general 
regions. The oils appear to fall into two 
groups. In  the low range of iodine value, in- 
creasing iodine values result from increasing 
amounts of linoleic acid and a corresponding 
decrease in oleic acid. Linolenic acid is absent 
or increases only slightly. Similar relationships 
have been recorded for cottonseed (16) and 
soybean oils (17). In the high range of iodine 
value, linolenic acid increases whereas both 
linoleic and oleic acids decrease. This pattern 
is similar to that in linseed oil (18,19). The 
two patterns overlap in the IV range from 
about 130-150. 

Oils Containing Laballenic Acid 

Laballenic acid was found only in the sub- 
family Stachyoideae in 52 of 156 species, and 
in the single representative of the Prasioideae. 
It occurs primarily in oils that have little or 
no linolenic acid. Only three of the oils have 
IV above 145 (Monardella sp., Nepeta cataria, 
and Physostegia virginiana), and only three 
others have as much as 10% 18:3 (Brazoria 
scutellarioides and two Lamium species). The 
two Lamiurn species have the further distinc- 
tion of producing an allenic acid of novel 
structure (vide infra). The occurrence of an 
allene in only one of the 49 species of Salvia 
is surprising; the altenic component has not 
been identified. 

In determining laballenate in oils by the in- 
frared method, the mean difference between 
duplicates is 0.20%. Results on two oils were 
somewhat lower than measurements made on 
methyl esters from the oils (15.1 vs. 15.9% 
and 13.7 vs. 14.0%). It is possible that 
separate standard curves should be prepared 
for analysis of oils, free acids, and methyl 
esters, as is required in the determination of 
trans unsaturation by AOCS Tentative Method 
Cd 14-61 (12). Data for allenes in Table I 
were obtained from either oils or esters as 
governed by availability of sample, and no ef- 
fort was made to correct for the application of 
the ester calibration to analysis of oils. 

Iodine Value 

Fig. 2. Composition of Labiatae oils as related 
to iodine value. Individual samples indicated for 
diene only. Regions indicated for monoenes and 
trienes. 

Oils That Contain Unidentified Components 

Absorption of IR radiation by oils from 
Lamium amplexicaule and L. purpureum indi- 
cates the presence of trans unsaturation and an 
alIenic function. Preparative TLC of the 
methyl esters of L. purpureum on Silica 
G-AgNO3 results in five fractions, the first two 
of which contain all the allene and the second 
of which includes almost all the trans bonds. 
Band No. 1 was in the area normal for 
saturated esters and methyl Iaballenate. An- 
alysis by IR showed 13.2% laballenate, equiva- 
lent to 1.7% on the basis of the total methyl 
esters of the oil. GLC of this fraction indi- 
cated 10.6% of laballenate. Band No. 2 was 
in the monoene region, and GLC indicated 
64% 18:1 and 32% of an unidentified com- 
ponent. IR shows the presence of 36% allene 
(calculated as methyl laballenate) and 34% 
trans ester (calculated as methyl elaidate). 
The unknown component apparently contains 
both the allenic structure and the trans bond. 
TLC supports this conclusion in part because 
the unknown migrates with the monoenes and 
should have one double bond more than methyl 
laballenate, which migrates with the saturated 
esters. GLC provides similar support because 
the retention time of the unknown is near that 
of 18:3 whereas that for methyl laballenate is 
near 18:2". From the IR analysis of Band No. 
2 the original oil has 13.3% of the unknown. 
Chemical characterization of the unknown will 
be reported elsewhere (20). Band No. 3, in 
the region of normal dienes, contains enough 
trans unsaturation to represent 2% of methyl 
elaidate in the mixed esters, but the nature of 
the component has not been determined. 

Oils of the genus Teucrium contain trans un- 
saturation although the amount in two of the 
oils was so low it escaped detection in the quali- 
tative IR examination used. In TLC on Silica 

LtPIDS, VOL. 2, No. 5 



SEARCH FOR N E W  INDUSTRIAL OILS. X I V  3 7 9  

25 

20 

'~1~ 

~lO 

,i ,lll iJ,l, O I I  I I  (r  
-10 -5 O 10 15 30 

Iodine Value Difference 

Fig. 3. Difference between the iodine value cal- 
culated from GLC analysis and that determined by 
Wijs method. 

G-AgNO3 all the trans unsaturation migrates 
with the usual trienes. The "triene" band tends 
to divide, and GLC of the two portions indi- 
cates the presence of linolenic acid and four 
other components, one of which has GLC re- 
tention characteristics of a C~s diene. 

Methyl esters from the oils of Thymus vul- 
garis and T. zygis contain 21 and 14% re- 
spectively of an unidentified component which 
has equivalent chain-lengths (EEL) of 18.7 
(Apiezon L) and 23.8 (LAC-2-R 446). T. 
chaubardii oil has about 2% of the same ma- 
terial. The EeL 's  suggest that the acid moiety 
is a Clr hydroxy acid. The presence of the 
hydroxyl group is confirmed by IR absorption 
of the esters. 

Further Indications of Unusual Composition 

The plot of linoleic acid against IV (Fig. 2) 
shows six oils (in box) between IV 134 and 
155 with less than 35% ]inoleic acid, distinctly 
less than the other oils of comparable IV. Two 
of the six are Lamium species, and the devia- 
tion from the general pattern of the family may 
be related to the presence of the unknown al- 
lene mentioned above. Oil from Brazoria 
scuteltarioides contains an atlene but differs 
from the two Lamium oils in that i t  has no 
trans unsaturation. Two oils are from Salvia 
carduacea and S. moorcroftiana, and no ex- 
planation for their deviation from the pattern is 
apparent at present. The sixth oil, from 
Lycopus asper, shows numerous weak absorp- 
tion bands in the IR and several small uniden- 
tified components by GLC. 

Further evidence of unusual components in 
Labiatae oils, especially oil of L. asper, is given 
by the distribution pattern of the differences 

between the measured (Wijs) IV and that cal- 
culated from the GLC analyses (Fig. 3). Dif- 
ferences ranged from -8  to + 13 except for 
L. asper oil, which gave +30.  This range is 
somewhat greater than that encountered, but 
not published, in work on the Boraginaceae 
(21), Euphorbiaceae (22), and Cruciferae 
(23). Further the Labiatae histogram peaks at 
about +2 ,  as do the three other families, but 
the number of samples at +6  and above sug- 
gests the presence of components which give 
unusual response in the GLC or IV analyses. 

In calculating the IV differences, an em- 
pirical value was used for the IV of taballenate. 
Since conjugated unsaturation adds less than 
the stoichiometric amount of Wijs reagent, the 
allenic unsaturation was expected to give a 
similar incomplete reaction. Reaction of Wijs 
reagent with methyl laballenate for 30 min re- 
sulted in an IV of 81.3 whereas complete 
saturation of one double bond would have 
given 86.2 and saturation of both would have 
given 172.4. Use of a small sample, 0.1 g, and 
the incomplete reaction resulted in an excess of 
reagent of about 550%. If the excess reagent 
were held to the usual 100-150%, the observed 
IV should be lower but still might not repre- 
sent the situation in the determination of IV 
of an oil because of the more rapid reaction of 
the common unsaturated acids with the reagent. 
Peer (24) has shown that the reaction of bro- 
mine in glacial acetic acid with the allene of 
propadiene is about half complete at l lA hr 
and still incomplete at 72 hr. The reaction of 
bromine in chloroform is also slow, but at a 
given time the extent of the reaction is in- 
creased by increased concentration of the re- 
agent. The progress of the reaction with the 
Wi)s reagent is similar to that of bromine in 
acetic acid (24), and it seems probable that the 
effect of reagent concentration would also be 
like that with bromine. 

For those oils containing allene, the IV dif- 
ferences range from -7  to + 6 and the mode is 
+ 1. A preponderance of negative differences 
supports the suggestion that the reaction of 
Wijs reagent with allene in the presence of 
other unsaturated acids may be less than that 
measured with the large excess of reagent in 
the test cited above. 
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ABSTRACT 

Total cellular fatty acids, of a high- 
temperature strain of Chlorelta pyrenoid- 
osa, were measured dur ing a synchronous 
growth cycle in continuous light in the 
presence and absence of glucose. 

The fatty acid composition, consisting 
of saturated monoenoic, dienoic, and 
trienoic Car and Cn8 fatty acids, remained 
essentially the same whether or not the 
cells were grown on glucose. 

Nearly all of the fatty acids increased 
irregularly in concentration during the 
growth cycle, showing a periodism during 
the prenuclear and cell-division stages of 
growth. Cultures exposed to glucose 
showed a more pronounced drop in the 
concentration of most of the fatty acids 
during both stages. 

None of the fatty acid concentrations, 
some of which have been implicated in 
the Hill reaction of a number of photo- 
synthetic organisms, reflected the period- 
ism in photosynthetic activity which was 
previously observed during the synchron- 
ous growth cycle of this organism. 

The changes in fatty acid concentration 
a r e  discussed with relation to concurrent 
metabolic and cytological changes during 
cell maturation in this organism. 

INTRODUCTION 

T HE FATTY ACID COMPOSITION o f  algae h a s  

been investigated under a variety of nutri- 
tional and physiological conditions (1,2).  
These data however have been obtained from 
cell cultures which contain cells of all ages. 
Though the general fatty acid pattern was 
established, little, if any, information has been 

I This paper represents part of a dissertation submitted 
by the senior author to the graduate school of Tulane 
University in partial fulfillment of requirements for the 
Ph.D. degree. Current address: Department of Biochemis- 
try, University of Michigan School of Medicine, Ann 
Arbor, Mich. 

gathered relating changes in either the pattern 
or the concentrations of these lipids to the 
process of cell maturation. 

Problems concerning the growth and matur-  
ation of cells have been successfully ap- 
proached by using cell populations the mem- 
ber cells of which all have been induced to 
grow and divide more or less simultaneously 
(3,4).  In such "synchronized cultures" visual 
cytological changes (5) (mitosis, cross-wall 
deposition, cytokinesis) occur more or less 
in phase and can be related to the metabolic 
changes (measured chemically) which accom- 
pany them (3).  

Chlorella pyrenoidosa, a unicellular alga, 
can be induced to grow synchronously in mass 
c~altures; at the same time it exhibits rela- 
tively normal logarithmic growth in other re- 
spects (6-8).  

The cellular demands for energy- and car- 
bon-building blocks during the nuclear division 
and cross-wall deposition stages of growth, 
coupled with an increase in the cellular re- 
spiration rate (9) and a decline in the photo- 
synthetic activity (10) during the same period 
in synchronized Chlorella cultures, have led 
Duynstee and Schmidt (11 ) to infer that car- 
bohydrate and /o r  lipid reserves which accum- 
ulate prior to this growth period might be 
mobilized at the time to meet the metabolic 
demands of these processes. 

The a-linolenic acid (12) as well as trans 
3-hexadecenoic acid (13) have been suggested 
as being involved in the Hill reaction in various 
photosynthetic organisms. The absence of 
both of these fatty acids in two species of 
blue-green algae, which were nevertheless 
capable of performing the Hill reaction, has led 
Nichols (14) to conclude that the essential 
participation of either a-linolenic acid or trans 
3-hexadecenoic acid in the Hill reaction can 
be discounted. The lack of universality in the 
distribution of these fatty acids does not how- 
ever automatically preclude the possibility of 
their intimate involvement in the photosyn- 
thetic processes of green algae and higher 
plants. Synchronized cultures of the green 
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algae Chlorella pyrenoidosa might afford a 
convenient test of this involvement by virtue 
of a dramatic periodism in the photosynthetic 
activity (10) during its growth cycle. Fa t ty  
acids associated with the photosynthetic process 
might be expected to exhibit a related period- 
ism in their concentrations during a synchron- 
ous growth cycle of this organism. 

The purpose of the present investigation 
was to determine whether possible periodism 
in the cellular levels of the fatty acids would 
implicate their involvement in the photo- 
synthetic process and in the process of supply- 
ing carbon-building blocks and /o r  energy re- 
serves at select intervals during the growth 
cycle of C. pyrenoidosa. 

MATERIALS AND METHODS 

Organism 

The alga used in these studies was the high- 
temperature strain 7-11-05 of C. pyrenoidosa, 
described by Sorokin (15).  The cells were 
synchronized by using the intermittent illumin- 
ation method described by Schmidt (6).  

Culture Conditions 

The cells were grown in 2 X 21-in. bubbler 
tubes immersed in a constant temperature 
(38.5C) water bath and illuminated by two 
banks of 40-watt fluorescent lights (eight 
each) ,  which were mounted 3 in. from the 
outside edge of the tubes. The liquid medium, 
described by Sorokin (15) and modified by 
Johnson (16),  was aerated with a CO2-air mix- 
ture ( 3 % ) .  The entire growth chamber was 
housed in a light-tight cabinet. 

Synchronized cultures grown for one growth 
cycle in continuous light under the above con- 
ditions exhibited a linear logarithmic increase 
in dry weight and phosphorus identical to that 
reported in other laboratories for this organ- 
ism (6) (see Results).  

The fatty acid content of the cells was 
measured at intervals during a synchronous 
growth cycle of C. pyrenoidosa in the presence 
of light: a) normal mineral medium (light, 
nonglucose)-(photo-autotrophic)  ; b)  normal 
mineral medium plus 0.2% glucose (light, glu- 
cose)-(photoheterotrophic) .  The conditions of 
temperature and aeration were identical for 
both experiments. Where indicated, sufficient 
sterile glucose, autoclaved separately from the 
mineral medium, was added to give a final 
concentration of 0.2% w/v.  

Biochemical Measurements 
Cellular dry weight (17) and total cellular 

phosphorus (18) were determined in triplicate. 
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Cell number per ml was determined by using 
a Levy-Hauser hemocytometer.  

The samples for triplicate lipid analysis were 
harvested directly from the culture tubes and 
placed into a Servall refrigerated centrifuge. 
The cells were centrifuged at 27,000 • g for 
7 min. and washed three times with. an ice- 
cold solution of 0.125% ( w / v ) ,  Tris (Tris hy- 
droxyamino methane) 0.01% CaC12 ( w / v ) ,  
p H  7.0, to remove residual media materials. 
After  the final wash about 5 ml of cold distilled 
water were used quantitatively to transfer the 
cell material into Teflon-lined screw-cap test 
tubes. Five ml of cold absolute ethanol were 
added, and the sealed tubes were stored in a 
darkened refrigerator overnight. 

Each sample was then sonicated by using 
the micro-tip attachment of a Branson Sonifier 
(Model  125), which was operated at a max- 
imum power for 5 rain. The sonifier probe 
was immersed deeply into each sample tube, 
and the tube was cooled in a c'lrculating ace- 
tone-ice bath at -18C.  During the five minutes 
of sonication the contents of the tube remained 
below 5C. 

A known amount of myristic acid, a fatty 
acid which had been shown to be present in 
only trace quantities during a previous syn- 
chronous growth cycle, was added as an inter- 
nal standard. Enough aqueous KOH (100 
g/100 ml)  to make the final solution 10% 
KOH was added. The tubes were tightly 
sealed and placed in a water bath at 60C for 
one hour. The sealed tubes were allowed to 
stand overnight in the dark at room tempera- 
ture, and the tube contents were again heated 
for one hour in a water bath, but  this time at 
70C. Upon cooling, the cell material was ex- 
tracted three times with n-hexane to remove 
the nonsaponifiable material. The mixture was 
then acidified with 25% HCI and extracted 
three more times with n-hexane. This extract 
was washed free of HC1 with water and evap- 
orated under nitrogen at 45C. The methyl 
esters were made by adding two d r o p s  of 
methanol to the extract, then 0.5 ml of an 
ethereal solution of diazomethane. This mix- 
ture was allowed to sit approximately one 
minute, and the excess ether and diazomethane 

we re  evaporated under nitrogen at 45C. Then 
CSz was added to the residue, and the methyl- 
esters were analyzed by gas-liquid chroma- 
tography (GLC) .  

Chromatographic Analysis 

Gas chromatographic analysis of fatty acid 
methyl esters was performed with a gas 
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FIO. 1. The glass fiber paper chromatography 
(GFPC) and gas-liquid chromatography (GLC) 
identification of the fatty acid methyl esters of 
C. pyrenoidosa: A - -  A typical GFPC chroma- 
togram, comparing the mobility of Chlorella 
fatty acid methyl esters (right) with that of a 
standard mixture (left). The standard mixture 
contains in order of decreasing mobility: methyl 
stearate, methyl oleate, methyl linoleate, methyl 
linolenate and arachidonate. 
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B - -  Typical GLC chromatogram of algal fatty 
acid methyl esters eluted from a GFPC chroma- 
togram. The bottom (total) is a GLC fatty acid 
pattern obtained from the total algal extract be- 
fore separation of the fatty acids on GFPC. 
From left to right in the total GLC pattern ap- 
pear methyl myristate (added as an internal 
standard), methyl palmitate, methyl patmitole- 
ate, methyl hexadecadienoate, methyl stearate, 
methyl hexadecatrienoate, methyl oleate, methyl 
linoleate, and methyl linolenate. 

chromatograph (Packard Instrument Com- 
pany),  equipped with a hydrogen flame de- 
tector and a 6-ft. )< 4-mm (I.D.) coiled glass 
column, which was packed with 10% EGSS- 
X on 100/120 mesh Gas-Chrom P (Applied 

Science Laboratories). The column was op- 
erated at 165-175C with a N2 pressure of 14 
psi. The areas under the curves were measured 
by using a planimeter. Myristic acid, the in- 
ternal standard, was used to calculate the con- 
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centrations of the Chlorella fatty acids quanti- 
tatively. 

RESULTS 

Extraction Efficiency 

An experiment was carried out to check 
the efficiency of extraction of the fatty acids. 
One complete cycle of sonication, saponifica- 
tion, HC1 neutralization, and hexane extrac- 
tion (see Methods) were all considered as one 
"extraction." On the basis of sequential "ex- 
tractions," 98% of the total fatty acids were 
accounted for in the first "extraction." These 
extractions were performed on "steady-state" 
cultures to ensure extractability of the fatty 
acids from cells at all stages of growth. An  
amount of cell material, well in excess of the 
usual experimental sample-size, was used in 
these experiments to ensure complete extrac- 
tion of the samples obtained during the syn- 
chronous growth experiments. 

Fatty Acid Identification 

Fig. 1 illustrates the procedure used to 
identify the fatty acids. The fatty acid methyl 
esters were spotted in a continuous line across 
the bottom of a silica gel-coated glass fiber 
paper. The glass fiber paper cbromatogram 
(ITLC-SG, Gelman Instrument Company)  was 
developed with iso-octane, and the fatty acid 
bands were located by spraying with Rhoda- 
mine 6G. Each band was cut from the 
chromatogram and eluted with chloroform. 
Fig. 1A shows the separation of the algal 
fatty acids compared with a known mixture. 
It can be seen that the saturated monoenoic, 
dienoic, and trienoic methyl esters separate 
from one another; however it should be noted 
that the tetraenoic methyl ester, arachidonate, 
did not separate from the trienoic methyl ester, 
linolenate. The components in the chromato- 

gram shown in Fig. 1A were detected by the 
H2SO4-char technique. 

After  the bands were eluted, they were 
subjected to G L C  analysis. GLC tracings at 
the right of figure 1A are joined to the section 
of the glass fiber paper chromatogram from 
which they were eluted. In the total algal fatty 
acid pattern at the bottom it can be seen that 
the algal fatty acids are a mixture of C1G and 
C18 acids. In each series there are saturated 
monoenoic, dienoic, and trienoic fatty acids. 

Schlenk et al. (19) have identified six of 
the eight major fatty acids in a "steady-state" 
culture (a culture containing cells of all ages) 
of C. pyrenoidosa (No. 7516 American Type 
Culture Collection). Table I compares the fat- 
ty acid data of" Schlenk with that obtained 
from synchronous cultures of C. pyrenoidosa 
(7-11-05) at the zero and last hour of both 
experiments carried out in the present in- 
vestigation. In  the C16 fatty acid series, 
palmitic acid was the dominant fatty acid in 
both investigations. In the Cts series Schlenk 
et al. found oleate to be a dominant  acid fol- 
lowed by linoleate, linolenate, and stearate 
whereas this investigation with C. pyrenoidosa 
(7-11-05) showed that linoleate was the dom- 
inant fatty acid followed by linolenate, oleate, 
and finally stearate. 

I t  is interesting to note from the data in 
Table I that, regardless of small changes in 
percentage composition, the relative order of 
the composition in terms of concentration 
(i.e., 16:0 ) 16:2 ~ 16:3 ~ 16:1 /18:2  > 
18:3 > 18:1 > 18:0) was almost unaffected 
by the growth conditions to which the cells 
were exposed throughout one complete growth 
cycle. Whether these patterns are altered dur- 
ing successive generations of growth under 
identical growth conditions or whether they 
are characteristic for C. pyrenoidosa 7-11-05 
will be studied in future investigation. 

TABLE I 
A Comparison of the Fatty Acid 

(Strain No. 7516 and No, 7-11-05) Composition of C. pyrenoidosa 

From 
Fatty Acid Schlenk et al. (19) 

Percentage composition 

Light 
nonglucose 

Light 
glucose 

0-hr 13-hr 0-hr 14-hr 

16:0 13.6 30.7 41.0 34.3 47.7 
16:1 3.2 5.5 4.1 7.9 4.2 
16:2 7.0 9.1 7.5 8,1 6.1 
16:3 5.1 6.8 6.3 7.2 4.6 
18:0 3.5 3.0 1.6 2.4 1.7 
18:1 34.7 7.4 5.2 7.0 6.8 
18:2 17,7 24.9 23,0 21.9 21.2 
18:3 14.6 13.1 11.1 11.2 7.9 
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Fig. 2 illustrates the synchronized cell di- 
vision that was observed in "light-grown" cells 
in the presence and absence of glucose. In the 
absence of glucose the synchronized cell di- 
vision was similar to that obtained in other 
laboratories with C. pyrenoidosa (6-8).  In 
cultures grown with glucose, daughter-cell re- 
lease was delayed by approximately two hours, 
and, in some cells, division was inhibited com- 
pletely (as indicated by the fact that there 
was only approximately a three-fold increase 
in cell number) .  Microscopic examination of 
the culture during division revealed that there 
were many cells larger than the normal mother 
cells and that cytokinesis, when it occurred, 
resulted in the release of four daughter ceils. 
Each "giant" mother cell was similar in ap- 
pearance to those photomicrographed by Rod- 
riguez-Lopez (20).  

The log-linear increase in total cellular dry 
weight and phosphorus of cultures grown in 
the light in the absence of glucose (Fig. 3), has 
been established on numerous occasions 
(6,7,16). The dry weight (Fig. 3A) of cells 
exposed to glucose at two hours was equal 
to the dry weight of cells not exposed to 
glucose at three hours, indicating a faster rate 
of growth for the former. After  four hours 
the rate of dry-weight increase in cells ex- 
posed to glucose dropped off and remained 
log-linear throughout the remainder of their 
growth cycle. The rate of increase was less 
than that observed for cells not  exposed to 
glucose. These latter data were consistent 
with numerous reports (21) of the failure of 
exogenous energy sources to stimulate growth 
under conditions which are saturating for pho- 
tosynthesis. The accelerated dry-weight in- 
crease during the initial four hours of growth 
was consistent with the hypothesis that glucose 
is directly utilized in starch biosynthesis (11).  
The rate of total cellular phosphorus increase 
of cells exposed to glucose (Fig. 3B), which 
probably would not reflect an enhanced starch 
biosynthesis, increased log-linearly through the 
eighth hour; thereafter the rate decreased (re- 
maining log linear) throughout the period 
where cell division was inhibited. 

A two-hour lag in the accumulation of the 
total fatty acids was observed and was followed 
by a nearly uniform increase through the 
sixth hour in photo-autotrophically grown 
cells (Fig. 4A) .  Between the sixth and seventh 
hours [about one hour before the onset of 
nuclear division (9)],  the rate of increase of 
total fatty acids was appreciably depressed. 
Throughout nuclear division and cell division 
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FIG. 2. A comparison of the cell concentration of 
C. pyrenoidosa during synchronous growth in 
the light in the presence and absence of glucose. 

(seventh through 12.5 hour) the total fatty 
acid content of the cells increased uniformly. 
In the photoheterotrophically grown culture 
(Fig. 4B) there was a linear accumulation in 
total fatty acids until the fourth hour, at 
which time there was an abrupt increase until 
the sixth hour. Between the sixth and seventh 
hours of growth there was a marked decline 
in fatty acid accumulation, which was more 
pronounced than the decline observed in the 
absence of glucose during the same interval. 
An accelerated accumulation of total fatty 
acids was again observed during nuclear di- 
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Fro. 3. A comparison of the increase in the total 
dry weight (A) and total cellular phosphorus 
(B) of synchronized cultures of C. pyrenoidosa 
grown in the light in the presence and absence 
of glucose. 

LIPIDS, VOL. 2, NO. 5 



386 RONALD C. REITZ, JAMES G. HAMILTON ANn FRANCIS E. COLE 

4 0 -  

30- 

~. 20- 

1 0 -  

A 

NON-GLUCOSE (Light) o i 

Hours 

- 8 0  

-70 

-60 -~ 

-50 ~" 
-40 (~ • 
-30 ,~Q 

- 2 0  

- I 0  

4 0 -  

B d ~ ~  -70- 80 GLUCOSE (Light) 
-o 30' T o t a l  Fotty Aci 

/ = 

-->" - 5 0  z 
= 

o 

�9 �9 10  

Hours 

FIG. 4. Relat ionship between the total  cel lu lar 
fat ty acids and cell concentrat ion of  synchron- 
ized cultures of C. pyrenoidosa grown in the 
light in the presence (B) or absence (A) of 
glucose. 

vision, but, in contrast to the photo-auto- 
trophically grown culture, the fatty acid ac- 
cumulation ceased during cell division. The de- 
crease in the rate of fatty acid accumulation 
during cell division of the cells exposed to 
glucose was not reflected in their dry-weight 
increase, which was log-linear from the fourth 
hour of growth (Fig. 3A) .  Thus, during 
growth of cells exposed to both light and glu- 
cose, the fatty acid concentration, rather than 
dry weight, seems more clearly to reflect the 
observed inhibition in c e l l  division. Even 
though there were differences in accumulation 
curves, whether the cells were grown in the 
presence or absence of glucose, the total fatty 
acid content of the cultures after one growth 
cycle was nearly the same. 

For  the most part the changes in the in- 
dividual fatty acids (Fig. 5) reflected the 
over-all trends in total fatty acid content (Fig. 
4).  There were several exceptions. In the 
photo-autotrophically grown cells only hexa- 
decatrienoate and linolenate increased measur- 
ably during the first two hours of growth. 
After  the first two hours palmitate increased 
at a log-linear rate, showing no decline during 
the sixth-seventh hour. Only palmitate and 
linoleate increased appreciably during cell 
division; the concentration of all other fatty 
acids remained essentially constant during the 
period. The concentration of each fatty acid, 
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except palmitate, seemed to have a depressed 
rate of accumulation during the prenuclear 
division period. Linolenate showed the most 
marked depression. 

The presence of glucose did not alter the 
similarities between the individual fatty acids 
(Fig. 5B) and the total fatty acid content 
(Fig. 4B). Most  of the fatty acids increased 
during the first two hours of growth; the great- 
est increase was again observed in linolenate. 
In contrast to the photo-autotrophically grown 
cells nearly all fatty acids, including palmitate, 
declined markedly in concentration during the 
prenuclear division period. Each fatty acid 
increased during nuclear division and declined 
during cell division except for palmitate, which 
continued to increase during the latter stage 
of growth. Linoleate concentration increased 
considerably during cell division in photo- 
autotrophically grown cells; but in photohetero- 
trophically grown cultures the linoleate con- 
centration dropped markedly during the cell 
division period. 

DISCUSSION 

Periodism in cytological (5) (such as 
nuclear and chloroplast division, cross-wall de- 
position, etc.) as well as metabolic (9,10) 
events (photosynthetic activity and endogenous 
respiration) during the maturation cycle of 
Chlorella would seem to require an accom- 
panying periodism in biochemical components 
related to these events. This hypothesis has 
received support on numerous-  occasions 
(3,6,7,1@17) in synchronized cultures of C. 
pyrenoidosa. 

The dramatic cytological changes in this 
organism, most of which occur in a two to 
three-hour period just before and during 
daughter-cell release, would seem to indicate 
that this period is one in which the energy- 
generating systems of the cell are operating 
at their maximum. Sorokin however has re- 
peatedly demonstrated (8,10) that photosyn- 
thetic activity, which has been steadily de- 
clining since the fifth hour of growth, is ap- 
proaching its lowest level during cell division. 
Since the major energy source of the organ- 
ism operates minimally during this period, 
Duynstee (11) has postulated that, in order to 
meet its demands for energy- and /o r  carbon- 
building blocks, the cells must mobilize the 
carbohydrate and /o r  lipid reserves which have 
accumulated prior to this point. The decrease 
Duynstee observed (11) in the rate of total 
starch accumulation from the sixth hour of 
growth is consistent with its utilization as a 
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FIG. 5. A comparison of the individual fatty acid concentrations of synchronized cultures of 
C. pyrenoidosa grown in the light in the presence (B~ B2) and absence (A1 A2) of glucose. 

carbon and/or energy reserve from the sixth 
hour of growth through cell division. 

The role of the fatty acids as a possible 
contributor to the cell economy is not so clear. 
The rate of increase in the total cellular con- 
centration of most of the fatty acids was de- 
pressed (sixth-seventh hour) just prior to 
nuclear (9) and chloroplast (5) division 
(seventh-tenth hour) and during cellular di- 
vision (Fig. 5A) .  Linolenic acid was the only 
fatty acid to show an unequivocal net utiliza- 
tion during the prenuclear division period, sug- 
gesting perhaps more than a structural role for 
this lipid during this period. Palmitic acid, the 
dominant fatty acid in this organism, does not 
show a periodism during either the prenuclear 
or cell division periods but rather accumulates 
at an exponential rate (these data have been 
plotted but do not warrant an additional 

figure) from the second hour of growth 
throughout the life cycle. Since accumulation 
data are a net result of both synthesis and 
catabolism, it can only be concluded that the 
rate of palmitic acid synthesis always exceeds 
its rate of breakdown and that, since the ac- 
cumulation is exponential, its rate of synthesis 
increases at least at the same exponential rate. 
By using 14C labeling techniques it is hoped 
that future experiments will be able to assess 
the turn-over rate of these fatty acids. 

In an attempt to elucidate the relative con- 
tributions of the fatty acids to an intracellular 
carbon energy pool, a second experiment was 
performed, in which glucose was supplied as 
an exogenous carbon and energy source to 
synchronously growing Chlorella cultures. 

This experiment provided several interesting 
results. The lag in fatty acid accumulation 
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observed during the first two hours of growth 
in photo-autotrophically grown cultures was 
absent when the cells were grown in the 
presence of glucose (Fig. 4).  Presumably this 
is a result of the fact that glucose supplies 
more direct precursors of fatty acid biosyn- 
thesis than do photosynthetic products. If 
such is the case, one would expect starch (17- 
20% of the cellular dry weight) rather than 
lipid content (3-4% of the cellular dry weight) 
more nearly to reflect a cellular demand for 
energy since the product of starch catabolism, 
glucose, should promo,te lipid biosynthesis 
rather than lipid catabolism. The net utiliza- 
tion of nearly every fatty acid during both the 
prenuclear and cell division stages of growth 
in cultures exposed to glucose (Fig. 5B1 + B,_,) 
is however inconsistent with this suggestion. 
Rather than promoting fatty acid biosynthesis 
or at least lessening the rate of decline in 
fatty acid content, glucose administration 
promgtes a net utilization of the fatty acids. 
The possibility that intracellular glucose plays 
a regulatory role in the utilization of intra- 
cellular fatty acids is an intriguing but specu- 
lative hypothesis from these data. 

The observed inhibition of daughter-cell re- 
lease observed in photoheterotrophically grown 
cultures, not unique to this laboratory (20),  
remains unexplained. The heterotrophic growth 
of Chlorella is currently under investigation in 
this laboratory. 

The relationship of fatty acids, specifically 
~-linolenic acid and trans-3-hexadecenoic 
acid, to the Hill reaction in green plants and 
micro-organisms has been studied in several 
laboratories (2,12,13,14). The absence of 
these fatty acids from two species of blue- 
green algae which was nevertheless capable 
of carrying out the Hill reaction led Nichols 
(14) to conclude that the essential participa- 
tion of either ~-linolenic or trans-3-hexadec- 
enoic acid in the Hill reaction can be dis- 
counted. Yet the lack of a universal distribu- 
tion of these acids does not automatically pre- 
clude a unique association of these fatty acids 
with photosynthesis in the green algae or 
higher plants. 

Sorokin (10) has reported that the photo- 
synthetic activity in synchronized cultures of 
C. pyrenoidosa rises sharply during the first 
four hours of growth, peaks at this time, then 
progressively declines throughout the re- 
mainder of the life cycle. Though linolenate 
was the only fatty acid to show a measurable 
increase during the first two hours of photo- 
autotrophically grown cultures, its rate of ac- 
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cumulation is increased between the 4th and 
sixth hours of growth. After  a brief prenuclear 
division drop in concentration, linolenate con- 
centration then increases throughout the re- 
mainder of the life cycle. Thus linolenate, if 
related to the photosynthetic process at all, 
certainly has additional role(s)  to play during 
cell development. It must be pointed out how- 
ever that it is possible that only Slrmll amounts 
of the total linolenate in the cell are required 
for the photosynthetic function and that, once 
this requirement is met (i.e., during the initial 
period of growth),  addit ional  linolenate takes 
part  in other cellular processes. The trans-3- 
hexadecenoic acid content of this organism, 
presumably represented by the shoulder on the 
16:1 peak in the total algal fatty acids shown 
in Fig. 1A, represents such a small fraction 
of the total fatty acids in this organism (since 
it was always included in the estimate of 16:1 ) 
that its periodism during the growth cycle 
could not be reliably estimated from these data. 
It is unfortunate that the conditions necessary 
to rupture the organism will not permit sub- 
sequent isolation and chemical analysis of its 
organelles. 

Results on the fatty acid pattern of Chlo- 
rella agree well with those of Schlenk (19) et 
al. with the exception of oleic acid. Aside 
from a possible strain difference between or- 
ganisms, oleic acid content has been reported 
(22) to be drastically reduced in growth media 
similar to tbe authors' ,  which have a high 
nitrogen content. 

The role(s)  which fatty acids play during 
cell maturation of this organism remain elu- 
sive. Observations (in triplicate) of the eight 
principal fatty acids under two different growth 
conditions do however seem to indicate their 
likely involvement in processes which occur 
during both the prenuclear and cell division 
stages of growth in C. pyrenoidosa. 
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The Metabolism of C14-a-Tocopheryl Quinone and 
C 14-a-Tocopheryl Hydroquinone 
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ABSTRACT 

The metabolism of C14-d-~-tocopheryl 
quinone (a-TQ) and its hydroquinone 
( aTHQ)  was investigated. Forty-six hours 
after intraperitoneal a d m i n i s t r a t i o n  of 
either compound to rats the radioactivity 
isolated from the liver was present almost 
exclusively in C14-a-TQ. The results indi- 
cated, however, that in situ this com- 
pound was present primari ly in the re- 
duced form. No conversion to C14-c~ - 
tocopherol or other liver metabolites was 
observed, ce-THQ was eliminated from 
the tissues more rapidly than a-TQ. The 
main metabolite excreted in the urine was 
a conjugate of a-tocopheronic acid and 
the main metabolite excreted in the feces 
was a conjugate of c~-TQ. Free C~-a-TQ 
was present in the feces after administra- 
tion of this compound but not after C 14- 
a-THQ administration. 

INTRODUCTION 

A LTHOUGH THE FORMATION of d-a-tocoph- 
eryl-p-quinone (a-TQ) from d-a-toco- 

pherol in animal tissues has beeri observed in 
several laboratories (1-3),  little is known of its 
metabolic fate. The failure of large doses of this 
quinone to substitute for vitamin E in the rat  
fertility test (4-6) indicates that it is not cycl- 
ized in vivo to the chromanol form in this spe- 
cies. On the other hand, Mackenzie et al. (7)  
found that a-TQ had considerable biological 
activity toward the prevention and cure of 
muscular dystrophy in vitamin E deficient rab- 
bits. Addit ional  experiments by the Macken- 
zies (8, 9) on the biopotency of a-tocopheryl 
hydroquinone (a -THQ) demonstrated that this 
compound is active in the prevention of ster- 
ility and muscular dystrophy in rats when ad- 
ministered in daily doses, and they attributed 
previous negative findings to the use of too in- 
frequent administration. F rom the fact that 
the large doses of a-THQ did not lead to the 
appearance of a-tocopherol in the serum of 
rabbits they also concluded that the hydro- 
quinone is an antidystrophic factor per  se (10).  

The conclusion drawn from other studies that 
the biological activity of vitamin E is attribut- 
able to its antioxidant properties (11, 12) im- 
plies that this is also true of a-THQ. 

The present study was designed to obtain 
information on the metabolism of C14-a-TQ 
and C14-d-a-THQ in rats. 

EXPERIMENTAL 

Preparation of C14-~-TQ and C14-c~-THI;I 
d-c~-Tocopherol-5-CH3-C ~4 (specific activity 

1.3 ~c /mg)  was prepared from 10 nag of its 
succinate ester (Distillation Products Indus- 
tries, Rochester, New York)  by reductive 
cleavage with LiAIH 4 according to the pro- 
cedure of Duggan (13).  The purity of the 
product was established by paper chromatog- 
raphy and it was then dissolved in 20 ml of 
ethanol. Ten ml of 1% ethanolic dipyridyl 
and 10 ml of 1% FeC13 in ethanol were added 
and, after shaking for 20 min at 48C, the re- 
sulting hemiacetal was extracted with petroleum 
ether. After  washing with aqueous FeSO~ and 
water it was converted to the p-quinone by 
treatment with HCI in ethanol (14).  The 
products were chromatographed on a 1.5 cm X 
17 cm column of Bio-Rad neutral alumina (6% 
H20 added) using increasing percentages of 
diethyl ether in petroleum ether (Skelly F, 
bp 30-60C) as developing solvents. A yellow 
band was eluted with 35% diethyl ether which 
contained 34 X 106 dpm (87% of the starting 
dpm).  Upon paper chromatography of this 
material a single peak of radioactivity was 
observed which corresponded to standard a-TQ. 

A portion of the pure Cx4-a-TQ (2.7 mg) 
was emulsified by dissolving in 0.6 ml ethanol, 
adding 2.4 ml of isotonic saline containing 
0.2% Tween 80, and shaking thoroughly. One 
ml (3 X 106 dpm) was administered intra- 
peritoneally to each of 3 growing rats which 
had been fed a vitamin E deficient diets for 5 
weeks. Another  portion (3,6 mg) was dis- 
solved in ethanol and reduced to C~-a -THQ 
by adding solid KBH 4. The excess KBH4 was 
removed by centrifugation and the remainder 
was emulsified in 4 ml of a similar mixture. 
One ml (3 X 106 dpm) was administered to 
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each of 3 deficient rats, The remaining C14-~ - 
TQ and C~4-a-THQ was used in the isolation 
procedure as an internal standard. 

Experimental Animals 

After injection, the experimental animals 
(body weight about 200 g) were placed in 
metabolism cages for 46 hr. The urine was 
collected under toluene and the feces in eth- 
anol. These samples were stored at -15C 
pending analysis. The livers were removed 
under anesthesia, rapidly minced, quick-frozen 
by dipping in a dry ice-acetone bath and 
lyophilized. Pure C14-o~-TQ (15 X 104 dpm, 
equivalent to 5% of the dose) was mixed with 
the liver mince of two uninjected rats as an 
internal standard and a simiIar amount of 
CI~-a-THQ was added to the liver mince of 
two additional animals. 

Liver Analysis 

The dried tissue was ground to a powder and 
shaken twice with 50 ml of petroleum ether 
for 15 rain. The residue from the combined 
extracts was dissolved in 15 ml of acetone and 
most of the lipid was removed by filtration 
after crystallization at -70C (15). The filtrate 
was evaporated to dryness under N2 and the 
residue (19.4-46.6 mg) was dissolved in 3 ml 
of petroleum ether. Two to 3 nag of a-toco- 
pherol, a-TQ, a tocopherol dirner and a trimer 
were added as carriers. The last three com- 
pounds have been identified in previous stud- 
ies as metabolites of o~-tocopherol in rat liver 
(16, 17). The mixture was applied to a 1.5 
X 17 cm column of Bio-Rad neutral alumina 
(6% water added) which was developed with 
increasing proportions of ether in petroleum 
ether. Seventy fractions of 10 ml each were 
collected. Two ml of each fraction were used 
for the determination of C z4 by liquid scin- 
tillation spectrometry. The other 8 ml were 
evaporated to dryness and the residue was 
dissolved in isooctane for the determination of 
optical density at the absorption maximum of 
the individual carriers. 

Urine Analysis 

The urine was extracted 3 times with 50 
ml of ether and the combined extracts were 
washed once with 50 ml of saturated NaHCOa 
solution and twice with water. Aliquots of 
the ether phase were chromatographed on 
paper using 75% ethanol as mobile phase, 
silicone-coated paper using acetonitrile-water 
mixtures and on thin layers of Silica Gel G 
using 1% methanol in benzene and 3 % meth- 
anol in cyclotiexane, a-Tocopherol, ~-TQ and 

a-tocopheronic acid were used as standards. 
A sample of tocopheronic acid, a urinary 
metabolite of a-tocopherol isolated by Simon 
et al. (18), was kindly provided by Dr. K. 
Schwarz. 

As most of the radioactivity in the urine 
remained in the aqueous phase after ether 
extraction, acid and enzyme treatments were 
tested as possible means of hydrolyzing the 
water-soluble m e t a b o l i t e s .  Portions of the 
aqueous phase (27-35 X 104 dpm) were made 
up to 3 N with concentrated HCI and re- 
fluxed for 2 hr. The ether extractable material 
then was chromatographed on an alumina col- 
umn as described previously and the radio- 
active eluates were characterized by paper and 
thin layer chromatography. Additional por- 
tions of the aqueous phase, containing 8.8- 
14.0 X 104 dpm, were placed under vacuum 
to remove traces of ether and made up to  
80 ml with He0. Ten ml of acetate buffer 
(pH 5.0) were added and the pH was ad- 
justed to 4.6 with 9 N H,PO~ or solid Na- 
HCO~. Penicillin (250 uni ts /ml)  and strep- 
tomycin (25 /zg/ml) were added and the mix- 
ture was divided into two parts. To one was 
added 20,000 Fishman units of bovine liver 
/3-glucuronidase (Sigma Chemical Company);  
the other served as an enzyme blank. After 
incubating at 38C for 5 days the mixtures 
were extracted 3 times with ether and the 
labelled compounds were chromatographed 
against appropriate standards on thin layers 
of silica gel. Similar incubations were carried 
out using alkaline phosphatase (pH 10.5) 
and aryl sulfatase (pH 4.5). 

Feces Analysis 

The feces were filtered off, washed with 
ethanol, and extracted with petroleum ether 
in a Goldfish extractor for 12 hr. The pe- 
troleum ether and ethanol extracts were com- 
bined and evaporated to dryness in vacuo. 
The residue was extracted several times with 
petroleum ether and the insoluble portion was 
taken up in 10 ml of ethanol. The petroleum 
ether-soluble material was applied in 2 ml of 
solvent to a Bio-Rad alumina column along 
with 2-3 mg of a-tocopherol and ,~-TQ. The 
column was developed with ether-petroleum 
ether mixtures as described and the labelled 
eluates were chromatographed against known 
standards on thin layers of Silica Gel G. 
Thirty ml of H20 was added to the ethanol- 
soluble fraction, the solution was made 3 N 
to HC1 and the mixture was refluxed for 2 
hr. The residue obtained by extracting 3 times 
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Fro. 1. Top: Elution profile for the radioactivity 
extracted from the liver of a C~tct-TQ-injected rat 
after chromatography on a neutral alumina col- 
umn. 

FIG. 2. Top: Elution profile for the radioactivity 
extracted from the liver of a C~-ct-THQ-injected 
rat after chromatography on a neutral alumina 
column. 

Bottom: Elution profile for CI'-a-TQ internal 
standard. % dpm = dpm in fraction/total dpm 
recovered. 

Bottom: Elution profile for C~%a-THQ internal 
standard. % dpm = dpm in fraction/total dpm 
recovered. 

with petroleum ether and evaporating the sol- 
vent likewise was chromatographed on an 
alumina column and on Silica Gel G. 

RESULTS 

Liver Analysis 

The results of chromatographing the liver 
extracts of the C~4-c~-TQ-injected rats on alum- 
ina columns are illustrated in Figure 1. The 
only radioactive compound recovered in the 
eluates in significant amounts was CI~-~-TQ. 
The elution profile for the control shows that 
this compound was stable to the extraction 
and chromatographic operations used for its 
isolation. Similar results were obtained for 
the other injected and control animals. It is 
noteworthy that there was no conversion of 
the p-quinone to te-tocopherol or its dimeric 
metabolite. 

A typical C 14 elution pattern for the liver 
extracts of the a-THQ-injected rats is shown 
in Figure 2. The data show that, as in the 
case of the C~4-a-TQ-injected animals, the 
radioactivity recovered from the liver was 
almost entirely associated with the labelled 
quinone. The profile for the internal standard 
demonstrates, however, that the Ca4-,-THQ 
was completely converted to the oxidized form 
in the course of the isolation procedure. Hence 
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it is not possible to conclude from these data 
what relative amounts of labelled TQ and 
THQ were present in situ in the livers of the 
rats injected with either compound. 

The identification of the C14-1abelled com- 
pound eluted with 35% ether as a-TQ was 
confirmed by thin-layer chromatography on 
silica gel G and by reduction with SnCle 
to C14-a-tocopherol. Single radioactivity peaks, 
determined by use of a Packard Radiochro- 
matogram Scanner, were observed in the thin- 
layer systems at R~ values corresponding to 
those of standard a-TQ. The residue from 
the 35% ether fractions (Figure 1) was dis- 
solved in 10 ml of 1,4-dioxane, 2 g of SnClz 
and 1 ml of concentrated HCI were added 
and the mixture was refluxed for 1 hr. Then 
15 ml of H20 were added and the solution 
was extracted twice with 50 ml of ether. After 
washing the extract with water and evaporat- 
ing the solvent, the residue was rechromato- 
graphed on an alumina column with a-toco- 
pherol and a-TQ carriers. Development of 
the column as described previously yielded a 
major radioactivity peak which coincided with 
the a-tocopherol carrier, a lesser peak cor- 
responding to carrier a-TQ and another small 
peak apparently representing a degradation 
product. 

A summary of the radioactivity recovered 
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T A B L E  I 

Recovery  of  Radioac t iv i ty  f r o m  the Liver  Ext rac t s  

G r o u p  C1La_TQ_injected C~4-a-TQ C14-a-THQ- C~4-a-THQ 
Cont ro l  In jec ted  Cont ro l  

Ra t  No.  1 2 3 4 5 6 7 8 9 10 

D P M  in l iver extract  
To ta l  ( X  10 -~) 512 1405 
% of dose 1.7 4.7 

D P M  after  crystal l izat ion of  lipids 
Tota l  ( X  10 2) 410 1226 
% recovered 80 87 

D P M  in co lumn  einates 
To ta l  ( X  10 -2) 358 1150 
% recovered  87 94 

D P M  i n  35% ether  f rac t ion  (C~4-a-TQ) 
Tota l  ( X  10 -e) 308 1083 
% of  total  eluted 86 94 

830 886 1022 61 64 92 898 975 
2.8 56 a 68 a 0.2 0.2 0.3 60 a 64 a 

767 819 957 41 49 78 831 895 
92 93 94 67 76 86 92 93 

723 793 852 31 35 58 683 717 
94 94 89 76 72 74 82 80 

649 761 781 22 24 49 607 665 
90 96 92 72 68 84 89 93 

ape rcen tage  of  d p m a d d e d  to ~ v e r m i n c e .  

in the liver extracts is given in Table I. I t  
is of interest that the amount of radioactivity 
present in the liver 46 hr. after injection of 
C14-a-TQ was much greater (average of 3.1% 
of the dose) than after C14-c~-THQ injection 
(0 .2%) .  This indicates a faster rate of me- 
tabolism of the hydroquinone and conforms 
with the observation that the biological re- 
sponse to this compound depends on its fre- 
quent administration (8, 9).  The recovery of 
the internal standards in the extraction step 
was relatively low (average 6 3 % ) ,  suggesting 
a binding of the labelled compounds to pro- 
tein. Of the total dpm recovered in the column 
eluates, 90% were present in the TQ fractions 
from the rats injected with this compound and 
75% from those injected with C14-a-THQ. 

Urine Analysis 

The radioactivity recovered in the urine is 
summarized in Table II. The proportion of 
the dose excreted by this route ranged from 
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FIG. 3. Elution profile for the radioactivity ex- 
tracted from the urine of a Cl'-a-TQ-injected rat 
with ether after acid hydrolysis and chromatogra- 
phy on a neutral alumina column. 

10.3 to 20.0% and was similar for the two 
groups of rats. Virtually all of the radioac- 
tivity (94-98%) in the urine was in an ether- 
insoluble form. After  acid hydrolysis, 41-52% 
of the total dpm were extractable with ether, 
and when this radioactivity was chromato- 
graphed on alumina it yielded the elution 
profile shown in Figure 3. I t  is apparent that 
no a-tocopherol or a-TQ was released by hy- 
drolysis and that most of the radioactivity 
(average 89.8% ) was present in a polar com- 
pound(s)  which was eluted in methanol-acetic 
acid. No difference was observed between the 
rats injected with C14-c~-TQ and C14-c~-THQ 
with respect to the distribution of radioactivity 
among the column eluates. 

When the labelled urinary metabolites re- 
covered by ether extraction before or after 
acid hydrolysis, or after digestion with fl- 
glucuronidase, were chromatographed against 
pure standards on paper  and thin-layer chro- 
matograms, the results shown in Table I I I  were 
obtained. The data confirmed the absence of 
c~-tocopherol and a-TQ, and revealed that the 
radioactivity was largely, if not entirely, as- 
sociated with a compound which migrated 
opposite a-tocopheronic acid. In the ether- 
soluble fraction of the unhydrolyzed urine, 
which contained 2-6% of the total dpm, and 
in the fraction obtained by enzyme hydrolysis, 
tocopheronic acid was the only C14-compound 
present in significant amounts. In  the acid 
hydrolysate additional peaks appeared in the 
scanogram which evidently represented acid 
degradation compounds. 

Although significant amounts of free C 14- 
tocopheronic acid were released by the action 
of fl-glucuronidase, as shown by comparison 
with the enzyme blanks, only a small fraction 
(5 -7%)  of the total ether-insoluble material 

LIPIDS, VOL. 2, No. 5 



394 C. K. CHOW, H. H. D R A P E R ,  A. S. CSALLANY AND MEI CHIU 

T A B L E  I I  

Radioac t iv i ty  Excre ted  in  the  Ur ine  of  Ra t s  D u r i n g  46-hr Per iod  af ter  In ject ion with C14-a-TQ or  C14-a T H Q  

Cl~-a-TQ-injected Ca4-a-THQ-injected 

Ra t  No ,  1 2 3 4 5 6 

T o t a l  d p m  excreted ( X  10 -~) 3.90 4.27 3.09 3.28 3.19 5.98 
% of  dose 13.0 14.2 10.3 11.0 10.7 20.0 
D p m  in ether extract  ( X  10 -~) .08 .09 .07 .15 .17 .24 
D p m  in aqueous phase  (>( 10 -'~) 3.82 4.18 3.02 3.13 3.02 5.74 

was hydrolyzed by this enzyme. Extension of 
the incubation time and alteration of the pH 
did not increase the yield of free acid. Phe- 
nolphthalein monoglucuronide added to the 
medium as an internal standard was com- 
pletely hydrolyzed under the same conditions. 

The possibility that the acid was present as 
an ethereal sulfate or phosphate ester was 
tested by treatment With aryl sulfatase or alka- 
line phosphatase as described. These enzymes 
yielded no labelled products which were ex- 
tractable with ether. Hence, although most of 
the dpm in the urine were shown to be at- 
tributable to a conjugate of tocopheronic acid 
(of  which at least a small portion was pre- 
sent as the glucuronide) the identity of the 
major conjugate was not established. 

Feces Analysis 

The total dpm recovered from the feces by 
ethanol and p e t r o l e u m  e t h e r  extraction 
amounted to 2.6-10.2% of the dose. The pe- 
troleum-ether-soluble fraction ranged from 
31%-72% of the total radioactivity. No  
significant differences were found between the 
rats injected with C~-~-TQ and C~4-~-THQ 
with respect to the total radioactivity excreted 
in the feces or the proport ion of dpm in the 
petroleum ether fraction. 

Representative elution profiles illustrating 
the results of chromatographing the residue 
from the petroleum ether fraction on alumina 

columns are shown in Figure 4. Most of the 
dpm extracted from the feces with petroleum 
ether (59-77% and 79-92%, respectively, from 
the rats injected with C14-TQ and CI~-~-THQ) 
were recovered in the methanol-acetic acid 
fraction. A clear peak of radioactivity (15.3- 
31 . l% of the total dpm eluted) was associated 
with the a-TQ carrier in the case of the rats 
which were i n j e c t e d  with this compound, 
whereas only 1.6-3.5% of the radioactivity 
was eluted in this fraction in the case of the 
C:4-a-THQ-injected group. The identity of the 
labelled compound was confirmed by thin-layer 
chromatography against pure c~-TQ on silica 
gel G using 1% methanol in benzene (Rf = 
0.55) and 3% methanol in cyclohexane (Rf = 
0.45) as solvents. Reduction with SnCI2 and 
rechromatography on a neutral alumina col- 
umn led to recovery of 37.4% of the radio- 
activity in the a-tocopherol fraction. These 
results established the presence of a small 

a m o u n t  of free CI~-~-TQ (5.2-7.3% of the 
total dpm) in the feces of the C14-a-TQ-in - 
jected rats and showed that the amount of 
this compound in the feces of the C14-c~-THQ - 
injected animals was negligible. 

Hydrolysis of the petroleum-ether-insoluble 
fraction of the feces extract with 3 N HC1 for 
2 hr converted 45-52% of the dpm into a 
soluble form. Chromatography of this por- 
tion on a neutral alumina column yielded the 
results shown in Figure 5. Most of the dpm 

T A B L E  I I I  

R f  Values  for  C14-Compounds Obta ined  f r o m  Ur ine  by Ether  Extract ion,  Ac id  Hydrolys is  o r  T rea tmen t  with 
f l-glycuronidase 

Solid phase Liquid  phase  

S tandards  Urinary compounds obtained by 

a-Toc, a -TQ a-Toc. E ther  Acid  fi-glucuron- 
acid a extract ion hydrolysis  idase 

t rea tment  

P a r a ~ n - c o a t e d  paper  75% ethanol  0.2 0.5 0.9-1.0 0.9 0.9-1.0 .... 
Sil icone-coated paper  20% acetonitr i le  0 0 0.7-0.8 0.7-0.8 0.7-0.8 .... 
Si l icone-coated paper  50% acetonitr i le  0 0 1.0 1.0 1.0 .... 
Si l icone-coated paper  70% acetonitr i le  0.3 0.4 1.0 1.0 1.0 .... 
Si l icone-coated paper  90% acetonitr i le 0.8 0.8 1.0 1.0 1.0 
Silica gel thin layer 1% M e O H  in Benzene 0.8 0.5-0.6 0.4-0.6 0.4-0.5 0.4-0.6 0~'5 
Silica gel thin layer 3% M e O H  in Cyclohexane 0.5 0.4-0.6 0.4-0.6 0.5-0.6 0.5-0.6 0.4 

a a- tocopheronic  acid. 
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FIG. 4. Elution profile for the radioactivity in 
the petroleum-ether-insoluble fraction of the feces 
of a rat injected with C'~-ct-TQ (top) and C"-ct- 
THQ (bottom) after chromatography on a neutral 
alumina column. 

were recovered in methanol-acetic acid; how- 
ever, a small peak is discernible in the 35% 
ether fractions which was associated with the 
quinone carrier. The presence of the labelled 
quinone was confirmed by thin layer chroma- 
tography and reduction to C14-a-tocopherol, 
Of the total dpm recovered in the column 
eluates, 12.5% and 13.3% of those derived 
from the feces of two C14-a-TQ-injected rats 
was attributable to ~x-TQ. The corresponding 
values for two animals injected with Cx4-a- 
THQ were 4,6% and 5.5%. 

The identity of the petroleum ether-soluble 
fecal compound(s)  which was eluted from 
alumina with methanol-acetic acid (Figure 4) 
is unknown; possibly it is synonymous with 
the conjugate present in greater amounts in 
the petroleum-ether-insoluble fraction, fl-glu- 
curonidase failed to hydrolyze it. A portion 
of the radioactivity eluted in the non-TQ frac- 
tion after acid hydrolysis of the petroleum- 
ether-insoluble fraction (Figure 5) is attribut- 
able to artifacts. Treatment  of TQ with HC1 
under the conditions used for hydrolysis, fol- 
lowed by chromatography on alumina, re- 
vealed the presence of degradation products 
which were eluted in these fractions. Other 
products may have been formed as a result 
of the action of intestinal microorganisms. 
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FIG. 5. Elution profile for the radioactivity in 
the petroleum-ether-insoluble fraction of the feces 
of a rat injected with C~La-TQ (top) and C"-a- 
THQ (bottom) after acid hydrolysis and chroma- 
tography on a neutral alumina column. 

D I S C U S S I O N  

Although it was not possible to determine 
directly whether the oxidized or reduced form 
of a-TQ was the predominant  species present 
in the liver in situ, the occurrence of conju- 
gates in the feces and urine implies that this 
compound was present mainly in the reduced 
state in the liver and kidneys. A large frac- 
tion of the radioactivity in the feces of the 
C14-a-THQ-injected rats was present as a con- 
jugate which apparently was formed from the 
reduced compound in the liver. No  consistent 
evidence was obtained for the presence of the 
oxidized form in the feces of these animals. 
By contrast, the feces of the C14-a-TQ-injected 
rats contained significant amounts of the free 
quinone. This material probably represented 
that portion of the dose which was secreted 
in the bile before it could be reduced and 
conjugated i n  the liver. 

The reduction of quinones by liver enzymes 
is well known. In addition to ubiquinone, a 
natural consituent of the electron transport 
system of mitochondria,  synthetic compounds 
such as menadione and benzoquinone have 
been shown to be actively reduced in vitro by 
nicotinamide a d e n i n e  dinucleotide-catalyzed 
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reductases  ( 1 9 ) .  Reduc t ion  of  a - T Q  by a 
py r id inop ro t e in  e n z y m e  occurs  in  sp inach  chlo-  
roplas ts  ( 2 0 ) .  I f  a - T Q  is readi ly  r educed  in 
m a m m a l i a n  tissues, however ,  some explana-  
t ion  is needed  for  its low biological  act ivi ty 
re la t ive  to tha t  of the hyd roqu inone .  I t  is pos-  
sible tha t  the  progress ive  enzyma t i c  r educ t i on  
of  a -TQ is closely coupled  wi th  con juga t ion  
of  the  r educed  c o m p o u n d .  A single pa ren t e r a l  
dose of  c~-THQ, on  the  o ther  hand ,  m a y  exer t  
an  an t iox idan t  effect in the  pe r iphe ra l  tissues 
before  it is deac t iva ted  by  con juga t ion  in the 
l iver  and  deg rada t ion  in the  kidneys.  

T h e  f inding t h a t  the  u r ine  con ta ined  a m a j o r  
me tabo l i t e  of a - T Q  in the  f o r m  of  an  a- toco-  
p h e r o n i c  acid con juga te  suppor t s  the  s cheme  
p roposed  by  S imon  a nd  coworkers  (18)  for  
f o r m a t i o n  of  this  acid f r o m  a- tocophero l .  I t  
also accounts  for  the  obse rva t ion  t ha t  a f te r  
Cl~-c~-tocopherol admin i s t r a t i on  to ra ts  only  
t races  of rad ioac t iv i ty  ( <  1% of the  dose)  
were  f o u n d  in the  u r ine  ( 1 ) .  Since there  is 
on ly  a l imi ted  conve r s ion  of  a - tocophe ro l  to 
a - T Q  in vivo, and  of  the  a m o u n t  of  c~-TQ 
f o r m e d  on ly  p a r t  is excre ted  by  way of  the  
ur ine,  it is ev iden t  tha t  a - t ocophe r on i c  acid is, 
u n d e r  n o r m a l  condi t ions ,  a m i n o r  me tabo l i t e  
of v i t amin  E. S c h m a n d k e  (21)  has  r epo r t ed  
tha t  0 .3% of  a dose of  1 g of  c~-TQ a d m i n -  
is tered oral ly  to a h u m a n  subjec t  was ex- 
c re ted  in the  u r ine  as a con juga te  of  a- toco-  
p h e r o n i c  acid. This  low conve r s ion  is p rob-  
ably  a ref lect ion of  inefficient  abso rp t ion  f r o m  
the  intest ine.  

T h e  res i s tance  of  the  u r ina ry  t ocophe r on i c  
acid c o n j u g a t e ( s )  to hydrolys is  wi th  /3-glucu- 
ron idase  is surpr i s ing  in v iew of the  c o n t r a r y  
obse rva t ion  of  S i m o n  et  al. ( 1 8 ) .  A l t h o u g h  
hydrolys is  wi th  this e n z y m e  clear ly l ibe ra ted  
a smal l  a m o u n t  of  f ree  acid, the  m e t a b o l i t e ( s )  
r e m a i n e d  largely  in a b o u n d  f o r m  and  was 
re leased on ly  by  acid hydrolysis .  

The  results  o f  this and  prev ious  studies 
suggest  a genera l  scheme  for  the  m e t a b o l i s m  
of  a -TQ in an ima l  tissues. This  c o m p o u n d  is 
appa ren t ly  a p r o d u c t  ( a long  wi th  a d imer  and  
t r imer )  of  the  oxida t ion  o f  c~-tocopherol by  
lipid free radicals  or peroxides.  I t  is r educed  
to a - T H Q  in the  liver, con juga ted  wi th  glu- 

curon ic  acid and  o the r  c o m p o u n d s ,  and  is 
secre ted in the  bile. I t  appears  in the  feces 
largely  in a con juga ted  f o r m  a long  wi th  a 
smal l  a m o u n t  of  f ree  qu inone  w h i c h  escaped  
con juga t ion  in the  liver. In  the  k idney  , - T Q  
undergoes  reduct ion ,  con juga t ion  and  oxidat ive  
deg rada t ion  of  the  s idechain  to f o r m  a con-  
jugate  of  , - t o c o p h e r o n i c  wh ich  is excre ted  in 
the  urine.  
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Digestion of Butyrate Glycerides by Pancreatic Lipase 1'2 
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Department of Animal Industries, University of Connecticut, Storrs, Connecticut 

ABSTRACT 

The racemic triglycerides, glyceryl-1- 
palmitate-2,3-dibutyrate (PBB),  glyceryl- 
1-butyrate-2,3-dipalmitate (PPB),  glyc- 
eryl-2-butyrate- l ,3-dip a l t a i r  a t  e (PBP) ,  
and the diglyceride, racemic glyceryl-1- 
palmitate-3-butyrate (P-B) were synthe- 
sized and digested with pancreatic lipase. 
Each triglyceride was mixed with equi- 
molar amounts of triolein (OOO) prior to 
incubation. 

The following order of digestion rates 
was observed: PBB > PPB > PBP > P-B. 
There was no evidence for short-chain 
fatty acid specificity; however the tri- 
glycerides containing butyric acid were 
hydrolyzed more rapidly than OOO. Based 
upon the fatty acid composition of partial  
glycerides, digestion of butyrate glycerides 
was not a simple phenomenon. For  ex- 
ample, in the digestion of PBB, butyric 
acid accumulated faster than palmitic acid 
in the diglycerides, and monobutyrin 
was found to accumulate when the di- 
glyceride, P-B, was digested. As evi- 
denced by the fatty acid composition of 
the monoglycerides, positional specificity 
of pancreatic lipase was always main- 
tained. 

INTRODUCTION 

M ILK LIPASE was found to digest glycerides 
in a manner almost identical with pan- 

creatic lipase (1).  Nevertheless one major 
difference appeared to exist between these 
otherwise similar lipolytic enzymes. Entress- 
angles and co-workers (2) concluded that pan- 
creatic lipase possessed a short-chain fatty 
acid specificity, but this laboratory found that 
milk lipase did not differentiate between a 
short- and long-chain fatty acid attached to 
the primary positions of the same triglyc- 
eride (3).  

This difference was confusing since it had 
been observed that both of these lipases 

1Scientific contribution No. 245, Agricultural Experiment 
Station, University of Connecticut, Storrs. 

2Presented in part at the AOCS Meeting, Philadelphia, 
October 1966. 

*Present address: Worchester Foundation for Experimental 
Biology, Shrewsbury, Mass. 

4Present address: Department of Dairy Science, University 
of Maryland, College Park. 

yielded similar fatty acid patterns in the 
products of lipolysis from the digestion of 
milk fat, namely, large quantities of butyric 
acid (4:0)  in the free fatty acids and lesser 
quantities of 4:0  in the residual triglyceride 
as compared with the original triglyceride. 
Thus, contrary to expectations, the milk en- 
zyme gave results which could be interpreted 
as short-chain fatty acid specificity. 

At  that time it was not understood how 
milk lipase could preferentially release butyric 
acid from the mixed natural fat and not from a 
synthetic triglyceride, such as racemic gly- 
ceryl-l-palmitate-2,3-dibutyrate (PBB).  These 
paradoxical results were reconciled when the 
milk enzyme was incubated with an equimolar 
mixture of the synthetic triglycerides, PBB and 
t r iolein (OOO),  and greater quantities of both 
palmitic acid (16:0)  and 4 :0  compared with 
oleic acid (18:1)  were released but not more 
4:0  relative to 16:0 (4).  In considering 
lipolysis of the butyrate triglyceride, there was 
not a preferential digestion of the 4:0  linkage 
but instead a more rapid hydrolysis of the 
entire triglyceride as compared with OOO. This 
differential rate of lipolysis between glycerides 
was termed intermolecular specificity, as con- 
trasted to fatty acid specificity or intramolecu- 
far specificity, but is more correctly defined 
as uonrandom hydrolysis of glyceride classes. 

The results of the lipolysis of milk fat by 
the milk enzyme could now be attributed to 
intermolecular specificity for the butyrate 
triglycerides, not necessarily to a simple pre- 
ferential digestion of the butyrate ester bonds. 
It was a necessary, logical step to ask  whether 
the data reported for the pancreatic lipolysis 
of short-chain fatty acid triglycerides were in 
actuality the result of intermolecular specificity 
and not short-chain fatty acid specificity. In- 
deed, the authors a r e  convinced that this is 
the case and have already presented some pre- 
l iminary data which support this hypothesis 
(5) .  Nevertheless data in the literature (2) 
can only be interpreted as short-chain fatty 
acid specificity, suggesting that these results 
with PBB may have been a special case. There- 
fore the research reported herein was initiated 
to explore more fully the behavior of pan- 
creatic lipase in the hydrolysis of butyrate 
glycerides. 
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MATERIALS AND METHODS 

Substrates 

Triolein (OOO) was purchased from the 
Hormel Institute (Austin, Minn.) and purified 
by elution through alumina (6). Racemic gly- 
ceryl-l-palmitate-2,3-dibutyrate (PBB), race- 
mic glyceryl-l-palmitate-3-butyrate (P-B), and 
glyceryl-2-butyrate-l,3-dipalmitate (PBP) were 
prepared by reacting 1-monopalmitin with the 
appropriate quantities of acid chloride. The 
synthesis of PBP involved the intermediate, 
1,3-dipalmitin. All intermediates and final 
products, including the 1-monopalmitin, were 
synthesized according to established proced- 
ures (7,8). 

Racemic glyceryl- 1-butyrate-2,3-dipalmitate 
(PPB) was prepared by reacting the diglycer- 
ide, P-B, with palmitoyl cholride or by react- 
ing glyceryl-l,2-dipalmitin with butyryl chlor- 
ide (7);  the dipalmitin was synthesized from 
palmitoyl chloride and 1-tetrahydropyranyl 
glyceryl ether essentially as described by Kra- 
bisch and Borgstrom (9) and was purified by 
crystallization from petroleum ether (30-45C) 
at room temperature. 

PBB, PBP, and PPB were purified by elu- 
tion through alumina (6). P-B was purified by 
procedures outlined by Mattson and Volpen- 
hein for 1,3-diglycerides (7) except that the 
temperature of crystallization was -25C. As 
determined by thin-layer chromatography 
(TLC) and gas-liquid chromatography (GLC) 
(8,10), the purity of all intermediates and 
final glycerides, including the OOO, was esti- 
mated to approach 99%. 

Digestion Conditions 

Each of the butyrate triglycerides (1.05 
millimoles) was mixed with an equimolar 
quantity of OOO, 56 ml of 0.25 molar Tris 
buffer (pH 8.0) containing 10% w/v  gum 
arabic, 3.5 ml of 4 molar CaC12, and 1.4 ml 
of 1% w/v  bile salts. The mixtures were 
emulsified with the aid of a Waring Blendor 
and distributed so that each digestion flask 
contained approximately 300 micromoles of 
substrate, 8 ml of Tris buffer, 0.5 ml of CaCI2, 
and 0.2 ml of bile salts. Samples were ineu- 
bated in the presence of 25 mg of pancreatic 
lipase for 2.5, 5, and 10 min at 37C. The 
diglyceride substrate, P-B, was treated in es- 
sentially the same manner except that no OOO 
was used; 2.5- and 15-minute incubation 
periods were employed, and each sample con- 
tained 600 micromoles of substrate and 50 mg 
of pancreatic lipase. Duplicate samples of 
each substrate was analyzed at each time-in- 

terval. In addition, one control containing no 
enzyme was incubated for each substrate at 
the longest time-interval employed. The en- 
zyme preparation and the general enzymatic 
procedure have been described (11). 

Extraction and Analysis 

Samples were extracted with chloroform- 
methanol (9:1)  by a procedure adapted from 
Harper et al (12). Digestion mixtures were 
acidified with 0.5 ml of 20% H2SO4 and care- 
fully rinsed with water and ethyl ether into a 
casserole containing activated silicic acid. The 
sample was triturated and mixed with 75 ml 
of extracting solvent; the resulting slurry was 
transferred to a column fitted with a sintered 
glass disc. The sample was eluted from the 
silicic acid with the aid of a vacuum from a 
water aspirator. Before the column was dry, 
the casserole was rinsed with 175 ml of sol- 
vent, and this was used to elute the sample 
completely. After extraction the samples were 
divided into two equal portions. One portion 
was separated by preparative TLC (5) into 
residual triglyceride, diglyceride, monoglycer- 
ide, and free fatty acids; the other portion was 
used to determine 4:0 in the free fatty acids as 
described below. Fractions separated by TLC 
were converted to butyl esters and analyzed by 
temperature-programmed GLC (10). Free 
fatty acids were esterified by refluxing in bu- 
tanol with H2SO4 as the catalyst (13);  neutral 
lipids were esterified with sodium butoxide in 
the presence of dibutyl carbonate (10). 

Estimation of Butyric Acid in the 
Free Fatty Acids 

One-half of the extracted sample was first 
titrated to the thymol blue end-point to de- 
termine total free fatty acids. Then the sol- 
vent was removed with the aid of a rotary flash 
evaporator, ca 10 rng of 4:0 were added to 
facilitate discrimination during chromatog- 
raphy, and the contents were acidified and 
separated by conventional column chromatog- 
raphy according to the AOAC procedure for 
the estimation of 4:0 (14). The long-chain 
fraction was collected and titrated; 4:0 was 
calculated by the difference between the total 
titration and the long-chain titration. The ratio 
of 16:0 to 18:1 in the latter fraction was ob- 
tained from GLC data. Several "digestion mix- 
tures" containing known amounts of 4:0 and 
16:0 were prepared and conducted through 
the extraction and free fatty acid estimation 
steps to determine the recovery of 4 :0  by this 
method. Prior to extraction, each of these 
samples was mixed with 0.5 ml of CaC12, 0.2 
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TABLE I 

Recovery of Standard Mixtures a of Butyric and Palmitic Acid 
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Fatty Acid Added Fatty Acid Recoveredb Mole Percentage 4:0 
Samples 16:0 4:0  Total e 16:0 a 4:0 e Added Found Recovery 
an alyzed Microequivalents Percentage 

8f 74.6 77.7 99.3 93.4 105.3 51.0 54.1 106 
3 287.9 58.0 90.9 89.8 95.5 16.8 17.6 105 
3 375.4 48.9 97.3 95.0 115.1 11.5 13.6 118 
2 198.4 73.9 90.0 91.3 86.6 27.1 26.1 96 
2 151.0 198.0 91.6 99.3 86.0 56.7 53.2 94 
2 149.8 152.2 100.1 98.9 101.2 50.4 51.0 101 
1 223.0 325.0 97.9 101.2 95.1 59.3 57.8 98 
1 263.3 146.6 92.7 91.3 95.4 35.8 36.8 103 

Average % recovery 95.0 95.0 97.5 . . . . . . . .  103 

aThese were mixed with 0.5 ml of CaCI2, 0.2 ml of 1% bile salts, and i0 ml of 10% gum arabic in pH  8,0 
Tris buffer. 

bThese are averages of number of samples analyzed. 

cRecovery after extraction step is shown. 

a Recovery includes extraction and cohtmn chromatography. 

eThe 4:0 contents were calculated by difference [total free fatty acids-long-chain fatty acids]. 

fThese samples also contained 125 nag of purified olive oil triglycerides. 

ml of 1% bile salts, and 10 ml of pH 8.4 Tris 
buffer containing 10% gum arabic, then was 
allowed to incubate with shaking at 37C for 
5 min. Eight of these samples also contained 
125 mg of purified olive oil triglycerides (6) .  
A total of 22 samples was analyzed. Data 
concerning the ratios and microequivalents of 
fatty acid added as well as the recovery values 
are recorded in Table I. 

RESULTS AND DISCUSSION 

As can be seen in Table I, the recoveries for 
4:0, on an absolute basis, varied from 86- 
115% but, on the average, were slightly higher 
than those for 16:0. This can be attributed 
to the extra step of column chromatography 
required for the determination of 16:0. Bu- 
tyric acid, in this method, can be lost only 
before the total titration step, thus the recovery 
of 4:0 relative to 16:0 is generally high (last 
column, Table I)  and averages 103%. The 
addition of olive oil triglycerides did not ap- 
preciably alter the recoveries. 

The recovery of total fatty acids in this 
silica gel extraction method was 95% and 
was comparable with those previously reported 
(12).  No attempt was made during this study 
to ascertain the recoveries of each individual 
digestion product;  however, based on previous 
work (15,16),  the average recoveries of all 
products were judged to be 90% or greater. 
An estimate of the relative recovery of the 
triglycerides can be made by comparing the 
compositions of these fats from the intact and 
enzymeless controls (Table I I ) .  The values 
for the intact fat were from GLC analyses of 
butyl esters of an aliquot of the digestion mix- 
ture prior to extraction whereas those for the 

enzymeless control were based on similar 
analyses after extraction and TLC. Some loss 
of oleate triglyceride did occur (average re- 
covery = 97.7% ) and may have been caused 
by oxidation during TLC as noted by Nicha- 
man et al. (17).  F rom data in Tables I and 
II  it was concluded that the method was suit- 
able for the analyses under investigation. 

The data from the pancreatic lipase diges- 
tions are summarized in Tables I I I -VI as mole 
percentage of each. product  in each fraction 
from TLC. The results from the triglyceride 
mixtures are compared with theoretical values 
calculated from control samples by assuming 
the absence of both fatty acid and intermolecu- 
lar specificity. In the runs involving PBB and 
OOO .(Table I I I )  it was apparent that PBB had 
been preferentially hydrolyzed as, after 10 
minutes of digestion, only 16.9 M %  remained 
compared to an initial value of 52.9 M % .  

TABLE I I  

Fatty Acid Composition of Synthetic Triglycerides Before a 
and Afterb Extraction and Thin-Layer Chromatography 

4:0 16:0 18:1 
Sample Mole percentage 

PBB ]e Before 33.1 16.9 50.0 

OOOJ F ~  After 35.3 17.5 47,2 

PPB )e Before 16.2 32.4 51.4 

OO-OJ F -  After 16.5 32.9 50.6 

PBP ;e Before 17.4 34.7 47.9 

OOOJ After 16.6 35.2 48.2 

aBefore  ~ intact TG sampled immediately after mixing 
triolein with the butyrate triglyceride. 

bAftcr = enzymeless control sample. 
ep ~ palmitatc, B = butyrate, O ~ oleate. 

LIPIDS, VOL.  2, N o .  5 



4 0 0  J .  SAMPUGNA,  J .  G .  Q U I N N ,  R .  E .  PITAS, D .  L .  C A R P E N T E R  AND R .  G .  J E N S E N  

T A B L E  I I I  

Some Lipolyt ic  Products  f r o m  Equ imola r  Mix tu re  
of  PBB q- O O O a  

T A B L E  V 

Some Lipolyt ic  Products  f r o m  E q u i m o l a r  Mixture  
of  P B P  + O O O a  

Minutes  Res idual  Tr iglycer ide Diglycer ide  Minutes  Res idual  Tr iglycer ide Diglycer ide  
Mole  percentage  Mole  percentage  

PBB O O O  P B -  - B B  --OO P B P  O O O  P B -  - O O  
2.5 45.2 54.8 20.8 52.1 27.1 2.5 49.8 50.2 53.6 46.4 
5.0 29.2 70.8 21.6 48.7 29.7 5.0 49.8 50.2 47.1 52.9 

10.0 16.9 83.1 13.6 46.6 39.8 10.0 44.5 55.5 49.6 50.4 
Theory  52.8 47.2 26.4 26.4 47.2 Theory  51.8 48.2 51.8 48.2 

Minutes  Monoglycer ide  Free  fa t ty  acid  Minutes  Monoglycer ide  F ree  fa t ty  acid 
- B -  - O -  P B O - B -  - O -  P O 

2.5 50.0 50.0 35.9 31.3 32.8 2.5 73.7 26.3 61.9 38.1 
5.0 61.6 38.4 33.5 28.1 38.4 5.0 58.7 41.3 58 .9  41.1 

10.0 58.4 41.6 28.2 28.8 43.0 10.0 56.2 43.8 55.7 44.3 
Theory  52.8 47.2 26.4 26.4 47.2 Theory  51.8 48.2 51.8 48.2 

aThese  were incubated  wi th  25 m g  of  pancrea t i c  l ipase aThese  were incubated  wi th  25 m g  of  pancrea t ic  lipase 
at 37C; P = palmita te ,  B = butyrate ,  O = oleate, at  37C; P = palmitate ,  B = butyrate ,  O = oleate. 

This decrease in butyrate triglyceride could 
have resulted from specificity for either triglyc- 
eride or fatty acid. Examination of the free 
fatty acid data however eliminates the pos- 
sibility of a simple specificity for butyric acid 
which would require a greater than theoretical 
content of 4:0. Instead, both 16:0 and 4:0 
were released in greater than theoretical 
amounts. These results are inconsistent with 
a specificity for butyric acid but can be ex- 
plained by a more rapid hydrolysis of the bu- 
tyrate triglyceride with equal lipolysis rates of 
either pr imary ester linkage. 

The pattern in the partial  glycerides is more 
difficult to interpret. The accumulation of 
monobutyrin was expected since the butyrate 
triglyceride was being preferentially digested, 
and monobutyrin is hydrolyzed relatively slow- 
ly compared with longer-chain monoglycerides 
(18).  The diglyceride values however were 
unexpected. The high values of dibutyrin may 
be attributable to the partial solubility of this 
diglyceride in water, which resulted in a pre- 
ferential digestion of the PB diglyceride. This 

T A B L E  I V  

Some Lipolyt ic  Products  f r o m  Equ imola r  Mix tu re  
o f P P B  + O O O a  

Minutes  Res idual  Tr iglycer ide Diglycer ide  
Mole  percentage  

P P B  O O O  B P -  - P P  --OO 
2.5 48.7 51.3 37.9 24.5 37.6 
5.0 45.1 54.9 44.8 16.1 39.1 

10.0 35.2 64.8 34.5 20.1 45.4 
Theory  49.4 50.6 24.7 24.7 50.6 

Minutes  Monoglycer ide  F ree  fat ty  acid 
- P -  - O -  B P O 

2.5 47.6 52.4 28.5 31.6 39.9 
5.0 50.0 50.0 23.4 36.8 39.8 

10.0 48.5 51.5 23.6 28.2 48.2 
Theory  49.4 50.6 24.7 24.7 50.6 

aThese  were  incubated wi th  25 m g  of  pancrea t ic  l ipase 
at 37C; P z palmitate ,  B = butyrate ,  O = oleate. 
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is partially substantiated by the higher amounts 
of 16:0 relative to 4:0  in the 2.5- and 5.0- 
minute free fatty acids. 

In Table IV are summarized the results for 
the digestion mixtures of PPB-OOO. Again, 
butyrate triglyceride has been preferentially 
digested, and the free fatty acid data do not 
support a simple concept of short-chain fatty 
acid specificity. As for PBB, the diglyceride 
values are difficult to interpret. The BP diglyc- 
eride relative to the dipalmitin should be pres- 
ent in equal amounts; however, at all times 
sampled, there was relatively more BP present. 
Also in the free fatty acid data, relatively more 
16:0 than 4:0 was released. These results are 
consistent with a faster digestion rate for the 
PP diglyceride. As for PBB, it was the diglyc- 
eride containing the least butyric acid which 
appeared to be digested most rapidly and is 
contrary to what would have been predicted. 
Similar results would be expected if the natur- 
al substrate for pancreatic lipase was the 1,2- 
diglyceride as compared with the 1,3-diglycer- 
ide and if preferential acyl migration occurred 
so that the diglycerides which Contained more 
butyrate isomerized to the 1,3-diglycerides the 
fastest. However numerous alternative hy- 
potheses could be formulated, all of which 
would be equally speculative. 

' F A B L E  V I  

Some Lipolyt ic  Products  f r o m  Glyceryl-l-Palmitate-3- 
Butyra te  a 

Minutes  Monoglycer ides  b Free  fat ty  acids b 
Mole  percentage  

- - B - -  - - P - -  B P 
2.5 58.0 42.0 39.3 60.7 

15.0 66.1 33.9 39.1 60.9 

aThe  240 m g  per  sample  were incuba ted  at 37C with  
50 m g  of  pancrea t ic  lipase. 

b B = b u t y r a t e ,  P = p a l m i t a t e .  



DIGESTION OF BUTYRATE GLYCERIDES BY PANCREATIC LIPASE 401 

The results from the PBP-OOO mixtures are 
displayed in Table V. Evidence for a prefer- 
ential attack of the butyrate triglyceride was 
most pronounced in the 10-minute residual 
triglyceride, the monoglyceride, and the free 
fatty acids. In the digestions of PBP-OOO it 
was possible to detect no 4:0 in the free fatty 
acids and only traces (less than 1 M % )  of 
monopalmitin. These results with PBP con- 
trast those of Clement et al. (19),  who found 
25 M %  4:0 in the free fatty acids when this 
glyceride was digested with human pancreatic 
lipase. However the latter digestions were 
conducted for two hours as compared with 
the 10-minute digestions in this study. Un- 
doubtedly acyl migration is a serious problem 
in lengthy digestions since Clement et al. re- 
ported only 2 M %  4:0 in the free fatty acids 
when the digestions were limited to 20 minutes. 

The absence of 4:0 in the free fatty acids 
and the virtual absence of 16:0 in the mono- 
glyceride derived from PBP in this study are 
good evidence that the positional specificity 
of pancreatic lipase can be maintained during 
digestions involving butyrate glycerides. Also 
the absence of any 4:0 in the free fatty acids 
excludes the possibility that the preferential 
hydrolysis of this butyrate triglyceride is at- 
tributable to a short-chain fatty acid specificity. 

Some of the results from the digestion of 
the diglyceride, P-B, are presented in Table 
VI. In  the free fatty acid more 16:0 rather 
than 4:0 is present, a finding which is in 
contrast to what has been reported (2) .  F rom 
these results it would be predicted that the 
pattern in the monoglyceride should be the 
opposite of the free fatty acid values, that is, 
if more 16:0 was liberated, then more 4:0  
should remain behind in the monoglyceride. 
This was indeed observed as monobutyrin ac- 
cumulated. 

These results would be expected if the 
diglyceride isomerized during the digestion 
process and if this isomerization involved the 
preferential migration of the 4:0  from the 
primary to the secondary hydroxyl. The 4:0 
present as the secondary position ester would 
be less available to the pancreatic lipase. How- 
ever, when these digestion mixtures were 
checked by boric acid TLC (20) for the 
presence of 1- and 2-monoglycerides, only the 
1-isomer was observed. Furthermore,  in ex- 
perience with synthetic glycerides, the 1,3- 
diglyceride has been found to be much more 
stable than the 1,2-diglyceride. 

A more plausible explanation for the results 
in Table VI assumes the preferential digestion 

of 1-monopalmitin. This is understandable 
when it is recognized that monobutyrin is 
water-soluble and that pancreatic lipase is 
known to act at a water-oil interface (21).  
Therefore monobutyrin might be relatively un- 
available to this enzyme. This is supported 
by the report  (18) that monobutyrin was hy- 
drolyzed more slowly than monolaurin. 

In the digestion of P-B it should be pointed 
out that, compared with the triglyceride sub- 
strates, the diglyceride was not hydrolyzed 
readily. A comparison of the 2.5-minute 
values, based on the ueq of fatty acid released 
per minute per 25 mg of enzyme gave: PBB- 
OOO, 63.4; PPB-OOO, 52.7; PBP-OOO, 40.0; 
and P-B, 17.5. Similar differences have been 
noted when other triglycerides and diglycerides 
were compared (18,22).  Nevertheless, when di- 
gestion rates of diglycerides were determined in 
a triglyceride --~ diglyceride ---> monoglyceride 
reaction (16,23),  the diglycerides and triglyc- 
erides appeared to be digested at comparable 
rates. This may simply reflect differences in 
ease of emulsification, but it is relevant that 
the natural substrate for pancreatic lipase is 
the 1,2-diglyceride formed at the interface by 
lipolysis. Therefore comparisons drawn from 
separate incubations of 1,2- or 1,3-diglycerides 
may not be valid. 
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Human Placental Lipid Metabolism. 
III. Synthesis and Hydrolysis of Phospholipids 
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Chemistry, The Ohio State University College of Medicine, and The Children's Hospital 
Research Foundation, Columbus, Ohio 

ABSTRACT 

Both diacyl GPC (glycerylphosphoryl- 
choline) and diacyl GPE (glycerylphos- 
phorylethanolamine) are synthesized in 
human placental tissue from their respec- 
tive monoacyl precursors. The origin of 
the monacyl phosphatides is apparently 
not the result of placental phosphatide 
acyl-hydrolase activity. The most likely 
source is maternal serum. The declining 
level of 1-acyl GPC in maternal serum is 
not attributable to lysophosphatide acyl- 
hydrolase activity and is probably ex- 
plained by placental utilization for the 
synthesis of diacyl GPC. 

INTRODUCTION 

T HE ACTIVITY in placental tissue of acyl GPC 
acyl-transferase (E.C. 2.3.1.99) (1) has 

been previously described. This study reports 
the synthesis of diacyl GPE from 1-acyl GPE. 
In placental tissue the monoacyl substrate could 
arise  from phosphatide acyl-hydrolase (E.C. 
3.1.1.4) activity. Therefore the hydrolysis of 
endogenous and exogenous diacyl phosphatides 
was measured. Another explanation is that acyl 
GPC may be derived from maternal serum, as 
was originally suggested by Svanborg and 
Vikrot (2). The decline in acyl GPC during 
pregnancy (2) could represent either utilization 
or hydrolysis by the placenta. The placental 
activity of lysophosphatide acylhydrolase (E.C. 
3.1.1.5) was therefore measured. 

MATERIALS AND METHODS 

Placental tissue was perfused and prepared 
as previously described (1). These prepara- 
tions are referred to as the tissue homogenate. 

The 1-acyl GPC and 1-acyl GPE were pre- 
pared from chicken egg yolk (3). The phos- 
phorus to ester value of 1-acyl GPC was 0.97 
and of 1-acyl GPE, 0.92. Beta 1J~C-diacyl 
GPC and beta 1-~4C-diacyl GPE were prepared 
with x~C-oleic acid by the enzymatic action of 
human erythrocytes on 1-acyl GPC and 1-acyl 
GPE (4). 

The conversion of 1-acyl GPE to diacyl GPE 

was measured by incubating the homogenate 
with 1-acyl GPE, CoA (coenzyme A), ATP 
(adenosine triphosphate), and 1-14C-oleic acid. 

Phosphatide acyl-hydrolase activity was 
measured by incubating the homogenate with 
beta 1-~4C-diacyl GPC or beta 1-~4C-diacyl 
GPE. The hydrolysis of endogenous diacyl 
phosphatides was measured by determining the 
decline of diacyl GPC and diacyl GPE phos- 
phorus values. Lysophosphatide acyl-hydrolase 
activity was determined by measuring the dis- 
appearance of added 1-acyl GPC phosphorus. 
The level of endogenous acyl GPC was too low 
in this system to measure any hydrolysis. 

The lipids from all incubations were ex- 
tracted and the lipid fractions separated by 
thin-layer chromatography on silica gel or 
column chromatography" on silicic acid. All 
snbstrates used were purified by silicic acid 
column chromatography and appeared pure 
on thin-layer chromatography. The a~C was 
measured by a Nuclear Chicago gas flow- 
counter to a 5 % accuracy level. 

In all instances "phosphate buffer" refers to 
a 0.1 N, p h i 7 . 4  buffer containing one micro- 
mole per milliliter of Na deoxycholate. When 
erythrocytes were used the cells were washed 
and the hemolysate was used undiluted. 

R ES U LTS 

Previous studies showed the synthesis of 
diacyl GPC from 1-acyl GPC (1). Incubations 
were performed by using 1-acyl GPE as the 
substrate. When erythrocytes, 14C-oleic acid, 
and 1-acyl GPE are incubated, 44% of the 
radioactivity is incorporated into diacyl GPE 
(Table I) with no incorporation in the diacyl 
GPC fraction. However when per fused 
placenta is incubated with ~4C-oleic acid and 
1-acyl GPE, 18% of the radioactivity is in- 
corporated into diacyl GPE and 23% into 
diacyl GPC. In the absence of 1-acyl GPC or 
1-acyl GPE no radioactive diacyl phosphatides 
were formed by placental tissue. The synthesis 
of diacyl GPC when 1-acyl GPE was the sub- 
strate could be explained by the conversion of 
diacyl GPE to diacyl GPC. However the in- 
cubation of ~4C-diacyl GPE with placenta 
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TABLE I 
Synthesis of Diacyl GPE and Diacyl GPC 

from l-acyl-GPEa 

Percentage of C ~4 Incorporated 

Erythrocyte Perfused 
Time hemolysate placenta 

(minutes) Diacyl-GPE Diacyl-GPC Diacyl-GPE Diacyl-GPC 

0 2 2 2 2 
5 4 1 7 6 

10 7 1 13 13 
15 10 2 17 20 
20 13 2 18 19 
60 44 4 18 23 

aIncubation mixture consists of 1-14C:oleic acid (26 
millimicromoles, 116,000 cpm), 400 millimicromoles of 
1-acyl-GPE, 0.1 ml of 0.1 NI MgC12, 0.4 rnl of phosphate 
buffer, 0.1 ml ATP (10 micromoles), 0.2 ml of tissue 
homogenate, and 0.2 ml CoA (26 millimicromoles). Figures 
represent the percentage of 14C in each lipid fraction. 

y i e l d e d  n o  ~4C-diacyl  G P C .  A l s o  i n c u b a t i o n  o f  
p e r f u s e d  p l a c e n t a  w i t h  S - A d e n o s y l - l - M e t h i o -  
n i n e - M e t h y l - ~ 4 C  in  t h e  s y s t e m  o f  G i b s o n  e t  al. 
( 5 )  g a v e  n o  ~4C-diacyl  G P C  w h e r e a s  a c r u d e  
h o m o g e n a t e  o f  r a t  l iver  d i d  l e a d  to  ~4C-diacyl  
G P C .  T h e  pos s ib i l i t y  m u s t  be  c o n s i d e r e d  t h a t  
t h e  s u b s t r a t e ,  1 -acy l  G P E ,  m a y  be  c o n t a m i -  
n a t e d  w i t h  1 -acy l  G P C  a n d  t h a t  p l a c e n t a l  acy l -  
G P C  a c y l - t r a n s f e r a s e  d i f fe rs  f r o m  t h e  e r y t h r o -  
cy t e  e n z y m e  in  its a f f in i ty  f o r  1 -acy l  G P E .  
T h e r e  w a s  n o  e v i d e n c e  h o w e v e r  f r o m  t h e  t h i n -  
l a y e r  c h r o m a t o g r a p h y  t h a t  t h e r e  w a s  c o n t a m i -  
n a t i o n  o f  t h e  1 -acy l  G P E  s u b s t r a t e .  

T h e  h y d r o l y s i s  o f  e n d o g e n o u s  d i acy l  G P C  
a n d  d i aey l  G P E  w a s  m e a s u r e d ,  a n d  t h e  r e s u l t s  
a r e  s h o w n  i n  T a b l e  II.  I n  t h r e e  h o u r s  t h e r e  is 
n o  a p p r e c i a b l e  h y d r o l y s i s  o f  e i t h e r  e n d o g e n o u s  
s u b s t r a t e .  W h e n  1 4 C - d i a c y l  p h o s p h a t i d e s  a r e  
i n c u b a t e d  w i t h  p l a c e n t a l  t i s sue ,  t h e r e  is s l i gh t  
h y d r o l y s i s  o f  d i acy l  G P E  in  t h r e e  h o u r s  a n d  n o  
h y d r o l y s i s  o f  d i acy l  G P C  ( T a b l e  I I I ) .  T h e  
c o n t r o l  i n c u b a t i o n  w i t h  r a t  i n t e s t i n e  h o m o g -  
e n a t e  s h o w s  a l m o s t  c o m p l e t e  h y d r o l y s i s .  

T h e  i n c u b a t i o n  o f  1 -acy l  G P C  w i t h  p e r f u s e d  
p l a c e n t a  s h o w e d  n o  s i g n i f i c a n t  h y d r o l y s i s  
( T a b l e  I V )  w h e r e a s  h y d r o l y s i s  in  th i s  s y s t e m  

TABLE II 

Absence of Hydrolysis of Endogenous Diacyl GPC and 
Diacyl GPE a 

Time Endogenous Phospholipid 
(minutes) Diacyl GPC Diacyl GPE 

0 45.1 30.5 
60 43.7 29.2 

120 41.1 29.2 
180 42.4 29.2 

aIncubation consists of 1.4 ml of placental homogenate 
and 0.6 ml of phosphate buffer. Figures represent the 
average of triplicate incubations expressed as millimicro- 
moles of phosphorus in total incubation. 

TABLE III 
Hydrolysis of Diacyl Phosphatides a 

Incubation with 14C- 
Diacyl GPC 

Percentage of 14C in Lipid Fractions 

Fatty Diacyl Acyl 
Tissue acid phosphatide phosphatide 

No enzyme 2 95 3 
Rat intestine 86 12 2 
Perfused placenta 4 92 4 

Incubation with 14C- 
Diacyl GPE 
No enzyme 9 89 2 
Rat intestine 93 5 2 
Perfused placenta 17 82 1 

aIncubation mixture consists of 0.2 ml of 14C-diacyl GPC 
labeled in the 2 position (160 mum, 10,000 clam) or 14C- 
diacyl GPE labeled in the 2 position (99 mum, 9,400 cpm) 
sonicated in phosphate buffer, and 0.2 ml of the tissue 
homogenate. All incubations were stopped at three hours. 
Figures represent the average percentage of a4C found in 
the lipid fractions from duplicate incubations. 

d o e s  o c c u r  w i t h  r a t  i n t e s t i n e  h o m o g e n a t e .  
I n  t h e s e  e x p e r i m e n t s  w h e r e  l i t t le  or  n o  h y -  

d r o l y s i s  o c c u r r e d ,  t h e  p l a c e n t a l  h o m o g e n a t e  
s h o w e d  a d e q u a t e  p h o s p h a t i d e  s y n t h e s i s  w h e n  
c o f a c t o r s  a n d  s u b s t r a t e  w e r e  a d d e d  ( a s  in  
T a b l e  I )  a n d  w a s  n o t  i n a c t i v a t e d  b y  t h e  

m e t h o d  o f  p r e p a r a t i o n .  

DISCUSSION 

T h i s  w o r k  h a s  s h o w n  t h a t  p l a c e n t a l  t i s sue  
c a n  c o n v e r t  1 -acy l  G P C  ( 1 )  a n d  1 -acy l  G P E  
to d i acy l  G P C  a n d  d i acy l  G P E  r e s p e c t i v e l y .  
T h e  q u e s t i o n  a r i ses  w h e t h e r  o r  n o t  t he  m o n o -  
acy l  s u b s t r a t e  is p r o d u c e d  in  t h e  p l a c e n t a l  t is-  
s u e  b y  p h o s p h a t i d e  a c y l - h y d r o l a s e  ac t iv i ty .  
S i nce  in  t h e s e  e x p e r i m e n t s  t h e r e  is n o  h y d r o l -  
y s i s  o f  e n d o g e n o u s  d i a c y l  G P C  a n d  e n d o g -  
e n o u s  d i acy l  G P E ,  n o  h y d r o l y s i s  o f  e x o g e n o u s  
d i a c y l  G P C  a n d  o n l y  s l i gh t  h y d r o l y s i s  o f  
e x o g e n o u s  d i acy l  G P E ,  it s e e m s  u n l i k e l y  t h a t  
p l a c e n t a l  p h o s p h o l i p a s e  ac t i v i t y  a f fo rd s  t h e  
1 -acy l  s u b s t r a t e  f o r  s y n t h e s i s  o f  t h e  d i acy l  

TABLE IV 
Absence of Hydrolysis of l=Acyl GPC by Placenta a 

Tissue 
Time 

(minutes) No enzyme Placenta Rat intestine 

0 2.75 2.48 2.39 
10 2.61 2.67 1.95 
20 2.39 2.53 1.49 
40 2.70 2.72 0.96 

a Incubation mixture consists of 0.2 ml of tissue homog- 
enate, 0.4 ml of 1-acyl GPC solution (4 micromoles), and 
0.4 ml of phosphate buffer. At each designated time 0.2 
ml were removed and analyzed. Figures represent micro- 
moles of phosphorus in 1-acyl GPC fraction of total in= 
cubation and are the average of triplicate incubations. 
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phosphat ides .  These  results are different  f r o m  
those of Popjak  (6 ) ,  who  injected BeP-labeled 
phosphol ipids  into rabbits  and recovered  ~2p_ 
g lycerophosphate  and inorganic  32p f rom the 
placenta.  He  concluded that  this represents  
placental  b r eakdown  of phosphol ipids .  H o w -  
ever no tissue incubat ions were  repor ted.  

The  monoacyl  substrate  may  arise f rom the 
maternal  blood,  and a decline in mate rna l  
se rum acyl G P C  does occur  dur ing p regnancy  
(2) .  This decline cannot  be expla ined by 
placental  hydrolysis  of  acyl G P C  since these 
studies show that  this activity is absent  in per-  
fused placenta,  The  absence  of  lysophos-  
phat ide  acyl-hydrolase activity differs f r o m  the 
results o f  Winkler ,  w h o  showed  this activity in 
rat  p lacenta  prepara t ions  (7 ) .  The  var ia t ion 
be tween  the results may  be expla ined by the 
action of erythrocytes ,  which  are k n o w n  to 
have lysophosphat ide  acyl-hydrolase activity 
(8 ) ,  or by species or incubat ion  differences. 
The  maternal  origin of the monoacy l  substrates  
is fur ther  suggested by the work  of Eisenberg  
et al., who  have shown that  the rat  p lacenta  
removes  1-acyl G P C  f rom the materna l  circula- 
t ion and utilizes it to fo rm placental  phospho-  
lipids (9) .  
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Comparison of Column Chromatographic Methods for the 
Quantitative Determination of Mono- and Digalactodiglycerides 
in Fresh Alfalfa (Medicago sativa) 
J. VAN DER VEEN, K. HIROTA and H. S. OLCOTT, Institute of Marine Resources, 
Department of Nutritional Sciences, University of California, Berkeley, California 

ABSTRACT 

Three column chromatographic proce- 
dures for separating and recovering the 
galactolipids in fresh alfalfa extracts were 
compared. Silicic acid chromatography 
yielded pure fractions by thin-layer chro- 
matography, infrared absorption, and 
chemical analysis. The carbon-Celite 
column gave the highest yield of mono- 
galactodiglyceride. Of the 1.2% total 
lipids of fresh alfalfa, approximately 12% 
was monogalactodiglyceride and 8% was 
digalactodiglyceride. Linolenic acid ac- 
counted for about 90% of the total fatty 
acids in these components. 

INTRODUCTION 

O 'BmEN AND BENSON (1) used three 
columns in series (Florisil,  DEAE-cellu-  

lose, silicic acid) to separate the galactolipids 
in fresh alfalfa extracts. This system facilitated 
the separation of the sulfolipid, but the amounts 
of monogalactodiglyceride ( M G D G ) ,  4 .6%,  
and digalactodiglyceride ( D G D G ) ,  8.6% re- 
covered, differed from those obtained by the 
authors with dehydrated alfalfa lipids ( M G D G ,  
11.7%; and D G D G ,  6 .5%)  by silicic acid 
column separation (2).  Reported here is a re- 
investigation of these two methods with a lipid 
extract from fresh alfalfa, also of results ob- 
tained with still a third column chromato- 
graphic technique. 

MATERIAL AND METHODS 

Fresh alfalfa (Medicago sativa) was cut in 
the field (U.C. Experimental Station, Albany, 
Calif.) ,  immediately frozen by contact with dry 
ice, and kept  frozen with dry ice until ex- 
tracted on the same day by the method of Zill 
and Harmon (3) (successive extractions with 
boiling 95% ethanol, cold acetone, and chloro- 
form-methanol,  2 :1 ) .  The combined extracts 
were evaporated to dryness in vacuo and dis- 
solved in ether. The ether solution was 
washed with water, the water wash was back- 
extracted with ether, and the ether extracts 
were combined. Yield of total lipid was 1.2% 

of fresh weight. Aliquots of the same alfalfa 
extract were used for each of three different 
column chromatography methods. 

Method A. This included separation of the 
major fractions on a preparative silicic acid 
column, followed by rechromatography of each 
major fraction on a second silicic acid column. 
Silicic acid which had been obtained pre- 
washed, according to the method of Hirsch 
and Ahrens (4) (Bio-Rad, Richmond, Calif .) ,  
was further washed with methanol to remove 
residual ether, then with chloroform to remove 
the methanol. It was dried and activated at 
100C for 12-16 hr. A slurry of 300 g in 3:1 
C-M (chloroform-methanol by volume; the 
chloroform contained 0.5% methanol added 
after distillation) was poured into 5 x 50-cm 
column, packed under 2.5 psi N2 pressure, and 
washed with chloroform to remove methanol. 
The alfalfa extract (1 g lipid in 10 ml 9:1 
C-M) was then applied, and the fractions were 
eluted with about 10 liters of 9:1 C-M, then 
with one to two liters each of 1:1 C-M, and 
with methanol. 

The galactolipid fractions, as determined by 
thin-layer chromatography (TLC) and infra- 
red ( IR)  spectra, were rechromatographed o n  
50 g of silicic acid in a 2.5 x 50-cm column, 
prepared as described above. The stepwise 
elution gradient used was 500 ml each of 9:1 
C-M, 3:1 C-M, 1:1 C-M, and methanol. 
M G D G  was eluted with 9:1 C-M; D G D G ,  
with 3 : 1 C-M. 

Method B. This was described by O'Brien 
and Benson (1) ,  who used Florisil, DEAE-cel-  
lulose, and silicic acid columns in succession. 

Method C. The absorbent was a carbon- 
Celite preparation. One hundred grams of 
07-352 Nuchar-Attaclay (Varian Aerograph)  
were slurried in chloroform and poured into a 
4.5 x 50-cm column. The height was 18 cm. 
One gram of lipid extract in chloroform was 
applied to the column, which was eluted with 
one liter each of chloroform 9:1 C-M, 3:1 
C-M, 1:1 C-M, and methanol. The 9:1 C-M 
eluted M G D G ;  and 1:1 C-M, DGDG.  
Eluates were free from chlorophylls or o t h e r  
green-brown pigments but contained some 
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carotenoids. M G D G  and D G D G  frac t ions  
were rechromatographed on silicic acid 
columns, as described above. 

Galactolipid fractions were analyzed for 
galactose by the method of Bailey (5) .  Phos- 
phorus was determined by the method of Bart- 
lett (6) .  Fat ty  acid composition was deter- 
mined by gas chromatography of the methyl 
esters which were obtained by transesterifica- 
tion of the fractions with methanol that con- 
tained 1% sulfuric acid. An  F&M Model 810, 
equipped with dual columns with hydrogen de- 
tectors, was used. Two 6-ft columns, 5 mm 
ID, packed with 10% DEGS (diethylene-gly- 
col-succinate, Varian Aerograph)  on Chrom- 

TABLE I 
Silicic Acid Chromatography of Alfalfa Lipids. 

Method A 

Eluting Yield Recovery a 
Solvent Peak No. nag % 

Original (cf. Fig. 1) 1.004 g 
9:1 C-M A 196.4 19.5 
9:1 C-M B 138.5 13.8 
1:1 C-M C 98.1 9.8 
MeOH D 57.4 5.7 
................ Others 425.4 42.4 

Total 915,8 91.2 

Peak B (cf. Fig. 2) ,  138.5 mg 

9 : I  C-M B-1 117.5 84.8 
1:1 C-M B-2 15.0 10.8 
MeOH B-3 2.5 1.8 

Total 135.0 97.4 

Peak C (el. Fig. 3), 98 mg 

3:1 C-M C-I 65 66.0 
1:1 C-M C-2 20 20.5 
MeOH C-3 10 10.5 

Total 95 97.0 

aAs percentage of starting material. 

FRACTION NUMBER (50 rnl per fraction) 

Fig. 2. Elution pattern obtained by rechroma- 
tography of Peak B (cf. Fig. 1). 

sorb Q 80-100 mesh (Applied Science Labora- 
tories, College Station, Pa.) ,  were employed. 
The column temperature was 186C, and the N2 
flow was 75 ml/min.  The columns were 
equilibrated at 200C for two days and stand- 
ardized with N I H  standards or equivalent (Ap- 
plied Science Laboratories) ,  as described by 
Horning et al. (7).  

The TLC method of Nichols (8) was used 
to determine qualitatively the amounts of im- 
purities in each fraction; quantitative results 
were obtained, according to the method of 
Blank et al. (9) ,  with a Photovolt densitometer 
(Photovolt  Corporation, New York, N. Y.) ,  

RESULTS 

Method A (Silicic Acid Chromatography) 
The fractionation of crude alfalfa lipids is 

shown in Fig. 1. Peaks A, B, C, and D ac- 
counted for about 50% of the starting ma- 
terial, about 40% was eluted as minor peaks, 
and 9% was not eluted (Table I ) .  The usual 
lipid loss on silicic acid columns has been 
found to be not more than 2 to 3% of the 
starting material. By TLC analysis the major 

TABLE I I  

R~ Values by TLC of Mono- and Digalactodiglyceride 
( M G D G  and D G D G )  from Peaks B-1 and C1 

Solvent System a B-1 ( M G D G )  C-1 ( D G I ) G )  

a 0.63 0.20 
b 0.32 0.07 
c 0.83 0.37 
d 0.97 0.82 

aa=C-M-I t20  (90:12:1.5).  

b = C - M  (95:12).  
c=C-M-acetic acid-H20 (90:12:1.5).  
d=C-M-Nt t4OH-H20 (65:37.5:8:2.75). 
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Fig. 3. Elution pattern obtained by rechroma- 
tography of Peak C (cf. Fig. 1). 

components  of peak A were simple lipids and 
of  peak D were phospholipids;  no fract ions 
were  homogeneous .  Peaks A and D were not  
studied further.  

Peak B was rechromatographed  on a second 
silicic acid co lumn (Fig. 2) .  A b o u t  97% of 
the starting material  was recovered,  85% in the 
first peak (B- l ,  Table  I ) .  Peak B-1 was 
M G D G  by T L C  (Table  I I )  and infrared ab- 
sorption (Fig. 4)  analysis. Frac t ion  B-2 was 
mainly  D G D G .  

Peak C (Table  I)  was also rechromato-  
graphed (Fig. 3) .  Tota l  recovery  was 9 7 % ;  
66% was in peak C-1 (Table  I ) .  This f ract ion 
was D G D G  by T L C  characteristics (Table  IV)  
and infrared absorpt ion (Fig. 5) .  

The  M G D G  (B- l ,  Table  I )  and the D G D G  
(B-2, and C - l ,  Table  I)  fract ions contained 
no detectable phosphorus  and 19.2% (theor. 
2 3 . 1 % )  and 33.3% (theor.  3 8 . 2 % )  galactose 
respectively. The  low values reflect galactose 
destruction dur ing hydrolysis. The  principal  
fatty acid was l inolenic acid (Table  I I I ) ,  which 
is characterist ic for galactolipids in higher  
plants (Table  VI I ) .  These preparat ions of 

~176 ,o ~176 
i oz oz 

oA 0A 

06 ~ 

i.o i 

WmELEN~TH ~U~C,On~I 

Fig. 4. Infrared absorption spectra of monogal- 
actodiglyceride. 

/ r  and D G D G  were used for  compar ison  
with fractions obtained by the two other  
co lumn methods.  

Method B (Florisil, DEAE Cellulose, and 
Silicic Acid Chromatography) (1l 

The  galactolipid f ract ion obtained after 
Florisil  and DEAE-ce l lu lose  chromatography  
accounted for 17% of the total lipid. I t  was 
fur ther  fract ionated on silicic acid to separate 
the M G D G  and D G D G  f rom pigments and 
simple lipids. Table  IV  shows the results ob- 
tained. The  simple lipids were  not  completely 
separable. The  amount  of  M G D G  in the simple 
l iquid fract ion (Frac t ion  1, Table  IV)  was 
found by quanti tat ive T L C  densi tometry to be 
43% (12 rag) .  The  simple lipids of  Frac t ion  1 
were mainly  triglycerides and pigments.  Frac-  
tion 6 contained polar  material ,  the T L C  prop-  
erties of  which were  similar to those of  oxidized 
lipids. The  two main  fractions f rom the silicic 
acid co lumn were  M G D G  (part  of  Frac t ion  1 
and most  of  Fract ions  2 and 3) and D G D G  
(Fract ions  4 and 5).  Fa t ty  acid analysis (Table  
I I I )  showed the expected high content  of  lino- 
lenic acid, and the I R  and T L C  characteristics 
were similar to those of the samples ment ioned  
above. 

TABLE IV 
Silicic Acid Rechromatography of the Galactolipid Fraction 

from DEAE-Cellulose Column. Method B 

T A B L E  I I I  

Fa t t y  Acid  Compos i t ion  a of  a l fa l fa  Galactol ip ids  P repa red  
by Three  C o l u m n  C h r o m a t o g r a p h i c  Methods  

Method A Method B Method C 
Fatty acid MGDG DGDG MGDG DGDG MGDG DGDG 

C16:0  3.5 7.0 1.8 6.2 1.8 6.1 
C I 6 : I  1.0 2.3 0.1 tr  tr  0.2 
C17:0 tr 0.4 0.3 
C18:0 617 21; 0.3 2:5 0.3 0.4 
C18 : 1 0.9 2.3 0.2 0.2 0.4 0.3 
C18:2 2.7 0.7 1.8 1.2 1.9 0.9 
C18:3 91.2 83.8 95.7 89.9 95.0 91.8 

aEach peak expressed as percentage of the total peak 
area. 

Fraction Elution Weight Yield a Identity b 
solvent mg % 

1 9:1 C-M 28.0 17.1 Simple lipids 
+ MGDG e 

2 9:1 C-M 30.0 18.3 MGDG 
3 9:1 C-M 19.3 11.8 MGDG 
4 4:1 C-M 34.2 20.9 DGDG 
5 4:1 C-M 29.6 18.1 DGDG 
6 MeOtt 3.1 1.9 Oxidized lipids (?) 

Total  144.2 88.1 

ape rcen tage  of  s tar t ing mater ia l ;  weight  of  s tar t ing m a -  
terial  was  163.4 rag. 

b Ident i ty  de termined by T L C  and I R  compar i son  of  
charac ter ized  f rac t ions  (see tex t ) .  

e43% M G D G  by quant i ta t ive  T L C  (dens i tomet ry ) .  

LlvmS, VOL. 2, NO. 5 
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The amount of material recovered from the 
silicic acid column ( 8 8 % )  was less than that 
obtained by rechromatography of the galacto- 
lipid fractions (97%,  Table I ) .  Possibly the 
acid wash procedure which was used in this 
case might have altered the column characteris- 
tics of the silicic acid enough to cause increased 
hydrolysis or possibly oxidation on the column. 
Other than in Fract ion 1, the M G D G  and 
D G D G  preparations were essentially homo- 
geneous. Only traces of impurities could be 
seen with overloaded TLC plates. 

Method C (Nuchar-Attaclay Chromatography) 

In an attempt to develop a simpler column 
system, a packing of carbon-Celite (Nuchar-  
Attaclay),  extensively used to remove plant pig- 
ments prior to insecticide analysis (10),  was 
investigated. I t  was hoped that galactolipids 
would be eluted from the column and the pig- 
ments retained. Results are shown in Table V. 

Fract ion 1 gave a typical TLC pattern for 
simple lipids and contained some yellow pig- 
ments; it was not further characterized. The 
M G D G  and D G D G  fractions also had small 
amounts of yellow pigments and other impur- 
ities, but these were readily removed by re- 
chromatography on silicic acid columns. 
M G D G  was obtained in 70% yield (140 rag) 
from Fract ion 2, Table V; D G D G  in 79% 
yield (41 mg) from Fract ion 3, Table V. 
Both M G D G  and D G D G  fractions were homo- 
geneous by  TLC and gave typical IR and fatty 
acid analyses (Table I I I ) .  The linolenic acid 

TABLE V 
Elution from Nuchar-Attaclay Column. Method C 

Fraction Elution Amount Yield a Identity 
solvent eluted (mg) % 

1 CHCh 154 16.4 Simple lipids 
2 9:1 C-M 200 21.3 MGDG (yellow) 
3 3:1 C-M 52 5.5 D G D G  (yellow) 
4 MeOI-I 12 1.3 Uncharacterized 

Total 418 44.5 

aAs percentage of starting material, 941 mg. 

TABLE VI  
Yields of Galactolipids from Fresh Alfalfa Extract a 

Method M G D G  D G D G  Total 

% % % 

A. Silicic acid 11.7 8.0 19.7 

B. Florisil, DEAE-cellulose, 
silicic acid 6.5 6.7 13.2 

Data  of O'Brien and Benson 
( I )  by Florisil, DEAE- 
cellulose, silicic acid 4.6 8.6 13.2 

C. Nuchar-Attaday 14.8 4.4 19.2 

aOf the total extractable lipids. 

content was higher in this D G D G  preparation 
than in those obtained by the other methods. 

Fractions were free from chlorophyll p~od- 
ucts, but  the low total yield (44 .5%)  makes 
the Nuchar-Attaclay column impractical for 
quantitative recovery of lipid constituents other 
than M G D G  and possibly D G D G .  The bulk 
of the material ( 6 0 % )  eluted from the co!umn 
was in the galactolipid fractions. It is possible 
that modifications of this procedure may make 
possible a single chromatographic column for 
the quantitative separation of M G D G  and 
D G D G .  

DISCUSSION 

Since the same lipid extract was used for all 
the methods which were investigated in the 
present study, the yields of M G D G  and D G D G  
are directly comparable (Table VI) .  

Method B of O'Brien and Benson (1) gave 
poorer yields of M G D G  than did the other two 
methods. Further  drawbacks were in the in- 
complete separations on silicic acid rechro- 
matography and the large elution volumes re- 
quired to elute the M G D G  fraction. The yield 
of D G D G  reported in this paper is similar to 
those reported by O'Brien and Benson. 

The highest yields of M G D G  were obtained 
by Method C, but this method gave the poorest 
yield of D G D G .  D G D G  was not eluted com- 
pletely by the solvent system used. 

TABLE VII  
Linolenic Acid Content a of MGDG and D G D G  in Various 

Plant Lipids 

MGDG D G D G  
% % 

Alfalfa leaves (present study, average) 94 89 
Alfalfa leaves (O'Brien and Benson) (1) 95 82 
Red clover (Weenink) (12) 75 83 
Runner-bean (Sastry and Kates) (13) 96 93 
Spinach (Allen et al.) ( 11 ) 97 84 

aAs per cent of total fatty acids. 

LIPIDS, VOL. 2, No. 5 



410 J. VAN DER VEEN, K. HIROTA, AND H.  S. OLCOTT 

M e t h o d  A (s i l ic ic  a c i d )  g a v e  h i g h e r  v a l u e s  
o f  D G D G  b u t  d id  n o t  s e p a r a t e  t h e  g a l a c t o -  
l ip ids  c l e a n l y  o n  t h e  p r e p a r a t i v e  c o l u m n .  I n  
p r e l i m i n a r y  s t u d i e s  n o t  r e p o r t e d  in  th i s  p a p e r ,  
t h e  u s e  o f  a l ess  p o l a r - e l n t i n g  s o l v e n t  in i t i a l ly  
d id  n o t  r e s u l t  in  b e t t e r  s e p a r a t i o n .  A c o n t i n u -  
o u s  i n s t e a d  o f  a s t e p w i s e  g r a d i e n t  m i g h t  h a v e  
y i e l d e d  i m p r o v e d  r e su l t s .  

R e c e n t l y  A l l e n  e t  al. ( 1 1 )  d e s c r i b e d  a 
m e t h o d  w h i c h  u s e s  c o u n t e r - c u r r e n t  s e p a r a t i o n  
p r i o r  to D E A E  ce l lu lo se  c h r o m a t o g r a p h y .  I n -  
c r e a s e d  y ie lds ,  l i t t le  p i g m e n t  c o n t a m i n a t i o n ,  
a n d  c l e a n  s e p a r a t i o n s  w e r e  r e p o r t e d .  

O f  t h e  t w o  ga l ac to l i p id s ,  M G D G  w a s  t h e  
m o r e  d i f f icul t  to  i so la te ,  b y  t h e  m e t h o d s  e m -  
p l o y e d ,  w i t h o u t  losses .  P r e l i m i n a r y  o b s e r v a -  
t i ons  i n d i c a t e  t h a t  M G D G  m a y  b e  m o r e  l ab i l e  
to a u t o x i d a t i o n  t h a n  D G D G ;  t h e  l o s se s  h e n c e  
m a y  be  a t t r i b u t a b l e  to o x i d a t i o n .  
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Polarography of Conjugated Unsaturated Lipids 1 

EDWIN J. KUTA and MARY YU,: Department of Food and Nutrition, 
Cornell University, Ithaca, New York 

ABSTRACT 

Conjugated fat-soluble vitamins, methy- 
lenic interrupted and conjugated fatty 
acids were polarographically investigated 
in both basic and neutral solvents. The 
half-wave potentials of all-trans-retinol, 
13-cis-retinol, all-trans-retinyl acetate, all- 
trans-retinal, and Vitamin D2 and D3 were 
related to the number of double bonds 
in conjugation and their geometrical con- 
figuration. A minimum of three double 
bonds in conjugation was required before 
reduction took place at the cathode, and as 

t h e  number of conjugated bonds increased 
in the lipid compounds, the initial reduc- 
tion wave took place at a lower half-wave 
potential. 

Investigation of conjugated double 
bonds in triglycerides and in alkali-isom- 
erized linolenic and arachidonic acids gave 
reduction waves the half-wave potentials 
of which were related to the number of 
double bonds in conjugation. In both 
basic and neutral solvents there was a 
minimum of three double bonds in conju- 
gation necessary to obtain a reduction 
wave at the dropping mercury electrode. 
Ultraviolet absorption curves of the pro- 
longed reduction of polyunsaturated con- 
jugated fatty acids indicate a step-wise 
reduction of each end of the polyunsat- 
urated conjugated double bonds. 

In neutral solvent the log of the con- 
jugated double bonds versus the half-wave 
potential (versus mercury pool anode) 
gave a linear equation, E~ = 2.98 - -  1.6 
log C. A proposed mechanism for the 
step-wise reduction of conjugated lipids is 
presented and discussed. 

INTRODUCTION 

p OLAROGRAPHIC INVESTIGATION of  lipids h a d  
involved many difficulties which were 

caused by poor solubilities in common solvents 
employed in polarography. With mixtures of 

XPresented in part at AOCS Meeting, Chicago, October 
1964. 
ZPresent address: College of Home Economics, Department 
of Food and Nutrition, University of Illinois, Urbana, IlL 

polar and nonpolar solvents and a suitable 
supporting electrolyte, organic polarography 
has been extended to lipid studies to include 
both triglyceride and organic peroxides (1,2), 
steroid (3),  and some 'fat-soluble vitamins 
(4-6). 

Although unsaturated hydrocarbons and 
conjugated aromatic polyene are known to be 
reduced in 5% to 25% aqueous protonic or 
nonaqueous solution (7-10), the application of 
this technique to conjugated vitamins has only 
recently received attention (11 ). 

This paper investigates the conditions needed 
for the reduction of various naturally occurring 
conjugated lipids by the application of polaro- 
graphy and presents some evidence as to the 
mechanism of reduction of these conjugated 
lipids at the dropping mercury electrode. In 
this study a 10% aqueous dioxane containing 
tetrabutylammonium hydroxide or chloride, 
although not considered a protonic solvent, 
gave reproducible polarograms for conjugated 
fatty esters, triglycerides, sterols, t-carotene, 
and fat-soluble Vitamins A and D. 

EXPERIMENTAL SECTION 

Material and Equipment 
All the conjugated triglycerides, tung, 

oiticica, parinarium, and isano oil, as well as 
22% conjugated safflower oil, were obtained 
from the Pacific Vegetable Oil Company. Men- 
haden oil was furnished by the US Fish and 
Wildlife Service. The extracted oils were partly 
purified by passing a petroleum ether (bp 30- 
60C) or diethyl ether solution through activ- 
ated alumina to remove any free fatty acids 
or minor  peroxidic-containing material that 
might be present in the original oil. 

Alpha and beta eleostearic acid as well as 
the methyl and ethyl esters were prepared from 
domestic tung oil by the procedure of Hoffman 
et al. (12). Ultraviolet absorption at 268 m/z 
for fl-eleostearic and at 270 m~ for a-eleostea- 
ric acid showed purity of both acids to be 
greater than 97%. After activated alumina 
treatment the ultraviolet absorption maximum 
of tung oil was measured, and the percentage 
of eleostearic acid was calculated and found  
to be 73% (13). Parinarium Glabarinum 
had 33.8% parinaric acid, and isano oil had 
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more than 50% "isanic" and "isanolic" acid 
(13).  

All  the conjugated fat-soluble vitamins 
studied were purchased from the Eastman 
Chemical Company and were used without 
further purifications. A comparison of infra- 
red spectra with the known standard spectrum 
indicated a high chemical purity. Vitamins 
D2 and D~, all-trans-retinyl acetate, all-trans- 
retinol, 13-cis-retinol, and all-trans-retinal were 
soluble in 10 % aqueous dioxane containing 0.1 
M tetrabutylammonium chloride or hydroxide 
as a supporting electrolyte at 10 .3 M concen- 
trations or higher. Limited solubility of /3- 
carotene made it necessary to run polarograms, 
starting at a maximum concentration of 10 -~ 
M in tetrabutylammonium chloride, but  in te- 
t rabutylammonium hydroxide /3-carotene was 
soluble at higher concentrations. 

The methyl linoleate and linolenate were 
purchased from the Hormel  Institute and were 
considered to be > 99% pure. The methyl 
arachidonate also from Hormel  was > 90% 
pure. The methods of handling the highly 
purified unsaturated fat from Hormel were 
similar to those used for handling the con- 
jugated fat-soluble vitamins. An  IR spectrum, 
either of mineral oil mull or film, was a check 
on the identity of the sample. Open vials were 
placed into two amber bottles, one within the 
other, and an atmosphere between the sample 
and the two amber bottles was kept free of 
oxygen with nitrogen and kept stored at -20C.  
When a sample was necessary, the contents 
were brought to room temperature and opened 
and sampled under an atmosphere of nitrogen. 

The tetrabutylammonium salts used as a 
supporting electrolyte were "polarographic 
grade," purchased from Southwestern Analyti-  
cal Chemicals, Austin, Tex. Commercial  diox- 
ane was refluxed with sodium metal from 12 hr 
before distilling and was used as polarographic 
solvent. The mercury used for the dropping 
mercury electrode and anode was triple-dis- 
tilled, C.P. grade, with maximum nonvolatile 
matter of 0.001%, and was purchased from 
Metalsalts Corporation, Hawthorne, N. J. 

The polarograms were obtained on a Sargent 
Model XV from 0 to 3 volts with the polariz- 
ing voltage applied at a rate of 0.31 volts per 
minute. This voltage was applied to a jacketed 
polarographic cell maintained at a constant 
temperature of 25 -+ 0.2C; the inner compart-  
ment contained a 1.1 cm 2 mercury anode. The 
resistance of the 10% aqueous dioxane con- 
taining either 0.1 M tetrabutylammonium hy- 
droxide or the chloride, as measured by a con- 
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ductivity bridge, was 9,800 and 23,000 ohms 
respectively. The conditions for measuring the 
capillary constant of the cathode were to main- 
tain a mercury height of 720 mm, apply a 
voltage of -2 .50 volts, and measure the drop- 
time, which was 1.58 seconds for the tetra- 
butylammonium hydroxide and 1.62 seconds 
for tetrabutylammonium chloride. The cal- 
culated capillary constant, m2/atl/6 at -2 .50  
volts in tetrabutylammonium hydroxide, was 
3.02 and in tetrabutylammonium chloride, 3.04 
(14).  The half-wave potentials and diffusion 
currents were measured from the polarograms 
by the procedure of geometrical rectangular 
coordinates. 

Millieoulometry 

The millicoulometric method of Weaver and 
Whitnach (15) for determining n-values for 
the conjugated lipids was modified to use a 
U-shaped electrolysis cell so that 0.3 ml of 
test solution could be reduced for various 
periods of time at a selected constant potential. 
During the two-hour electrolysis a small stream 
of solvent-saturated nitrogen was directed at 
the anode surface to renew constantly the sur- 
face of the anode to minimize the error at- 
tributable to the "depletion effect" of the con- 
jugated lipids at the cathode (16).  

F rom the expression of Faraday 's  law, n = 
c / F m ,  where c is the number of coulombs 
passed during reduction, m the number of 
moles of conjugated lipid reduced by the pas- 
sage of c, and F the 96,500 coulombs, n (the 
number of electrons per conjugated lipid trans- 
ferred in electrolysis) can be calculated by ex- 
perimentally determining m and c (15).  

In determining the absorption spectra at the 
start and following the millicoulometry, eleo- 
stearic and parinarium triglycerides were di- 
luted to Ca. 10 -5 M with 10% aqueous dioxane. 
The reference solution for the spectrophotom- 
eter was prepared in the same way as the 
original electrolytic solution. The absorption 
curves were obtained from 220 m/x to 350 mt~; 
no absorption was related to the purified diox- 
ane or supporting electrolyte. The ultraviolet 
absorption curves were run on a Cary Model 
14. 

RESULTS AND DISCUSSION 

Polyunsaturated Fatty Lipids 

As an example of the results which were 
obtained from the polarograph, Figure 1 shows 
the polarograms of ~ and fl-eleostearic acid in 
10% dioxane containing 0.1 M tetrabutylam- 
monium hydroxide. The A wave represents a 
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Fro. 1. Polarograms of eleostearic acids. A - -  
0.50 micromole /ml  ct-eleostearic acid. B--1.25 
micromole/ml fl-eleostearic acid. 

concentration of 0.50 micromole /ml  a-eleo- 
stearic acid; curve B is 1.25 micromole /ml  
liter of fl-eleostearic acid. When a and fl- 
methyl eleostearate were run, the same half- 
wave potential was obtained. Also tung oil, 
which contained approximately 70% ~-eleo- 
stearic acid, gave results similar to those men- 
tioned above. Thus the ester, trigtycerides, and 
free acid of eleostearic acid gave the same half- 
wave potential at the dropping mercury elec- 
trode. Since the only common group present 
in all the compounds was three double-bonds 
in conjugation, the reduction wave obtained 
for these compounds must be associated with 
the content of conjugation. Alpha- and fi- 
methyl eleostearates, isolated by the procedure 
of Hoffman and co-workers (12) ,  were meas- 
ured at the same concentration and gave re- 
duction waves that differed by 0.05 volts; this 
difference between the two isomeric forms was 
not large enough to differentiate them. 

When other naturally occurring conjugated 
oils were measured, different half-wave poten- 
tials were obtained as well as a linear rela- 
tionship between diffusion current and concen- 
tration tested (2.5 m g / m l ) .  A straight-line 
curve of diffusion current vs. concentration for 
oiticica and isano oil was obtained when the 
diffusion current was measured at half-wave 
potential o f - 1 . 9 8  volts for oiticica and -1 .80 
volts for isano oil. Licanic acid, the principal 
acid in oiticica oil, differs from eleostearic acid 
in that it was a keto group in the four-position. 
Since isolated keto groups are not reduced with 
ease, the three double bonds in conjugation in 
licanic acid are responsible for the half-wave 
potential at -1 .98 volts, which is similar for 
eleostearic acid. Isano oil, containing the two 
principal fatty acids, isanic and isanolic acid, 
which both have conjugated acetylenic bonds 
~-1~, gave reduction waves at -1 .80  volts in 

basic solution. Since both acids have isolated 
terminal double bonds and the hydroxyl group 
on the 8th carbon in isanolic acid are not 
reduced under these conditions, the two acety- 
lenic linkages in conjugation are probably re- 
duced at a half-wave potential of -1 .80 volts. 

Another  naturally occurring conjugated 
polyunsaturated fatty acid investigated was 
parinaric acid, found in the oil from Parinari- 
um Gladarnium. The oil contains about 35% 
parinaric acid, which is octadeca 9:11 : 13:15 
tetraenoic acid, and gave two reduction waves 
at E�89 = - 1 . 6 0 ,  -2 .20 volts. A linear relation 
ship between diffusion current and concentra- 
tion was found for each reduction wave. The 
linearity of the calibration curves for oiticica 
and isano oil, as well as those for tung and 
parinarium oil, suggests that polyunsaturated 
conjugated fatty acids found in naturally oc- 
curring oils may be determined by polarog- 
raphy. 

To determine the minimum number of 
double bonds that are reduced and to learn to 
what extent this procedure is applicable to 
methylenic interrupted double bonds found in 
fats and oils, samples of pure methyl linoleate, 
linolenate, and arachidonate were alkali-isom- 
erized by the 21% K O H  ethylene glycol pro- 
cedure (17).  Figure 2 shows the polarograms 
of the alkali-isomerized linolenic and arachi- 
donic acids. Alkali-isomerized linolenic acid 
(curve A)  gave a half-wave potential identical 
to eleostearic acid. 

Alkali-isomerized arachidonic acid (curve 
B) had two reduction waves at half-wave po- 
tentials of -2 .02  and -1.75 volts. The first 

6. 
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FIG. 2. Polarograms of alkali-isomerized lin- 
lenic (A) and arachidonic (B) acids. E�89 = -2.02 
volts for alkali-isomefized linolenic acid and E~ = 
-1.75 and -2.00 volts for alkali-isomerized 
arachidonic acid, obtained in 10% aqueous diox- 
ane containing 0.1 ~ tetrabutylammonium hy- 
droxide. 
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half-wave potential is similar to the first re- 
duction wave of parinaric acid, which has fo~ur 
double bonds in conjugation whereas the sec- 
ond reduction wave had a half-wave potential 
almost identical to , or fl-eleostearic acid. 
Although butadiene has been shown to give a 
reduction wave at E�89 ----- 2.63 volts (10),  alkali- 
isomerized methyl linoleate and 22% con- 
jugated safflower oil were run without any in- 
dication of a reduction wave. 

The results would indicate that the minimum 
number of double bonds in conjugation needed 
with fatty acids to obtain a reduction wave 
is three and that additional reduction waves 
appear at more positive potential as the num- 
ber of double bonds increased. When a poly- 
unsaturated marine oil like menhaden was al- 
kali-isomerized, a polarogram was obtained 
that was similar to alkali-isomerized arachi- 
donic acid. Another small reduction wave at 
a half-wave potential of -1.50 volts indicates 
that pentenoic and possibly hexenoic acids 
(18) are conjugated by the 21% KOH ethyl- 
ene glycol procedure. 

Evidence has been presented to show that 
this polarographic procedure could be ap- 
plicable to the determination of conjugated 
polyunsaturated oil in which three or more 
double bonds are present. After alkali-isom- 
erization the same principle applies for natur- 
ally occurring methylenic interrupted oil con- 
taining linolenic or higher unsaturated fatty 
acids. 

Ultraviolet Absorption and Millicoulometry 

To obtain more insight as to which double 
bond is reduced within the conjugated double 
bonds and the number of electrons transferred 
at the cathode, a millicoulometric study of 
eleostearic and parinarium oil was made. By 
following the ultraviolet absorption spectrum 
before and after prolonged reduction at the 
potential where the limiting current starts to 
level off, an indication of the step-wise reduc- 
tion which takes place at the dropping mercury 
electrode can be measured. In the controlled 
reduction of methyl eleostearat~ at -2.20 volts 
in basic solution for two hours, the decrease in 
the absorbance at 270 m/z was accompanied 
by an increase in the absorbance at 234 m/z 
Since an increase in the absorbance at 234 m~t. 
is associated with triene conjugation and the 
peak at 234 m/z indicates diene conjugation, 
the triene reduction at the cathode probably 
takes place at either end of the conjugated 
system to produce A 9-11 or n ~-~3 dienoic acid. 
Reduction of /xl~ double bond is also possible 

0,6 1305 

O.5 2tO ........ REDUCED AT -LSSV. 

,, / - / -  

0.2 ~x .."] 

0.1 / 
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FIG. 3. Ultraviolet absorption spectrum of 
parinaric triglycerides:--original solution; - - - 
after one-and-a-half hours of controlled reduc- 
tion at E�89 ---- -2.20 V: .... after two-and-a-half 
hours of controlled reduction at E�89 = -i.85 V. 

with subsequent conjugation to give the same 
dienoic acids in alkali solution. 

A similar experiment with parinarium oil 
is shown in Figure 3. The controlled polaro- 
graphic reduction at -1.85 volts has the de- 
cided effect of decreasing the absorbance at 
305 m/z, which is the predominant absorption 
maxima for four double bonds in conjugation, 
with a concurrent increase in absorption at 
270 m/~. It should be pointed out that no 
absorption peak was found in 234 m~ when 
controlled polarographic reduction took place 
a t - 1 . 8 5  volts. When this sample is reduced 
at the potential o f - 2 . 2 0  volts, the absorption 
curve changed markedly with an increase in 
absorption at 234 m/z. 

The changes in ultraviolet absorption curves 
of parinarium oil indicate that the polaro- 
graphic reduction at a half-wave potential of 
-1.71 volts takes place with the reduction of 
four double bonds to three double bonds 
whereas at -2.01 volts reduction goes on furth- 
er to the dienoic acid. These results, if analog- 
ous to methyl eleostearate, indicate that the 
outer double bonds A 9 and A15 in parinaric 
acid are reduced first to the triene and sub- 
sequently to the diene. It is proposed that the 
end-product of the complete polarographic re- 
duction of parinaric triglycerides is either A9"111 
h 11-~3, or 2x ~-x* dienoic acid. 

Additional evidence to support a step-wise 
reduction of one double bond in methyl eleo- 
stearate-and parinarium oil can be shown from 
miUicoulometry study. With a controlled re- 
duction of eleostearate (15) at an applied po- 
tential of -2.20 volts, an experimental value 
of 2.2 was obtained for the number of elec- 
trons (n) transferred at the cathode. When 
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FiG. 4. (1) Solvent media, 10% aqueous 
dioxane containing 0.1 M tetrabutylammonium 
hydroxide. (2) Vitamin D~, 5 X 10 -~ ~.  (3) 13- 
cis Retinal, 5 X 10 -~ M. (4) fl-Carotene (all- 
trans), 5 • 1 0  -4 M .  

parinarium oil was reduced at an applied po- 
tential of -2.20 volts, the value for n was 2.2 
for the reduction wave at E~ ----- -1.71 volts and 
3.2 for the second reduction wave. The slight- 

ly higher value for the second reduction wave 
is in part caused by the presence of some eleo- 
,stearate (Figure 4). The slightly higher values 
for n obtained above instead of the theoretical 
value of 2.0 for the first reduction wave in 
both conjugated fatty acids are inherent in the 
millicoulometry method, which measures a 
smaller integrated diffusion current than is 
present in the cell. 

Reduction of Polyunsaturated Conjugated Vitamins 

To extend these observations to other un- 
saturated lipids, attention was directed to the 
unsaturated fat-soluble vitamins. Figure 4 
illustrates typical polarograms for a selected 
number of unsaturated conjugated vitamins 
with experimental conditions similar to those 
used on the conjugated polyunsaturated fatty 
acids. Curve 2 represents a 0.5 micromole/ml 
solution of Vitamin D, curve 3 the type of 
polarogram obtained from 13-cis-retinol, and 
curve 4 a 0.5 micromole/ml for fl-carotene. 
The number of bonds in conjugation increases 
from three for Vitamin D2 to five for Vitamin 

T A B L E  I 
Obse rved  H a l f - W a v e  Potent ia l s  (Ev j )  for  Conjuga ted  L ip ids  

Double  bonds  a 
E~/z id b E1/2 id e 

(vol ts )  m 2 / 3 0 / 6 C  (vol ts )  mZ/Zt l /6C 

3 
V i t a m i n  D2 
V i t a m i n  Dz 
Eleostear ic  acid  
Ergos tero l  d 

4 
Pa r ina r i c  

acid  

5 
Ret inol  

(al l  trans) 

Ret ino l  
(13-cis) 

Retinyl  acetate 
(al l  trans) 

Retinal 
(all  trans) 

11 
f l -Carotene 

(all  trans) 

- -2 .01  1.59 - -2 .25  1.50 
~ 2 . 0 1  1.66 - -2 .22  1.66 
- -1 .98  1.79 - -2 .20  1.57 

~ 1 . 7 1  1.27 - -1 .87  1.55 
- -2 .03  2.17 - -2 .31  2.63 

- -1 .53  1.59 - -1 .86  1.60 
- -1 .77  1,00 - -2 .10  0.99 
- -2 .34  0.90 - -2 ,58  0.92 

- -1 .50  1,59 - -1 .74  1.72 
- -2 .18  1.03 - -2 .37  1.19 

- -1 .53  1,59 - -1 .44  1.87 
- -1 .71  1,00 - -1 .92  1.82 
- -2 .16  0,60 - -2 .59  1.07 

----0.78 0,74 
- -1 .14  0,94 -4 ) .96  1.09 
- -1 .65  0.20 - -1 .26  1.32 
- -2 .19  1.20 - -2 .37  1.65 

- -1 .14  0,84 - -1 .35  0.12 
- -1 .50  0,40 - -1 .74  0.14 
- -1 .75  0.94 - -1 .96  0.14 
- -2 .10  0.74 - -2 .22  - -  

aNumber  of  double bonds in conjugat ion.  

bHal f -wave  potential  wi th  reference to m e r c u r y  pool  
a m m o n i u m  hydroxide.  

cHai r -wave  potent ia l  wi th  reference  to  me rcu ry  pool  
a m m o n i u m  chloride.  

aNot  reduced under  these exper imenta l  condit ions.  

anode in 10% aqueous  dioxane conta in ing  tetrabutyl-  

anode in 10% aqueous  d ioxane conta in ing  tetrabutyl-  
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A and finally 11 for t-carotene. 
These selected polarograms show that, as 

the number of double bonds increases, the first 
reduction wave takes place at a more positive 
potential. 

Table I tabulates a summary of the con- 
jugated lipids material in which the structure 
and purity are known with some confidence. 
In basic and neutral solvents, the lipids con- 
taining three double bonds in conjugation have 
half-wave potentials within 0.2 volts and 
similar apparent diffusion coeff• The iso- 
lated double bond in vitamin D2 in the side 
chain which is attached to the cyclopentaphen- 
anthrene is not involved in the reduction since 
the same half-wave potential was obtained for 
vitamin D3. The absence of a reduction wave 
with ergosterol indicates that three double 
bonds are needed before the polarographic re- 
duction of sterols. The apparent diffusion co- 
efficient if1/m~/3tl/6C (where id, diffusion cur- 
rent in mieroamperes; m, rate of flow of mer- 
cury, mg/sec; t, time needed for one drop to 
fall in seconds; and c, concentration in milli- 
moles/liter) indicates that the number of elec- 
trons transferred at the dropping mercury 
electrode is also two for three double bonds in 
conjugation. 

It will be noted that most half-wave poten- 
tials (E�89 in neutral solution are more nega- 
tive by about 0.2 of a volt from those in basic 
solution. The explanation for this difference 
is primarily related to the difference in the 
reference potential of the mercury pool anode. 
The difference between the potential of the 
half-cell of 0.1 M OH- /HgO/Hg  and 0.1 M 
C1-/Hg2C1JHg cell is almost 0.2 of a volt. 
A second and smaller contribution to the E�89 
difference is the IR drop across the polaro- 
graphic cell. The resistance of the neutral 
solution is two-and-a-half times that of the 
basic solution; this amounts to about .03 of a 
volt when one microampere flows through the 
cell. These two factors seen to explain the 
almost consistently higher E~ of about 0.2 of 
a volt in almost all the lipids studied in neutral 
solution. 

Parinaric acid has two reduction waves. The 
first reduction wave at a E~ = -1.71 volts in 
basic solution and E�89 ---- -1.87 volts in neutral 
solution is related to the reduction of four 
double bonds in conjugation; the second re- 
duction wave is associated with the reduction 
of three double bonds in conjugation. The ap- 
parent diffusion constant for the first wave ap- 
pears to involve the same number of electrons 
transferred as with three double bonds. The 
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apparent diffusion coefficient for the second 
reduction wave for parinaric must be inter- 
preted with some reservation because the 
parinaric acid contained some eleostearic acid 
which contributes to the higher diffusion 
current. 

Under the experimental conditions used, all- 
trans-retinol shows three reduction waves at 
-1.53, -1.77, and -2.34 volts in basic solution 
whereas the 13-cis-retinol has only two reduc- 
tion waves a t - 1 . 5 0  a n d - 2 . ! 8  volts. When the 
geometrical configuration of one of the double 
bonds in conjugation at the end of the molecule 
is altered to cis configuration, the number of 
reduction waves is decreased. In neutral solu- 
tion the introduction of a cis configuration 
causes the half-wave potential to become more 
positive, i.e., the 13-cis-retinol is easier to 
reduce. 

Takahashi and Tachi (11), using acetoni- 
trile-benzene mixture as a solvent containing 
0.1 M tetrabutylammonium iodide as the sup- 
porting electrolyte, also observed three reduc- 
tion waves. The first two were useful for their 
quantitative determination, but the third at 
-2.0 volts was ill-defined. Their results for 
retinol and retinyl acetate for the first reduc- 
tion wave showed that two electrons are trans- 
ferred at the cathode. The results presented 
would also indicate a two-electron transfer, 
when compared with eleostearic acid, because 
of the similarity in the apparent diffusion co- 
efficient found in 10% aqueous dioxane in 
terabutylammonium chloride for all-trans-ret- 
inN, retinyl acetate, and 13-cis-retinol. 

When the Vitamin A aldehyde was studied, 
the half-wave potential was altered when in- 
vestigated in basic and neutral solutions. The 
first obvious difference was in the number of 
reduction waves; four reduction waves were 
obtained in basic solution but only three in 
neutral solution. Salah and Heyrovsky (19) 
did not show a reduction wave for Vitamin A 
but obtained two reduction waves for retinal 
in aqueous ethanol at pH 4 involving two 
electrons. This was related to the reduction 
of the aldehyde group to the alcohol and not 
to the conjugation. The half-wave potential 
of the first reduction wave in tetrabutylam- 
monium chloride for all-trans-retinal is in close 
agreement with the value which Fields and 
Blout (20) obtained for 2,4,6,8,10 dodeca- 
pentaenal in 50% buffered dioxane, pH 5.05, 
when a correction is made for the differences 
in anodic electrode. The explanation they 
offered for the first of two waves was that the 
polyene aldehyde was reduced by a one-elec- 
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tron, possibly reversibly. Transfer followed 
by dimerization of the free radical. 

Since no mention was made of the second 
reduction wave, it can be assumed that the 
aldehyde group was reduced. The reduction 
of all-trans-retinal observed at half-wave po- 
tentials o f - 2 . 1 9  and -2.37 volts in basic and 
neutral solution respectively was associated 
with the reduction of the aldehyde group. 
Evidence for reduction of the aldehyde group 
was obtained from polarograms of equal molar 
concentrations of all-trans-retinal and heptal- 
dehyde (5 X 10 -3 M) in both supporting elec- 
trolytes. The polarograms had half-wave po- 
tentials almost identical to those shown in 
Table I. The only significant difference was in 
the apparent diffusion coefficient, which in- 
creased by a factor of approximately 2. 

All-trans-retinal in basic solution gave the 
lowest half-wave potential of all the conjugated 
lipids measured. The aldehyde group, even 
though its reduction takes place at -2.19 
volts, may be involved by the formation of 
additional conjugation in the basic solution, 
which increased conjugation and resulted in a 
reduction taking place at a lower half-wave 
potential. 

Since all-trans t -carotene increases the num- 
ber of double bonds to 11, four reduction 
waves were obtained in both neutral and basic 
solution. The last reduction wave at E�89 ~- 
-2.22 volts was ill-defined and merged with 
the decomposition potential of the supporting 
electrolyte tetrabutylammoniurn chloride. 

The difference in the apparent diffusion con- 
stant of /?-carotene as compared with the 
other lipids studied shows a decrease in sen- 
sitivity by about one-half in basic solution 
and one-tenth in neutral solution. The decrease 
in sensitivity in neutral solution is partly be- 
cause of limited solubility of t-carotene in 
10% aqueous dioxane containing tetrabutyl- 
ammoniun chloride. Calculated values for the 
apparent diffusion constant were made in the 
concentration range of 10 -4 to 10 -5 M neutral 
solution, but in the basic solution measurement 
were made from 10 -3 to 10 -4 M. 

At present the only reasonable explanation 
for the apparent diffusion coefficient value in 
neutral solution at about one-tenth the value 
of the other lipids studied is that the diffusion 
coefficient for t -carotene would be approxi- 
mately one-half that of vitamin A. Field and 
Blout (19) found the diffusion coefficient in 
50% dioxane of 2,4,6,8,10 dodecapentaenal, as 
calculated from the Ilkovic equation, to be 
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FIG. 5. Relationship between E�89 first reduction 
wave and log conjunction. 
. . . .  Basic solution, 10% aqueous dioxane con- 

taining 0.1 M tetrabutylammonium hydrox- 
ide. 

- - N e u t r a l  solution, 10% aqueous dioxane con- 
taining 0.1 M tetrabutylammonium chloride. 

4.2 X 10 -6 cmUsec. Each wave corresponded 
to a one-electron reduction. 

This is similar to the value of 4.5 )< 10 -6 
cruZ/see for /?-carotene in the 60% benzene- 
acetonitrite mixture obtained by Takahaski 
and Tachi (11). If the first reduction wave 
of Field and Blout was a two-electron transfer, 
the diffusion coefficient of 2,4,6,8,10 dode- 
capentaenal, which is assumed to be similar 
in structure to Vitamin A, would be one-half 
that of/?-carotene. Further experimental work 
is needed to determine the diffusion coefficient 
of Vitamin A in the solvent 10% aqueous 
dioxane containing tetrabutylammonium salts. 

Reduction of Trans Configuration Lipids 

In relating the half-wave potential of all- 
trans geometrical isomers of conjugated lipids 
with the log of the number of double bonds 
in conjugation, a plot is obtained as shown in 
Figure 5. Only compounds with known high- 
est purity were used when the geometrical 
configuration of the various lipids was con- 
sidered. In neutral solution the relationship 
between the log of the number of all-trans 
double bonds and half-wave potential is a 
has a bend, which indicates that the equation 
straight line. The equation of the line in 
neutral solution is E~ ---- 2.98 - 1.6 log C, where 
E~ is the half-wave potential vs. mercury 
anode in tetrabutylammonium chloride, 2.98 
is the intercept on the X axis, 1.6 the slope of 
the line, and C is the number of double bonds 
in conjugation. In basic solution the curve 
for the curve would be a polynomial that 
could be obtained empirically in trying to fit an 
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e q u a t i o n  to  t h e  plot .  T h e  e x p l a n a t i o n  f o r  th i s  
n o n l i n e a r i t y  in  t h e  b a s i c  So lu t ion  is b e l i e v e d  
to  b e  r e l a t e d  to  t h e  i s o m e r i z a t i o n  o f  t h e  a l l -  
trans d o u b l e  b o n d s  to cis-trans; th i s  a l t e r s  t h e  
h a l f - w a v e  p o t e n t i a l  o f  t h e  f i rs t  r e d u c t i o n  w a v e .  

T h e  p r o p o s e d  m e c h a n i s m  f o r  t h e  f i rs t  r e d u c -  
t i on  w a v e  is p a r t l y  b a s e d  o n  t h e  p r e v i o u s  w o r k  
o f  H o i j t i n k  e t  al. ( 7 , 8 )  w i t h  v a r i o u s  c o n -  
j u g a t e d  h y d r o c a r b o n s .  

W h e n  c o n j u g a t e d  l ip ids  w i t h  t h r e e  o r  m o r e  
d o u b l e  b o n d s  in  c o n j u g a t i o n  a r e  r e d u c e d  a t  t h e  
d r o p p i n g  m e r c u r y  e l e c t rode ,  a n  ove r - a l l  t wo -  
e l e c t r o n  t r a n s f e r  o c c u r s .  T h e  r e d u c t i o n  o c c u r s  
in  a s t e p - w i s e  s e q u e n c e  w i t h  R r e p r e s e n t i n g  
t h r e e  o r  m o r e  d o u b l e  b o n d s  in  c o n j u g a t i o n .  

R + e ~ - R  ~ ( r e ve r s i b l e ,  p o t e n t i a l -  
d e t e r m i n i n g )  

R ~ + H z O - - > R H "  + O H  ~ ( i r r e v e r s i b l e ,  
f a s t )  

R H .  + e - - ~ R H  o ( i r r eve r s i b l e ,  f a s t )  
R H  ~ + H 2 0 - - - > R H 2  + O H  ~ 

T h e  f i rs t  e l e c t r o n  is r eve r s i b l e ,  as s h o w n  b y  
t h e  m e t h o d  o f  T o m e s  ( 2 1 )  w h i c h  p r o d u c e s  a n  
a n i o n ;  th i s  f i rs t  e l e c t r o n  is a l so  t h e  p o t e n t i a l -  
d e t e r m i n i n g  v o l t a g e  o f  t h e  f i rs t  in  a se r i e s  o f  
r e d u c t i o n  s teps .  A w a t e r  m o l e c u l e  r e a c t s  w i t h  
t he  a n i o n  to  f o r m  a f r e e  r ad i ca l ,  w h i c h  q u i c k l y  
r e a c t s  w i t h  a n o t h e r  e l e c t r o n  a n d  g ives  a n  
a n i o n  c o n t a i n i n g  a n  a d d i t i o n a l  h y d r o g e n  a t o m .  
T h e  a n i o n  t h e n  r e a c t s  w i t h  a n o t h e r  w a t e r  
m o l e c u l e  to  s a t u r a t e  o n e  o f  t h e  d o u b l e  b o n d s  
in  c o n j u g a t i o n .  I t  is p o s s i b l e  t h a t  t h i s  s e r i e s  
o f  r e a c t i o n s  r e p e a t s  i t se l f  w i t h  m o r e  t h a n  t h r e e  
d o u b l e  b o n d s  un t i l  a d i e n e  is f o r m e d .  I f  t h e  
r e s u l t s  p l o t t e d  in  F i g u r e  5 a r e  e x t r a p o l a t e d  to  
t h e  p o i n t  w h e r e  all trans c o n j u g a t e d  d i e n e  
w o u l d  be  r e d u c e d ,  a v o l t a g e  o f  - 2 . 5 2  in  n e u t r a l  
s o l u t i o n  w o u l d  b e  n e e d e d .  T h i s  p o t e n t i a l  w a s  
n o t  o b s e r v e d  u n d e r  t h e s e  e x p e r i m e n t a l  c o n d i -  

t ions .  
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Inhibition by Cyclopropene Fatty Acids of the Desaturation of 
Stearic Acid in Hen Liver 1 
E. ALLEN,z A. R. JOHNSON, A. C. FOGERTY, JUDITH A. PEARSON, and F. S. SHENSTONE, 
CSIRO Division of Food Preservation, Ryde, N.S.W., Australia 

ABSTRACT 

The mechanism of the hardening of 
body fats of animals by dietary lipids 
which contain cyclopropene fatty acids 
has been studied. Dietary methyl stercu- 
late increased the stearic acid content of 
egg yolk lipid and decreased the activity 
of the stearic acid desaturase system of 
hen liver. The cyclopropene fatty acids 
were specific inhibitors of the stearic acid 
desaturase system of hen livers since other 
fatty acids, including two possible metab- 
elites of sterculic acid, failed to inhibit 
the system at equivalent concentrations. 
Sterculic acid was a more effective in- 
hibitor of the system than malvalic acid. 
Kinetic studies have shown that the in- 
hibition is irreversible. Apparent  kinetic 
constants were determined for the system. 

The results support the hypotheses that 
cyclopropene fatty acids inactivate an es- 
sential Component of the desaturase sys- 
tem, probably by combination with -SH 
groups, and that this inhibition causes 
many of the effects of dietary cyclopro- 
pene fatty acids, including permeabili ty 
disorders of eggs. 

INTRODUCTION 

S TERCULIC AND MALVALIC ACIDS are two cy- 
clopropene fatty acids present in plants of 

the order Malvales (1,2),  of which cotton is 
the commercially important member. Early ob- 
servations had shown that pigs, cows, and hens 
fed cottonseed meal or oil yielded respectively 
a hard lard (3,4,5),  a sticky butter with a high 
melting-point (6,7),  and pasty yolks in the eggs 
subsequently laid by hens (8) .  Subsequent 
work showed that the feeding of cyclopropene 
fatty acids to farm livestock produced in them 
an increase in the proport ion of stearic acid 
and a complementary decrease in the propor- 
tion of oleic acid present, in body fat (9) ,  
butterfat (10),  and egg yolk fat (11,12) re- 
spectively. 

1 Based on a paper  presented at the  A O C S  Meet ing ,  Phil- 
adelphia,  Oc tober  1966. 

2National  Science Founda t ion  Pos tdoc tora l  Fel low. Pres-  
en t  Address :  D e p a r t m e n t  of  A n i m a l  Science, Univers i ty  of  
Minnesota ,  St. Paul ,  Minn.  

In hen eggs there is also an increase in per- 
meability of the membranes between the yolk 
and the white, leading to the pink white dis- 
order that has been shown to be caused speci- 
fically by the cyclopropene ring of sterculic 
and malvalic acids (13,14,15). 

An  explanation for the biological activity of 
the cyclopropene compounds has been sug- 
gested by Kircher (16) who, .by using methyl 
sterculate and mercaptans, demonstrated that 
a reaction between the thiol group and the 
cyclopropene double bond can occur. Ac- 
cordingly he postulated that  similar reactions 
may occur with available -SH groups of the 
"physiologically active proteins.'" This view 
is supported by the results of Ory and Altschul 
(17),  who showed that the inhibition of the 
lipase of castor bean by cyclopropene fatty 
acids was partially countered by adding cys- 
teine to the system. 

The effect of the cyclopropene fatty acids 
on the desaturation o f  stearic to oleic acid has 
been investigated by Reiser and Raju (18),  
who reported that the desaturation of stearic 
acid in rats in vivo was inhibited by feeding 
Sterculia /oetida oil. Johnson et at. (19),  
working with preparations of hen liver (20,21),  
demonstrated that pure sterculic or malvalic 
acids also inhibi ted  the stearic acid desaturase 
system in vitro. Raju and Reiser (22) have 
suggested that cyclopropene fatty acids in- 
hibit the comparable desaturase system of rat  
liver through an irreversible binding of the 
sulfhydryl groups as previously indicated. 

The present report  describes the effects in 
hens of dietary methyl sterculate on the pro- 
duction of egg disorders, the fatty acid com- 
position of egg yolk lipid, and the activity of 
the liver stearic acid desaturase system. 
Sterculic, malvalic, and linoleic acids were also 
added in vitro to liver preparations from con- 
trol hens to study their effects on the kinetics 
of the stearic acid desaturase system. In addi- 
tion, two products derived from sterculic acid, 
possible metabolites, were used; one was dihy- 
drosterculic acid, the other a mixture consist- 
ing of 9-methyleneoctadec-10-enoic acid and 
its isomer t0-methyleneoctadec-8-enoic acid. 
This mixture was regarded as one functional 
entity and will hence forth be referred to as 
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"diene acid." This is a major product of open- 
ing the cyclopropene ring by any of several 
different methods, e.g., heating (23),  treat- 
ment with silver nitrate-silica gel (24),  or ad- 
sorption on alumina (25).  The biological ef- 
fects of dietary cyclopropene compounds will 
be discussed in relation to the inhibition of  the 
stearic acid desaturase system. 

EXPERIMENTAL SECTION 

Methyl sterculate, methyl malvalate, methyl 
linoleate, and the methyl esters of the diene 
acid were prepared by the methods of Kircher 
(16),  Fogerty et al. (26),  Johnson and Ali  
(27),  and Johnson et al. (24) respectively. 
Methyl dihydrosterculate was prepared by hy- 
drogenation of methyl sterculate and isolation 
of the cyclopropane ester by preparative gas- 
liquid chromatography (GLC) .  Stearic acid 
was obtained from the Unitever Research De- 
partment, Port  Sunlight, England, and stearic 
acid-l-l~C (specific activity 32.1 m c / m M )  
from the Radiochemical Centre, Amersham, 
England. 

The purity of the dihydrosterculic acid, 
linoleic acid, diene acid, and stearic acid was 
better than 99%,  as determined by GLC of 
their methyl esters. The purity of the methyl 
stercuIate and malvalate was established by 
several methods. Thus a purity of at least 98% 
was indicated by adding methyl palmitate as 
an internal standard and analyzing the mix- 
ture by GLC after any of the following pro- 
cedures: hydrogenation (24) ;  treatment with 
silver nitrate on silica gel, followed by hydrog- 
enation (24);  treatment with methyl mercap- 
tan (28).  In addition, thin-layer and reversed- 
phase column chromatography (26) and also 
IR, NMR,  UV, and mass spectra showed no 
departures from expected patterns for the 
methyl esters of sterculic or malvalic acids. By 
gas-liquid radio-chromatography it was estab- 
lished that the radiochemical purity of the 
stearic acid-l-~4C was at least 99%. 

Prior  to each incubation experiment the 
methyl esters of sterculic, malvalic, dihydro- 
sterculic, linoleic, and diene acids were chro- 
matographed on Florisil (29) and saponified 
at  37C overnight, under nitrogen, with a slight 
excess of 0.125N K O H  in 95% methanol. 
Thereafter the solvent was evaporated with a 
stream of nitrogen, and the potassium salts of 
the acids were dissolved in 2.5% aqueous 
bovine serum albumin (K&K Laboratories,  
Calif .) .  The potassium stearate and potassium 
stearate-l-14C were prepared from their acids, 
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and the required dilutions were made with 
2.5% aqueous bovine serum albumin. 

The livers used were from bantam and nor- 
mal White Leghorn hens which were main- 
rained on a commercial laying ration. Three 
of the bantam hens were given daily doses of 
pure methyl sterculate (2.8, 6.9, and I3.9 
mg/kg /day)  in gelatin capsules for one year 
before killing. Liver supernatants, containing 
soluble enzymes and microsomes, were pre- 
pared and incubated in media as previously 
described (19).  

Incubations were for 30 rain except when the 
effect of time was being studied. Each incuba- 
tion mixture contained 3.46 /~c of potassium 
stearate-l-a4C and, except where specified, the 
concentration of stearic acid was 0.1 raM. 
After  incubation 36 ml of chloroform-methanol 
(1:2,  v / v )  were added, and the lipid was ex- 
tracted from the incubation mixture by using 
a modified Bligh and Dyer method (30),  in 
which blending was omitted and a solution of 
3% zinc acetate was added prior to filtration. 

One-half of the extracted lipid was saponi- 
fled under reflux with 0.04N K O H  in 90% 
methanol for 1.5 hr, and the fatty acids were 
isolated. The methyl esters of the acids were 
prepared with boron trifluoride-methanol (31) 
and purified on Florisil (29).  The methyl 
esters were chromatographed on 10 g of 25% 
silver nitrate on silica gel (Adsorbosil  CABN 
1420; Applied Science Laboratories, College 
Station, Pa.)  in a column with four stages of 
diminution in diameter (32). The saturated 
methyl esters were quantitatively eluted from 
this column with 130 ml of benzene-hexane 
(30:70, v / v ) ,  and the unsaturated methyl 
esters with 100 ml of diethyl ether. 

Radio-chromatography by GLC (33) and 
thin-layer chromatography on plates impreg- 
nated with silver nitrate (34) showed that the 
only radioactive components in the saturated 
fraction and in the unsaturated fraction were 
respectively methyl stearate and methyl oleate. 

At  each stage in the procedures the radio- 
activity was determined in a Packard Tri-Carb 
Liquid Scintillation Spectrometer Model 3324 
by using conventional scintillation fluids. The 
over-all recovery of radioactivity was 85-90%. 

Enzymic activity of the stearic acid de- 
saturase system was expressed as percentage 
conversion which was calculated from the ratio 
of the count found in methyl oleate to the sum 
of the counts found in methyl oleate and in 
methyl stearate respectively. The amount of 
oleic acid which was formed was calculated 
from percentage conversion and the specific ac- 
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FIG. 1. Effect in hens of dietary methyl stercu- 
late on the percentage conversion of stearic to 
oleic acid by the liver desaturase system and on 
the ratio of stearic acid to oleic acid in the egg 
yolk lipid. 

tivity of the stearic acid in each of the media 
at the commencement of the incubation. Line- 
weaver-Burk plots (35) were calculated as lines 
of best fit, and apparent Knl values were cal- 
culated by the method of Wilkinson (36). 

The yolk lipid from the eggs of control and 
sterculate-fed hens was extracted (30), and the 
fatty acid composition was determined by GLC 
analysis of the methyl esters by using methods 
previously described (33). Eggs were also 
stored at 20C for at least six months, and the 
extent of the pink white disorder was visually 
assessed. 

RESULTS AND DISCUSSION 

The results of the feeding experiments on 
laying hens showed clearly that the addition of 
pure methyl sterculate to the hen diets in- 
creased the ratio of stearic to oleic acid in the 
yolk lipid of their eggs (Fig. 1). There was an 
inverse relationship between the dietary level 
of methyl sterculate and the desaturase activ- 
ity of the liver enzyme system in converting 
stearic to oleic acid. Accordingly it appears 
that sterculic acid inhibits the enzyme system, 
thereby leading to increased stearic acid con- 
tent and hardness of egg yolk lipid. 

Eggs from hens fed on 6.9 and 13.9 
mg/kg /day  methyl sterculate showed typical 
permeability disorders, such as pink whites, but 
at a level of 2.8 mg/kg/day these defects were 

\ \  \ \  
\ 

\ STERC0L,   
NIL 0.1J01 I)-01 0.1 1.0 
F A T T Y  ACID  C O N C E N T R A T I O N ( m H )  

FIG. 2. Effect of fatty acids on the conversion 
of stearic acid to oleic acid by the hen liver 
desaturase system. 

*The f*C-oleate content relative to that in con- 
trol flasks (100%) which had no fatty acid 
added other than stearic acid. 

I = standard error of mean. 

not apparent even after prolonged storage. 
However, at this lower level, an increase in the 
stearic acid concentration of the egg yolk was 
found (Fig. 1). It is therefore apparent that 
the increase in stearic acid content is a more 
sensitive index of the result of feeding cyclo- 
propenoids than are permeability changes in 
the eggs. 

The effect of various concentrations of 
sterculic, malvalic, and other fatty acids on 
liver enzyme systems which were prepared 
from control hens is shown in Fig. 2. Sterculic 
acid and malvalic acid both inhibited desatura- 
tion almost entirely when their concentrations 
were equimolar (0.1 raM) with that of the 
substrate stearic acid. At lower levels of each 
cyclopropene fatty acid the degree of inhibi- 
tion was directly related to its concentration. 
Sterculic acid was a more effective inhibitor of 
the enzyme system than malvalic acid at con- 
centrations of either 0.001 mM or 0.01 mM; 
the observed differences were statistically sig- 
nificant (P<0.05) .  

In contrast to the cyclopropene fatty acids 
which were tested, dihydrosterculic acid, the 
diene acid, and linoleic acid had no inhibitory 
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effect unless their concentrations were equal to 
or greater than that  of the substrate. From 
these observations it was clear that the stearic 
acid desaturase system is specifically inhibited 
by cyclopropene fatty acids at low concentra- 
tions. 

To further understanding of the nature of 
this inhibition, the first step was to initiate a 
series of experiments in which the substrate 
concentration was varied, both in the absence 
and in the presence of sterculic acid, malvalic 
acid, linoleic acid, or dihydrosterculic acid re- 
spectively. The activity of the stearic acid de- 
satnrase system in the liver showed some varia- 
tion from hen to hen, indicated by the apparent 
K m values which were obtained from separate 
livers, viz., 0.95, 2.65, 4.26, 4.53, and 7.28 
mM. However in each case the cyclopropene 
fatty acids inhibited the system, and sterculic 
acid was always a more effective inhibitor than 
malvalic. From kinetic data relating to con- 
centrations of either 0.1 mM linoleic acid or 
0.001 mM dihydrosterculic acid, reciprocal 
plots were obtained which were coincident 
with those calculated for their respective con- 
trols, thus showing that, over the range of con- 
centrations which were tested, these acids do 
not inhibit the activity of the desaturase system 
in vitro. Lineweaver-Burk plots of data from a 
typical experiment, which involved a single 
liver only, are shown in Fig. 3. Since these 
plots yielded a common intercept on the y-axis, 
the inhibition could be either competitive re- 
versible or irreversible. 

In  order to differentiate between these two 
possibilities, further experiments had to be 
conducted. Accordingly the effect of incubat- 
ing the enzyme system for several periods of 
time with a fixed initial concentration (0.1 
raM) of substrate stearic acid and varying con- 
centrations of the cyclopropene acids was 
studied (Fig. 4). Since no additional product 
had formed after 15 rain of incubation with 
sterculic acid at a concentration of 0.1 or 0.01 
raM, or with malvalic acid at 0.1 mM, it was 
concluded that inhibition of the system by the 
cyclopropene acids was irreversible. 

Initial formation of oleic acid was observed 
and reflects competition for the enzyme system 
between the substrate and the irreversible in- 
hibitor. However, because the initial substrate 
concentration was constant, the amount of 
oleic acid formed would depend on the in- 
hibitor concentration. At 0.001 mM concen- 
tration a significant amount of enzyme activity 
remained hence this concentration of the cyclo- 
propene was insufficient to inactivate entirely 
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FIG. 3. Lineweaver-Burk plot for the stearic 
acid desaturase system in the presence and ab- 
sence of cyclopropene and other fatty acids. 

the enzyme system. In the absence of inhibitor 
the rate of formation of product was constant 
for at least 30 min. 

Irreversibility, or at least an extremely 
strong affinity of the inhibitor for the enzyme 
relative to the substrate, was verified by prior 
incubation of the desaturase system with 0.01 
mM sterculic acid, followed 5 min later by the 

z 45" ~ CONTROL 

o 
Oc 

3O" 

0~(..)~ 15 / ~ M ,  O.O01mM 

/ ~ 5 ,  O'O01mM 

///j..-~ : ~ S, O.01mM / / ' - ' I /  ~ .e q SM 0.1raM 
15 30 45 
TIME (MINI 

FIG. 4. Effect of time of incubation and con- 
centration of sterculic (S) and malvalic (M) 
acid on the percentage conversion of stearic to 
oleic acid by the hen liver desaturase system. 

I = standard error of mean. 
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add i t i on  o f  s tear ic  acid at levels u p  to  100 t imes  
t ha t  o f  the  inhib i tor .  I n  all cases  inh ib i t i on  
w a s  comple t e ,  s h o w i n g  tha t  t he  excess  sub -  
s t ra te  w a s  u n a b l e  to d isp lace  the  inh ib i to r  f r o m  
the enzyme .  I n  the  absence  o f  s tercul ic  acid, 
p r i o r  i n c u b a t i o n  did n o t  affect the  c o n v e r s i o n  
ra te  of  a p p r o p r i a t e  con t ro l s .  

A t  p r e s e n t  the  m e c h a n i s m  w h e r e b y  the  cy- 
c l o p r o p e n e  f a t ty  acids specif ical ly and  i r rever -  
s ibly  inhib i t  the  s tear ic  acid d e s a t u r a s e  s y s t e m  
c a n  on ly  be  the  sub jec t  o f  specu la t ion .  I t  is 
poss ib le  t ha t  the  inh ib i t i on  is a t t r ibu tab le  to  in-  
ac t iva t ion  o f  - S H  g r o u p s  of  the  s y s t e m  b y  c o m -  
b i n a t i o n  w i t h  the  c y c l o p r o p e n e  at  the  d o u b l e  
b o n d  o f  the  r ing  ( 1 6 , 1 7 , 2 2 ) .  Indeed ,  the  
s tear ic  acid d e s a t u r a s e  s y s t e m  m a y  be  p a r -  
t i cu la r ly  suscep t ib le  to the  inac t iva t ion  o f  its 
- S H  g r o u p s  b y  the  c y c l o p r o p e n e  fa t ty  acids.  

S h e n s t o n e  and  V i c k e r y  (1 5)  h a v e  s h o w n  
tha t  the  ra te  o f  onse t  o f  s o m e  o f  the  defec t s  in 
eggs  f r o m  h e n s  w h i c h  w e r e  fed  s tercul ic  acid  
is a b o u t  twice  t ha t  in  eggs f r o m  h e n s  fed  
ma lva l i c  acid. T h e  p r e s e n t  w o r k  s h o w s  tha t  
s te rcu l ic  acid is a m o r e  effective inh ib i to r  t h a n  
malva l ic  acid, a n d  this cou ld  be  b e c a u s e  o f  
s ter ic  d i f ferences  in r e g a r d  to the  l oca t ion  of  
the  - S H  g r o u p s  o f  the  act ive site o f  t he  a p p r o -  
p r i a te  enzyme .  

I n h i b i t i o n  of  the  d e s a t u r a s e  s y s t e m  b y  the  
c y c l o p r o p e n e  fa t ty  acids cou ld  exp la in  m a n y  
o f  their  de le te r ious  effects, s u c h  as the  p a s t y  
yo lk  effect. T h e  w o r k  o f  M a r c h  et al. ( 3 7 )  
s h o w s  tha t  in ch i cken  e r y t h r o c y t e s  the re  is an 
inverse  r e l a t i onsh ip  b e t w e e n  the i r  s tear ic  acid 
c o n t e n t  a n d  the  s tabi l i ty  o f  these  cells to  
hemolys i s .  I f  this  r e l a t i onsh ip  is app l icab le  to 
all m e m b r a n e  sys tems ,  i nh ib i t i on  of  the  s tear ic  
d e s a t u r a s e  s y s t e m  cou ld  lead to a h igh  s tear ic  
acid  c o n t e n t  o f  m e m b r a n e s  b o t h  w i t h i n  and  
a r o u n d  the  yolk.  C o n s e q u e n t  increases  in t he  
p e r m e a b i l i t y  o f  s u c h  m e m b r a n e s  w o u l d  r e su l t  
in  the  d e v e l o p m e n t  o f  the  p i n k  wh i t e  a n d  re-  
la ted  d isorders .  
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Biosynthesis of Phospholipids in Subcellular Particles 
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ABSTRACT 

A time study of the incorporation of 
3zP i into the phospholipids of HeLa, KB, 
human heart, and liver tissue-culture cell 
lines has been carried out. The incorpora- 
tion of 32p~ at various time-intervals into 
the phospholipids of nuclei, mitochondria, 
and microsomes of HeLa and KB cells 
was investigated. The labeling of the 
isotope into the phospholipids was divided 
into three groups. 

The first had two components:  phos- 
phatidyl inositol and polyglycerol phos- 
phatides, which showed the greatest in- 
corporation of the isotope as demonstrated 
in the specific activity values and the per- 
centage of total radioactivity after 15 to 30 
minutes of incubation. A second group 
was composed of the major phospholipids 
of all tissue-culture cell lines studied, 
phosphatidyl choline, and phosphatidyl 
ethanolamine. At  first, there was a de- 
layed labeling of these phospholipids; how- 
ever, after one hour of incubation, a rapid 
increase was shown in the incorporation of 
32Pi. A third group of lipids containing 
sphingomyelin and phosphatidyl serine 
demonstrated low specific activity values. 

The phospholipids of the subcellular 
fractions, nuclei, mitochondria, and micro- 
somes, had a high degree of incorporation 
of the isotope into the individual phos- 
pholipids and probably represented an ac- 
tive process in the membranes of these 
cellular units or a renewal of the biological 
membrane structures. 

INTRODUCTION 

p HOSPHOLIPIDS are found in membranes (8) 
of mitochondria, nuclei, and microsomes of 

mammalian tissues (13,21,22). Liver mito- 
cbondria of rats are composed of about 21- 
28% phospholipids on a dry-weight basis; the 
phospholipids account for about 90% of the 
total lipids present (21,22). The 32pt (inor- 
ganic phosphate) incorporation of phospho- 
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lipids has been studied in vivo in animal 
tissues, but little is known about phospholipid 
synthesis in tissue-culture cells. This report  
presents the results of 3~p~ incorporation into 
the individual phospholipids of various tissue- 
culture cell lines and in the subcellular frac- 
tions, nuclei, mi tochondr ia ,  and microsomes, 
of HeLa  cells and KB cells. 

MATERIALS AND METHODS 
Cell Growth 

Four  kinds of heteroploid serial cultures 
were originally obtained from Microbiolog- 
ical Associates, Bethesda, Md.; HeLa  (Gey) ,  
KB (Eagle) ,  Human adult heart  (Girar-  
di) ,  and liver (Chang).  The cells were 
grown as monolayers in 1,000-ml bottles and 
were overlaid with 50 ml of growth medium, 
which was made up of Hank's  salt solution 
(23) containing 10% of human serum, 1.0% 
of glucose, 2% of yeast extract, 1.4% of 
NaHCO3, according to the procedure of Syver- 
ton et al. (23).  To the solution was added an 
amount of penicillin and streptomycin to yield 
a final concentration of 100 units and 100 /~g 
per ml respectively. An  antifungal agent (my- 
costatin 50 /~g per ml)  was added routinely 
once a month but was absent when the cells 
were planted for experimental studies. 

The cells were grown in a stationary state at 
37C, and the growth medium was changed 
every other day. The inoculum of cells per 
each bottle was from 0.5 to 1.0 x 106, and, by 
the time of harvesting, approximately 5 to 
10 x 106 cells were in each bottle. 
Incubation with Radioactive Inorganic 
Phosphate (32P i) 

Radioactive 32pj (Nail2 ~2PO 4) was ob- 
tained from the Oak Ridge National  Lab- 
oratories and was diluted with G K N  solu- 
tion (Hank's  solution: 1.0% of glucose, 0.8% 
of NaCI, and 0.04% of KC1) to a concentra- 
tion of 30 mc/ml .  The 3zPi-GKN solution was 
sterilized before it was added to the medium. 
On the day before the harvesting of the cells 
the medium was replaced by 45 ml of fresh 
growth-medium. Five ml of a2pi containing 
150 /xc were added to each culture bottle, and 
the cells were harvested at various time-in- 
tervals from 15 to 240 rain after administration 
of the isotope. The final incubation medium 
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contained 3 ~c of 32Pi/ml. When the cells 
were ready for harvesting, the growth medium 
was poured off and the cells were washed twice 
with 10 ml of ice-cold G K N  solution. The cells 
were scraped, pooled, and suspended in an ice- 
cold 0.25 M sucrose solution containing 
0.00018 M CaCI 2. The suspension was centri- 
fuged at 700 X g foJ: 10 rain. The sediment was 
resuspended in sucrose-CaC12 solution and 
homogenized with a Teflon pestle for one min- 
ute in an Elvehjem tissue grinder. 

Cell Fractionation and Lipid Extraction 
The homogenate was brought to 9 ml with 

the sucrose-CaClo solution. The suspension was 
centrifuged at 450 )<g for 10 rain. The sediment 
was resuspended in sucrose-CaC12 solution, and 
homogenization and centrifugation were re- 
peated twice. The final sediment was con- 
sidered a nuclear fraction. The pooled super- 
natant fractions were centrifuged at 10,000xg 
for 15 rain in a Servall Automatic  Superspeed 
Refrigerated Centrifuge, Type RC-2, to sedi- 
ment  the mitochondria. The remaining super- 
natant was, in turn, centrifuged at 80 ,000Xg  
for 90 rain in a Spinco (Beckman) Model L, 
Preparative Ultracentrifuge, to sediment the 
microsomes. 

The lipide of homogenate for the whole cell 
studies on the subcellular fraction, nuclei, mito- 
chondria, and microsomes were extracted with 
95% ethyl alcohol as described (25) .  Indi- 
vidual phospholipids were separated by silieic 
acid-impregnated glass paper  chromatography 
and were identified by the method as described 
(25).  

Radioactive and Quantitative Determination 
of Phospholipids 

The spots of individual phospholipids from 
the chromatograms were removed, and radio- 
activity was determined with F D  1 inch thin- 
window flow counter on a SC-100 Mult i /Matte  
Sample Changer (Tracer-lab Inc.) ,  a n d  each 
sample was corrected for decay. 

After  the determination of radioactivity the 
chromatogram spots were placed into 15 x 125- 
mm Pyrex test tubes, and the lipids were eluted 
with 5 ml of 3 N methanolic HC1 for 50 rain 
in a water bath at 63C. The elution was re- 
peated two times with 5 ml of 2 N methanolic 
HC1. Lipid phosphorus was determined by a 
colorimetric method of Shin (20) and Bartlett 
(3) .  F rom the phosphorus and radioactivity 
analysis the specific activity (counts per 
minute / rag  of phosphorus) was calculated. 

Protein Determination 
The dried residue after lipid extraction was 

treated with 5 ml of cold trichloroacetic 
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FIG. 1. Specific activity time-curves of individu- 
al phopholipids of HeLd and KB ceils. Nine- 
day old HeLd and KB cells, grown as monolayer in 
growth medium containing 10% of human serum, 
were incubated with ~Pl (3 /~c/ml). One bottle 
of cells was used for each designated incubation 
time-interval. Abbreviations are: PI, phosphatidyl 
inositol; PGP, polyglycerol phosphatide; PC, 
phosphatidyl choline; PE, phosphatidyl ethano- 
lamine; SPH, sphingomyelin; and PS, phospha- 
tidyl serine. 

acid (TCA) to extract the acid-soluble phos- 
phorus fraction (19).  Total  nucleic acids 
were then extracted from the remaining resi- 
due with 5 ml of 5% T C A  for 30 min 
at 90C, according to the procedure of 
Logan et al. (14).  Protein-nitrogen of the 
residue after extraction of the lipid and nucleic 
acids was determined by  means of the ultra- 
micro-Kjeldahl method (17).  F rom the radio- 
activity and protein-nitrogen data the counts/  
minute / rag  of protein nitrogen were calculated 
so that a comparison between the different cell 
lines could be made. 

RESULTS AND DISCUSSION 

Fig. 1 illustrates the specific activities of the 
individual phospholipids of HeLa  and KB cells 
as a function of time after incubation with 
inorganic 3~p~. The greatest incorporation of 
the isotope, as indicated in the specific activity 
values, occurred in phosphatidyl inositol, fol- 
lowed by polyglycerol phosphatide (or cardio- 
l ipin),  phosphatidyl ethanolamine, phosphatidyl 
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FIG. 2. Specific activity time-curves of in- 
dividual phospholipids of human heart and liver 
cells. Six-day old ceils of human heart and liver 
cells, grown as monolayer in growth medium 
containing 10% of calf and human serum re- 
spectively. The ceils were incubated with 3~Pi 
(3 ~c/ml) in growth media. Two bottles of 
cells were pooled for each designated incubation 
time-interval. Abbreviations are given in Fig. 1. 

choline, sphingomyelin, and phosphatidyl 
serine. A time study of the incorporation of 
inorganic 32pi into the individual phospholipids 
of human heart  and liver is presented in Fig. 2. 
The greatest incorporation of the isotope oc- 
curred in the phosphatidyl inositol and poly- 
glycerol phosphatide in these two fractions of 
human heart  and liver cells. I t  is apparent 
from these data that there is a difference of in- 
corporation of the isotope between the different 
tissue-culture cell l ines;  however the pattern 
follows the same order. Lower specific activ- 
ities were observed in the phospholipids which 
were isolated from human liver as compared 
with the other cell lines. 

The labeling of the isotope into the phos- 
pholipids can be divided into three groups. The 
first has two components, phosphatidyl inositol 
and polyglycerol phosphat ide,  which show a 
high incorporation of the isotope, as demon- 
strated in the specific activity values after 15 
to 30 rain of incubation. A second group is 
composed of the major phospholipids of all 
tissue-culture ceil lines studied, phosphatidyl 
choline, and phosphatidYl ethanolamine. At  
first there was a delayed labeling of these phos- 
pholipids; however after one hour of incubation 
a rapid increase was shown in the incorporation 
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of 3zP i. A third group of lipids, containing 
sphingomyelin and phosphatidyl serine, demon- 
strated low specific activity values. This pat- 
tern of 3zPi labeling of phospholipids is similar 
to that found in phagocytotic leukocytes (11) 
and in rat  intestinal mucosa (24).  

The increased incorporation of 32pi into 
polyglycerol phosphatide is similar to that ob- 
served in plants (18).  Garbus et al. (6) have 
demonstrated that isolated mitochondria from 
rat liver and kidney have the greatest incor- 
poration of inorganic ~zp~ into phosphatidic 
acid and phosphatidyl inositol during the first 
18 rnin of incubation of the isotope as com- 
pared with phosphatidyl choline and phos- 
phatidyl ethanolamine. 

Zilversmit et al. (27) have shown by isotope 
labeling that it is possible to ascertain the con- 
version of a compound into another by de- 
termining the time uptake of the isotope and 
comparing the specific activity of the precursor 
and product. The precursor must have a higher 
specific activity than the product  (27).  Mari-  
netti et al. (15) were able to demonstrate in 
~zP i incorporation studies of the whole liver of 
the rat  that specific activities of phosphatidyl 
ethanolamine reached a peak before phos- 
phatidyl choline and subsequently fell below 
phosphatidyl choline. This would indicate in 
whole liver that phosphatidyl ethanolamine 
may be a precursor of phosphatidyl choline or 
represents some interconversion of phospho- 
lipids. Further to substantiate this pathway 
Ar tom (1) has demonstrated in rat  liver 
homogenates that the methylation of phos- 
phatidyl monomethylethanolamine and phos- 
phatidyl dimethylethanolamine form phos- 
phatidyl choline. 

Another  pathway for the synthesis of phos- 
phatidyl choline in mammalian tissue, demon- 
strated by Kennedy (12),  involves cytidine 
diphosphate choline and diglycerides. Borken- 
hagen et al. (4) have reported enzymatic con- 
version of phosphatidyl serine to phosphatidyl 
ethanolamine in rat  liver microsomes. It is ap- 
parent from the specific activity time curves in 
Fig. 1 and 2 that ph0sphatidyl ethanolamine 
may be converted to phosphatidyl choline since 
higher specific activity values were observed 
throughout the time study for phosphatidyl 
ethanolamine. 

McCarl  and Triebold (16) have reported the 
uptake of *~Pi into phospholipids of HeLa, 
chicken embryo endothelium, bovine lympho- 
sarcoma, and monkey heart cells. However the 
percentage of radioactivity was reported for 
the individual phospholipids for only the last 
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three cell lines. The percentage of radioactivity 
does not represent the same measurements as 
specific activity. Specific activity is radio- 
activity of phospholipids, divided by the pool 
quantity of phospholipids (counts/minute//~g 
of lipid P) ,  whereas the percentage of radio- 
activity is only the distribution of the radio- 
activity. 

A time course of distribution of radioactivity 
(percentage of total) for the individual phos- 
pholipids of HeLa  cells, incubated for various 
intervals ranging from 15 to 1,200 min, is re- 
ported in Fig. 3. The greatest distribution of 
radioactivity was observed in phosphatidyl 
inositol fraction after 15 rain of incubation, 
and a peak was observed in 30 rain, which was 
followed by a decline. There is a progressive 
increase in the percentage of radioactivity in 
phosphatidyl choline and phosphatidyl ethanol- 
amine fractions from 30 to 1,200 rain to in- 
cubation. 

The phosphatidyl choline fraction accounts 
for 56% of total radioactivity after 1,200 min 
of incubation. This observation is similar to 
that noted by McCarl  and Triebold (16),  who 
have shown an increase of percentage of total 
radioactivity for phosphatidyl choline from 
lymphosarcoma, monkey heart and chicken 
embryo endothelium cells incubated from 5 to 
30 hrs. The incorporation of the isotope into 
the phospholipids has been related to the p r o -  
tein concentration, i.e., (counts/minute/l~g of 
protein nitrogen) of HeLa  and KB cell lines: 
The expression of isotopic data as a ratio to 
protein nitrogen will enable a comparison be- 
tween two different cell lines. McCarl  and 
Triebold (16),  by using this technique, were 
able to observe a different incorporation 32p~ 
into phospholipids for each cell line studied. 
The KB cells have a greater incorporation of 
the isotope into the lipids than HeLa  cells. The 
pattern of incorporation of the isotope into the 
individual phospholipids is similar to the 
specific activity values. 

The incorporation of 3~p~ into the individual 
phospholipids of nuclei, mitochondria, and 
microsomes of HeLa and KB cells is reported 
in Figs. 4 and 5. It is apparent from the data 
that the greatest incorporation of the isotope 
occurs in phosphatidyl inositol in all the sub- 
cellular fractions. The pattern of incorporation 
of the isotope into other phospholipids is 
similar for each of the other subcellular frac- 
tions. The specific activities of phosphatidyl 
ethanolamine is greater than phosphatidyl 
choline in all the subcellular fractions. Lecithin 
biosynthesis in microsomes is known to occur 
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FIG. 3. A t ime course o f  distr ibut ion o f  radio- 
activity (percentage of total) for the individual 
phospholipids of HeLa cells. Nine-day old HeLa 
cells, grown as monolayer in growth medium 
containing 10% of human serum, were incubated 
with 32p, (3 /~c/ml). One bottle of cells was used 
for each designated incubated time-interval. Ab- 
breviations are given in Fig. 1. 

by two pathways, one involving cytidine di- 
phosphocholine and D- 1,2-diglyceride (10) and 
the second occurring from repeated transfer of 
methyl groups from adenosyl methionine to 
phosphatidyl ethanolamine (2).  
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FIG. 4. Specific activity time-curves of individu- 
al phospholipids in the subcellular fractions of 
HeLa ceils. Nine-day old HeLa cells, grown as 
monolayer in growth medium containing 10% 
human serum, were incubated with ~:P~ (3/~c/ml). 
Three bottles of cells were pooled for each desig- 
nated time-interval: (x--x) ,  nuclear; (o---o), 
mitochondria; and ( e - - e ) ,  microsomal fraction. 
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FIG. 5. Specific activity time-curves of in- 
dividual phospholipids in the subcellular fractions 
of KB cells. Nine-day old KB cells, grown as 
monolayer in growth medium containing 10% 
human serum, were incubated with =Pj (3 #c/ml).  
Three bottles of cells were pooled for each desig- 
nated time-interval: (x - -x) ,  nuclear; (o---o), 
mitochondria; and ( e - - e ) ,  microsomal fraction. 

The incorporation of 32Pi into phosphatidyl 
choline of mitochondria and microsomes of 
HeLa and KB cells incubated with the isotope 
for 3 hrs is similar. Gurr  et al. (7) has ob- 
served only a small difference in the incorpora- 
tion of isotope in phosphatidyl choline in mito- 
chondria and microsomes from rat liver three 
hrs after administration of 32Pt. However 
more s2pi is incorporated into the phosphatidyl 
choline of microsomes of rat  liver at six to 1 2 
hrs after administration of the isotope. The 
greater incorporation of 32p~ into phosphatidyl 
ethanolamine than phosphatidyl choline of 
microsomes from HeLa and KB cells may sug- 
gest that the second pathway of lecithin biosyn- 
thesis, involving the methylation of phos- 
phatidyl ethanolamine, is more active. I t  is ap- 
parent from the data of Figs. 4 and 5 that the 
phospholipids of these subcellular fractions 
have a high degree of turnover and represent 
an active process in the membranes of these 
cellular units and are probably related to the 
renewal of the biological membrane structures 
or some other physiological process. 

The increased incorporation of the isotope 
into phosphatidyl inositol and polyglycerol 
phosphatide in whole cells a n d  subeellular 
fractions (Figs. 1, 2, 4, and 5) would suggest 

that these lipids may be involved in some 
metabolic process of the cell. Hokin and Hokin 
(10) have suggested that phosphatidic acid and 
phosphatidyl inositol might serve as a carrier 
in the active transport  of sodium through cell 
membranes and may be involved in zymogen 
secretion by the pancreas (9) .  To substantiate 
further their role in subcellular fractions 
Vignais and Lehninger (26) have demon- 
strated that phosphatidyl inositol is a factor re- 
quired in mitochondria contraction. 
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in Vitro Biosynthesis of Fatty Acids in Drosophila rnelanogaster 
ALEC D. KEITH, ~ GERD GAUSLAA, and BEVERLY S. ANDERSON, Biology Department 
University of Oregon, Eugene, Oregon 

ABSTRACT 

A new in vitro technique, utilizing rup- 
tured larvae of Drosophila rnelanogaster, 
was employed to study the incorporation 
of 3H-acetate into long-chain fatty acids. 
Preparative gas-liquid chromatography and 
scintillation spectroscopy were used to 
determine the relative activity of each 
fatty acid from total lipid extracts. Quan- 
titative changes were observed in the dis- 
tribution of label during the course of the 
incubation times, which ranged from five 
minutes to nine hours. All  fatty acids 
which were observed to incorporate ace- 
tate in previous in vivo studies also showed 
incorporation of label under these in vitro 
conditions. It is concluded that this system 
may be useful for studying aspects of in- 
sect metabolism for short intervals of time. 

INTRODUCTION 

D rosophilia mela~ogaster has long been an 
important organism in the study of 

genetics; however investigations dealing with its 
biochemistry have not kept pace. The details 
and mechanisms of the biosynthesis of fatty 
acids have been relatively unexplored in 
Drosophila as well as in insects in general. 

Keith studied the fatty acid composition of 
larval D. melanogaster lipids and the influence 
of diet upon this composition, subsequently 
demonstrating several metabolic interactions 
under in vivo conditions (1,2).  In  order to 
study the mechanisms of some of these biosyn- 
thetic reactions it is necessary to employ a sys- 
tem whereby the restrictions of digestion and 
transport across a gut wall are not limiting. 
(These limitations can be partially reduced in 
many organisms by injection of the desired 
substrate; however injections h a v e  limitations 
in organisms as small as Drosophila larvae.) 

Literature dealing with the biosynthesis of 
fatty acids by insects under in vitro conditions 
is very limited. The fat body of the moth, 
Prodenia eridania, was employed by Zebe and 
McShan in cell-free preparations (3).  Tietz 
also employed cell-free extracts of the fat body 

aNIH Postdoctoral  Fellow at University of Oregon. 
Present address: Genetics Department,  University of Cali- 
fornia, Berkeley, Calif. 

from the migratory locust Locusta migratoria 
(4) .  In both cases the 16-carbon fatty acids 
(especially palmitate) were the major com- 
ponents which were formed although 12-, 14-, 
and 18-carbon fatty acids were also synthe- 
sized. Both of the above authors defined the 
necessary cofactors for cell-free synthesis. 

The present investigation employs an in vitro 
preparation with a minimal amount of tissue 
injury. This is possible because the fat bodies 
of D. melanogaster larvae, in which the bulk 
of fatty acid biosynthesis occurs, are only one 
cell thick at any point in their structure (5) .  
Therefore the fat  bodies of  ruptured larvae, 
which are bathed in a liquid medium, offer an 
excellent opportunity to study fatty acid metab- 
olism, especially for short-term intervals since 
diffusion into this organ takes place very 
rapidly. 

EXPERIMENTAL 

A strain isogenic for Chromosomes I, II, and 
I I I  of the wild type, Oregon-R of D. melanogas- 
ter, was employed in all experiments. Eggs were 
collected from five- to nine-day-old adults onto 
Petri dishes, filled with a 3% agar-10% suc- 
rose-5% vinegar mixture. Pint jars which con- 
tained about 500 adults were inverted on these 
dishes for two- to four-hour egg-laying periods. 
These eggs were surface-sterilized and placed 
onto an axenic medium which was maintained 
at 25C as previously described (6) .  Cultures 
were kept under axenic conditions until the 
larvae were harvested. 

Mid-third instar larvae were washed from 
the medium, starved two hours, then placed 
on ice. The body walls were ruptured by em- 
ploying two jeweler's tweezers in such a man- 
ner that the internal organs were exposed and 
bathed in the liquid culture medium described 
in Table I. The medium was frozen in one-ml 
quantities until time for use, and two anti- 
biotics were added to inhibit microbial growth 
during the course of incubation. One ml of 
this medium, combined with approximately 0.2 

g of ruptured larvae, was placed in a water- 
bath shaker and equilibrated to 25C. Radio- 
active substrate was then added. Short-term 
experiments ( ~  15 min) were stopped with 
trichloroacetic acid; all others were recovered 
at the end of the time by filtration and kept 
frozen until they were extracted. 
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Since the incubations were not carried out 
under sterile conditions, a preparation of rup- 
tured larvae which had been heated to 100C 
for 15 min was incubated for nine hours and 
then analyzed in the same fashion. No sig- 
nificant ( <  300 cpm in total fatty acid prep- 
arations) incorporation was found in the larval 
tissue fractions or in the supernatant ( <  250 
cpm). 

Lipid extraction was carried out according 
to the method of Folch et al. (7). Saponifi- 
cation and methylation were performed as de- 
scribed by Btittcher et al. (8). Gas-liquid 
chromatography (GLC) was carried out on 
a Perkin-Elmer Model 800 Gas Chromato- 
graph, equipped with a flame ionization de- 
tector. Preparative collections of tracer-con- 
taining fatty acids were achieved by employing 
an 80:1 stream splitter distal to the column 
and proximal to the detector; the smaller split 
went to the detector and the larger split was 
collected. Collection tubes were changed man- 
ually and were cooled with dry ice during col- 
lection. By using collection tubes of different 

lengths, it was verified that condensation oc- 
curred in the first few cms of the tubes even 
at room temperature. A carrier methyl ester 
mixture (prepared from larvae) was routinely 
collected in the same manner  and served as a 
standard background count for each tracer- 
containing component. 

The 3H-Acetate was obtained from Nuclear 
Chicago. No tracer-containing impurities were 
found which had a different migration rate 
from that of acetic acid when thin-layer chro- 
matography (ethanol: NH40H solvent on Sil- 
ica Gel-G) was employed. 

RESULTS AND DISCUSSION 

In previous experiments in this laboratory 
the distribution of label among various fatty 

TABLE I 
Medium for Incubation of Ruptured-Larvae Preparations 

Component g/liter 

KCL 7.5 
MgCh 2.5 
KH2PO~ 4.5 
NaeHPO4 9.0 
Nonfat milk solids 25 
Na Citrate 8.0 
Choline 0.04 
Yeast nucleic acid 1.0 
Cholesterol 0.2 
Thiamine 0.01 
Riboflavin 0.01 
Nicotinic acid 0.01 
Ca Pantothenate 0.002 
Pyridoxine 0.002 
Biotin 0.0002 
Folio acid 0.003 
Dihydrostreptomycin 0.06 
Penicillin-G 0,2 

acids was studied in larvae reared on a diet 
containing all-acetate or 1-1~ C-acetate (2) ; the 
distribution was the same for both labels 
(Table II) .  All fatty acids which showed in- 
corporation of acetate in those experiments 
also showed incorporation in the in vitro prep- 
arations of ruptured larvae. The percentage 
distribution of label after nine-hour incubations 
quite closely resembled the distribution occur- 
ring under in vivo conditions (Table II) .  

The relative amount of tracer in any one 
component varied considerably with time, and 
an inspection of Table III shows that saturated 
and unsaturated fatty acids displayed distinctly 
different patterns of uptake. Saturated fatty 
acids showed the highest uptake in the first 
hour; thereafter the percentage of total activity 
declined or remained constant. Unsaturated 
fatty acids were formed to a limited extent in 
the first hour but increased in percentage of 
activity throughout the nine hours. (An ex- 
ception is 14: 1, which is a minor component 
of Drosophila lipids.) It has been shown in 

TABLE II  
Relative Distribution of aH and ~4C from all-acetate and 1-~4C-acetate into Fatty Acids in vivo a 

Distribution of cpm (%)  
Amount of 

Label tracer 12:0 14:0 14:1 16:0 16:1 18:0 18:1 

sit-acetate 120 #c to 3.44 23.30 7.29 21.28 22.29 2.13 20.26 
50 ml f o o d  

1-14C-acetate 40 #e to 3.30 25,31 6.83 21.39 24.23 1.67 17.27 
50 ml f o o d  

~H-acetate 0,1 mc for 2.30 19.67 1.21 26.80 17.24 3.68 29.09 
,ruptured larvae 9 hr 
in vitro 

aThe distribution of 3H from ~H-acetate average of seven determinations and 14C from 1-14C-acetate average 
of four determinations is virtually the same. S. E. of the mean percentage did not exceed 2.3 for any 
data shown. 
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TABLE I I I  
Distribution of zH from ~H-acetate into the Fatty Acids of D, melanogaster, 

Employing in vitro Preparations from Five Minutes to Nine Hours~ 
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Distribution of aH cpm (%)  
Time in Amount of 
minutes SH-acetate 12:0 14:0 14:1 16:0 16:1 18:0 18:1 

5 lmc 10.58 33.94 3.18 25.57 10,37 7.87 8.51 
4-2,3 4-5.1 4-1.6 q-0.82 -q-l.7 +__1.4 4-1.4 

10 b lmc 14.67 30.02 4.81 25.61 8.46 8.65 7.79 
4-1.3 •  -+-2.57 +_.3.2 4-1.8 4-3.1 4-.1.2 

20 lmc 12.45 31.39 4.33 24.53 10.76 8.38 8.22 
4-0.9 4-4.3 4-2.7 4-1.4 4-0.6 4-1.0 4-0.3 

30 lmc 10.99 29.87 1.73 27.55 9.15 8.86 11.78 
•  4-5.1 -+-0.9 4-2.2 4-1.8 4-1.7 4-2.8 

45 0.5me 11.06 25.81 3.02 26.31 8.19 10.07 15.53 
4-0.4 •  4-2.2 4-__3.7 -~-1.2 •  +0.2 

60 0.2mc 12.34 27.49 3.04 24.53 10.01 7.61 15.33 
4-0.7 4-0.8 4-1.3 4-4-4.7 4-1.4 4-1.4 4-2.6 

120 0.2mc 5.71 24.47 5.26 25.63 11.20 9.41 18.32 
4-4,0 ~___3.9 4-2,4 •  +__3,6 +__0.3 4-4-2,9 

240 0.1mc 5.79 23.12 1.72 25.52 9.41 7.62 26.33 
4-1.2 4-0.4 •  4-__1.6 4-__3.5 _+2.8 4-1.4 

360 e 0.1me 4.02 21.81 2.51 24.69 16.00 5.29 25.69 
4-0.6 •  • 4-2.4 4-1.7 4-1.0 4-0.4 

420 e 0.1mc 4.54 24.57 2.58 21.42 14.34 5.72 28.33 
4-0.9 4-__3.7 q-l.1 4-__0.5 4-+-3.5 ~__1.0 4-3.2 

540e 0.1mc 2.30 19.67 1.21 26.80 17.24 3.68 29.09 
~ 1 . I  4-0.3 4-0.1 -/-0.7 __4-2.4 ___+0,6 4-2.2 

aMean-percentage distribution of 3I-I from 3H-acetate into fatty acids at the times indicated. The mean 
is of three determinations except where indicated. Total cpm for the seven components shown was ~ 5,000 
in all cases except the one which is indicated. 

bThe cpm were 3,144, 14,219, and 18,740. 

c Mean of two determinations. 

previous in vivo work in this laboratory that 
the monoenes may have as precursors the cor- 
responding saturated fatty acids but that they 
may also be formed from acetate in an inde- 
pendent manner (2) .  Thus the curves for 16:1 
and 18:1 may represent the sum of two in- 
dividual pathways as the desaturation of the 
saturated homolog becomes increasingly im- 
portant  with time. There is strong evidence 
that the rat  (9) ,  many insects other than Dros- 
ophila (10),  and D. melanogaster (2) all pro- 
duce monoenes by more than one pathway. 

The steadily rising percentage of activity also 
is consistent with the previous finding in dietary 
experiments that monoenes, especially 18 : 1, 
once formed, tend not to serve as precursors 
for other fatty acids. Polyenes are not synthe- 
sized by Drosophila, nor are fatty acids of 
longer chain-length than 18 carbons (2) .  

I t  is concluded that in vitro preparations of 
ruptured larvae incorporate acetate by the 
pathways which feeding experiments show to 
be operating in the living organism. Hence 
this system has potential for short-term meta- 

bolic studies which are impossible under in 
vivo conditions. 
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Pentane from Thermal Decomposition of 
Lipoxidase-Derived Products 
C. D. EVANS, G. R. LIST, AMI DOLEV, D. G. McCONNELL, and R. L. HOFFMANN, 
Northern Regional Research Laboratory,1 Peoria, Illinois 

ABSTRACT 

Thermal decomposition of 13-hydro- 
peroxyoctadeca-9,11-dienoic acid yields 
hydrocarbons as part of the scission prod- 
ucts. Pentane is formed predominately 
and to the practical exclusion of all other 
short-chain hydrocarbons. 

INTRODUCTION 

H YDROCARBONS ARE KNOWN to appear in the 
early stages of autoxidation of edible fats 

(1-4). The development of a highly selective 
and sensitive chromatographic method that al- 
lows exclusive determination of hydrocarbons 
in the presence of volatile polar oxidation 
products has provided a rapid means of de- 
termining the extent of autoxidation (5,6). 
Hydroperoxides are heat-labile and must under- 
go some decomposition before derived hydro- 
carbons are present in the autoxidizing system. 
Rapid and apparently complete decomposition 
of the fatty hydroperoxides is achieved by heat- 
ing the autoxidized mixture to at least 200C. 
It has been proposed that hydrocarbon forma- 
tion occurs through splitting of the fatty chain 
on the alkyl side of the carbon atom contain- 
ing the hydroperoxide group (1). Other in- 
vestigators have proposed various splits and 
free radical rearrangements that yield hydro- 
carbons among the various autoxidation prod- 
ucts (4,7,8). 

The exclusive formation of 13-hydroperoxy- 
octadeca-9,11-dienoic acid by lipoxidase from 
linoleic acid (9,10) permits compositional 
studies to be made on the thermal decomposi- 
tion of a pure hydroperoxide of known struc- 
ture. Experiments are reported on the forma- 
tion of hydrocarbons which result from the 
decomposition of lipoxidase-oxidation products. 

EXPERIMENTAL SECTION 

T h e  13-hydroperoxyoctadeca-9,11-dienoic 
acid was prepared by incubation of lipoxidase 
,with pure linoleic acid as described in previous 
publications by Dolev et al. (9). The lipoxi- 
dase oxidation products were fractionated on a 

1No. Utiliz. Res. Dev. Div., ARS, USDA. 

silicic acid column with a methanolic-benzene 
system, as described by Frankel et al. (11 ). As 
determined iodometrically, the peroxide value 
of the fractionated hydroperoxide, calculated 
about 8,060 meq. O J k g ,  and UV spectroscopy 
showed 100% diene conjugation (Kz3~ 78.2). 
The peroxide value reported is above the the- 
oretical value, but, in determining high per- 
oxide values on small samples, large errors are 
unavoidable. 

An autoxidized sample of methyl linoleate 
(99.8% pure) was used for comparison with 
the lipoxidized-prepared sample. Autoxidation 
of pure methyl linoleate (from The Hormel 
Institute) was conducted at 60C for 27 hr 
under air with intermittent hand agitation. 
The peroxide value (iodometric) of this prep- 
aration was 362 meq O J k g .  

Gas chromatographic analyses to determine 
the hydrocarbon breakdown products of the 
various fractions were conducted according to 
methods described by Hoffmann et al. (12) 
and List et al. (13) with an A1203 column, 
which allows passage of the hydrocarbons and 
irreversibly adsorbs the polar oxygenated ma- 
terials. 

No  aliphatic hydrocarbon solvents were used 
either to extract or fractionate the oxidation 
products. All solvents were evaporated at low 
temperatures under a stream of nitrogen. Gas 
chromatographic control analyses for hydro- 
carbons were run on all solvents. Diethyl ether 
was used for extraction; methanol and ben- 
zene, for liquid fractionation; and carbon disul- 
fide, for gas chromatographic solutions. Trace 
amounts of benzene were detected and must be 
considered in the interpretation of choma- 
tograms. 

RESULTS AND DISCUSSION 

Fractionation (Fig. 1) of the diethyl ether- 
soluble lipoxidase-oxidized products from the 
incubation with linoleic acid showed that 31% 
of the acid (I) was unreacted and 36% was 
recovered as pure hydroperoxide (II)  plus 25% 
as a polar-polymeric fraction (IV).  An inter- 
mediate fraction of 7.3% (III )  was discarded. 
Separation of hydrocarbons by the selective 
AI20 a gas chromatographic columns is shown 
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FI6. 1. Separation of lipoxidase-oxidized 
products of linoleic acid by liquid chromatography 
on silicic acid. The dimer fraction is assumed to 
contain small amounts of trimers and higher 
polymers and polar products. 

(1,2). Hydrogen abstraction by the resulting 
free radical forms pentane, as shown by the 
following simplified mechanism: 

in Fig. 2A for thermolysis of pure acid hydro- 
peroxide and in Fig. 2B for thermolysis of 
autoxidized methyl tinoleate. To ensure rapid 
and complete breakdown of hydroperoxides 
the gas chromatographic injection port, ar- 
ranged as part of the column extending 
through the injection heater up to the septum, 
was operated at 260C. Injecting was done 
directly into the column. 

Pentane is the major volatile hydrocarbon 
derived from either autoxidized or lipoxidase- 
derived hydroperoxides. Cleavage of the fatty 
acid chain on either side of the carbon atom 
containing the peroxy group results in the for- 
mation of a pentane free radical or hexanal 

i I \ ' x  
/ x\ 

CH3-[CH2J3-CH2 CH3--[CH2]3-CH2 -C'~-o 

CH3-ICH2)3-CH3 

Minor amounts totaling 5% or less of bu- 
tane, butene, and pentene are indicated in 
the chromatogram of the lipoxidase-derived 
product whereas, in the sample from autoxi- 
dized linoleate, these components are so small 
that they are barely indicated. Pentane is 
also the single major hydrocarbon component 
derived from the thermal breakdown of the 
polar-polymeric product which results from 
lipoxidize oxidation. Fig. 2C, the chrom- 
atogram for the polymer, is similar to Fig. 
2A for the pure 13-hydroperoxide. 

Results indicate that in the oxidative poly- 
mer a thermolabile bond exists similar to, 
and probably derived from, the 13-hydroper- 
oxide linkage. Hydroperoxide decomposition 
is usually depicted as a free radical breakdown, 
resulting in formation of one or more of the 
three following species: 

A 

Yiml, rail. 

S C 

IPeMane 'entane 

FIG. 2. Hydrocarbons from thermolysis of (A) 
13-hydroperoxyoctadeca-9,11-dienoic acid, (B) au- 
toxidized methyl linoleate, and (C) oxidative 
dimers formed by lipoxidase oxidation of linoleie 
acid. 

H 
I 

CH3- ICH2)4 -C-R  

OOH 

H 
I 

CH3- (CH2)4 -C-R + .OH 
I 
0 

H 
I 

CH3- (CH2)4-C-R + .H 
i 
0 
I 
0 

H 
I 

CH3- [CH2]4 -C-R  + .OOH 

JH H H H 0 \ 
/ I  I I I II | 

R = -~C=C-C=C-(CH2]7-C-OH] 
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A dimerization between any two of the 
three species would result in labile products 
with structure A that would decompose on 
heating to yield pentane and other products. 

H 

CH3 (CH2) ~-C-R' 

I 
(O)x  x ----- 1 or more 

{ (A) 
CH a (CH 2) ,-C-R'  

I 
H 

A structure such as B would be similar to 
a thermal dimer, 

H 
r 

CH3 (CH~) ~-C-R' 

R' of unknown structure 
e l l a  ( e l l 2 )  cC-R '  

I (B) 
H 

would be stable to heat, and could be dis- 
tilled as methyl esters (14),  Mixtures of 
products with these structures would explain 
the excess oxygen found in the oxidative 
dimers ( l l )  as well as the fraction of oxi- 
dative dimers reportedly similar or identical 
to thermal dimers (15). The polymer frac- 
tion (IV) showed n o  conjugated diene absorp- 
tion, indicating that in polymerization the 
unsaturation had been modified by free radical 
addition or cyclization, Unequivocal evidence 
of the structure(s) of oxidative dimers has 
never been presented, but  these postulations 
are in accord with current theories of per- 
oxide behavior (7,16-19). 

The A120 ~ gas chromatographic method, 
highly selective for removal of oxygenated 
polar materials, is not sufficiently sophisticated 
because of temperature limitations to deter- 
mine quantitatively nonane or any of the high- 
er hydrocarbons. Higher-molecular-weight un- 
saturated hydrocarbons, above Cs and includ- 
ing monosubstituted acetylenes (above C5), 
would not be detected under present opera- 
tional limits. 

Scission of the fatty acid chain between the 
13 and 14 carbon atoms of 13-hydroperoxy- 
octadeca-9,11dienoic acid is well substan- 
tiated by these results, which show that pen- 
tane is the predominant short-chain hydro- 
carbon to arise through thermal decomposi- 
tion. Pentane need not arise from hexanal 

as a secondary product  of autoxidation, as 
postulated by Buttery et al. (20).  Only mini- 
mum amounts of pentane are detected unless 
the oil is heated to temperatures above the 
decomposition point of the hydroperoxide, and 
no increase in the amount of the pentane is 
observed when 0.025% hexanal is added t o  
an oil. 

Preliminary work on autoxidized linolenic 
acid shows that it yields ethane as the major 
thermolysis product. When derived from 
hydrogenated fats, the fatty acid hydroper-  
oxides have different-length, saturated, term- 
inal hydrocarbon chains. These hydroper-  
oxides heat-degrade to yield normal hydro- 
,carbons which contain one less carbon atom 
than was present in the terminal chain of the 
hydrogenated fatty acid. Hydroperoxides with 
an unsaturation terminal to the peroxy group 
should yield unsaturated hydrocarbons. For-  
mation of specific hydrocarbons by thermolysis 
of oxidized fatty acids and oxidative polymers 
provides additional information about their 
composition and structure. 
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SHORT COMMUNICATIONS 

Thermal Hydrolysis 

A LTHOUGH THE ACIDS located in the primary 
positions of triglyceride molecules are 

known to be preferentially hydrolyzed by pan- 
creatic lipase, little information is available on 
whether the release of fatty acids upon thermal 
hydrolysis is selective with respect to their na- 
ture or position. Sahasrabudhe et al. (1) 
studied the degradation of corn oil heated in 
air  and suggested a greater susceptibility to 
heat of the primary positions. On the other 
hand, various other investigators have reported 
the formation of free acids of approximately 
the same composition as the parent triglycer- 
ides. This communication summarizes the 
results of a quantitative study of the free fatty 
acids released in three natural fats upon heat- 
ing. The fats selected, lard, corn oil, and cot- 
tonseed oil, vary in both their fatty acid com- 
position and distribution on the glyceride mole- 
cules. 

The samples of oil, each approximately 0.5 
g to which 10% distilled water was added, 
were heated at 200C for 4 hr under a nitrogen 
atmosphere in sealed tubes. The fatty acid 
composition of each sample was analyzed by 
the method of Stoffel et al. (2) ,  and the free 
fatty acids were adsorbed and methylated on a 
basic resin as described by Hornstein et al (3) .  
Gas chromatographic analysis of the methyl 
esters was carried out with an F&M Model 609 
instrument, equipped with a flame ionization 
detector and a 15-ft, I/s-in., diethylene glycol 
succinate column. Heptadecanoic acid was 
used as the internal standard. From the an- 
alysis of a quantitative mixture of pure fatty 

of Some Natural Fats 
acids to which 10% water was added, two 
correction factors for each acid were obtained, 
one for the free acid method of Hornstein and 
the other for the total fatty acid analysis of 
Stoffel. The percentage of hydrolysis of each 
acid was calculated from the formula: % 
hydro lys i s=Ff  X ( A - B ) / F  t X C X 100, where 

F~ correction factor for free fatty acid analysis 
Ft  correction factor for total fatty acid analysis 
A free fatty acid after heating (mg /g  of fat) 
B free fatty acid before heating (mg /g  of fat) 
C total fatty acid initially present (mg/g  of 

fat) 

The data were treated by analysis of vari- 
ance, and the differences among the means 
were analyzed by the Duncan's multiple range 
test. The results summarized in Table I indicate 
a trend towards selectivity of hydrolysis in 
favor of the shorter chain and the unsaturated 
acids. In  lard the hydrolysis of the C14:~ acid 
was significantly higher than that of all other 
acids, which showed no significant differences 
among themselves. In cottonseed oil both 
myristic and palmitoleic acids were released to 
a greater extent than the remaining acids, and 
the linoleic acid in co rn  oil was hydrolyzed at 
a significantly higher rate than the other com- 
ponent acids. Although the differences in per- 
centage of hydrolysis among the Cls acids were 
not statistically significant in either lard or 
cottonseed oil, it is interesting to note that, in 
all three fats studied, the extent of hydrolysis 
of the C~s:0 acid was the lowest and that of the 
C~s:z was the highest. 

TABLE I 
Hydrolysis of Some Natural Fats Heated at 200C for Four Hours 

Lard % Hydrolysis Cas C16:1 
(17 samples) (meansa) (20.36 20.83 

Specificity 251,z 33z 
of locationb 

C16 Cls:I C18:2 C~4 
20.85 20.94 21.39) (23.21) 

1522 311, 3 271, z 2002 

Corn oil % Hydrolysis C18 Ca6 C18:1 Cls:2 
(22 samples) (meansa) (17.86 18.50 18.63) (19.62) 

Specificity 501,3 501,3 32 272 
of location b 

Cottonseed oil % Hydrolysis Ct8 C~s:I C~o Ca8:2 C10:1 C1, 
(15 samples) (meansa) (24.42 24.46 24.82 24.89) (27.41 27.84) 

Specificity 501, 3 242 371,3 382 . . . . . . . .  
of locationb 

aAny two means included in the same bracket do not differ significantly. Any two means not included 
in the same bracket do differ significantly. 

bAccording to Vander Wal et al. (1964). Specificity = % of positive deviation from random distribution. 
The locations of predominance are shown in subscripts. 
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Lipase hydrolysis 
(~10% hydrolysis) 

I 
I 

FFA separated 
on resin and 
methylated 

I Gas radio- 
chroma- 
tography 

(A) 
Trace radioactivity 

Tr i laur in :  * 

TFA by direct 
methanolysis 
according to 

Stoffel 

G a s  radio- 
chromatog. 

I 

(a)  
50.0 ~c/g 

FIG. 1. 

f 
Heat treatment 
2.5 hr at 200C 

(~9.5% hydrolysis) 

FFA separated 
on resin and 
methylated 

Gas radio- 
chromatog. 

I 
I 

Y 
(C) 

49.2 tLc/g 

No correlation between location of the acid 
on the glyceride molecule and the extent of 
hydrolysis can be observed from the data in 
Table I. For example, the C16:0 acid of lard, 
although like the C~:0 acid is highly concen- 
trated in the 2-position, did not exhibit a high 
rate of hydrolysis. 

Experiments in which shorter reaction times 
were used did not show any preference in the 
hydrolysis of the c~ or /3  acyl groups. In these 
experiments a trilaurin with the fatty acid in 
the 2-position labeled with 14C was synthe- 
sized, and aliquots were treated according to 
the scheme below. The methyl esters were 
analyzed in a combination gas chromatograph- 
flow counter which permits simultaneous 
measurement of the acids and their radio- 
activity. Lipase hydrolysis confirmed that the 
primary positions were practically free of 
radioactivity. As shown in Fig. I, there was 
no significant difference between the specific 
activity of the acids released by heat (C) and 
that of the total fatty acids before heating (B). 

Under the experimental conditions used, no 
randomization or reesterification appeared to 
occur. This was demonstrated by the use of 
pancreatic lipase, also by adding free unde- 
canoic acid to trilaurin before heating. After 
removing the heat-hydrolyzed free fatty acids, 
no trace of the Cr~ acid was found in the 
glyceride residue. 

The results suggest that the nature of the 
acid, not its location, is more likely to be in- 
volved in thermal hydrolysis. While the data 
represent the analyses of a relatively large 
number of samples and demonstrate statistical- 
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ly significant differences in the rate at which 
certain fatty acids are thermally hydrolyzed, 
the magnitude of such differences is relatively 
low. The selectivity of hydrolysis in favor of 
the shorter chain and the unsaturated acids 
is probably attributable to their greater water- 
solubility. It should be pointed out that, in 
natural fats, a clear-cut relationship between 
the hydrolysis of an individual acid and such 
factors as unsaturation, molecular weight, or 
location on the triglyceride molecule is compli- 
cated by the fact that any one variable can be 
masked or modified by other variables existing 
in the same system. Further research is being 
conducted in this laboratory with simple model 
systems of triglycerides containing specific 
fatty acids in specific glyceride positions. 
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A Simple Method of Preparing Alcohol Acetates, 
Wax Esters, and Cholesterol Esters 

T HE EXCESS OF L I T H I U M  A L U M I N U M  HY- 

DRIDE, used in the reduction of carboxylic 
esters to the corresponding alcohols, is de- 
composed either by water or ethyl acetate (1).  
Our experience in using ethyl acetate in these 
reactions indicated .partial acetylation of the 
alcohols, probably because of in-situ forma- 
tion of lithium aluminum ethylate. This as- 
sumption seemed to be confirmed when pal- 
mityl alcohol could be quantitatively acetylated 
with ethyl acetate in the presence of a similar 
basic catalyst, sodium methylate. 

In  the present communication the method 
of preparing alcohol acetates, wax esters, and 
cholesterol esters in high yields is described. 

Five grams of oleyl alcohol were dissolved 
in 50 ml of ethyl acetate and mixed with 100 
mg of sodium methylate. The mixture was 
agitated vigorously with a magnetic stirrer in 
a 250-ml flask. The flask was flushed with 
nitrogen, immersed in a water bath maintained 
at 70C, and evacuated with a water aspira- 
tor at a rate such that the excess of ethyl 
acetate and ethyl alcohol resulting from the 

reaction were completely removed in 15 min. 
The flask was cooled, and the residue was 
extracted with diethyl ether; the extract was 
washed free of alkali with wa te r  and dried 
over anhydrous sodium sulfate. The oleyl 
acetate so obtained was purified by thin-layer 
chromatography (TLC) (system: silica gel G /  
toluene) before infrared analysis and a melt- 
ing-point determination (rap, - 17C  to - 1 6 C ) .  

The reaction between 1.2 g of methyl lino- 
lenate and 1.0 g of palmityl alcohol in the 
presence of 100 mg of sodium methylate (in 
the absence of any solvent) was carried out 
as described in the case of oleyl acetate except 
that the reaction was continued for 1 hr. Pal- 
mityl linolenate was purified by TLC before 
infrared analysis, and the melting point was 
determined after crystallization from ethanol 
(mp, 11.5C to 12.5C). 

The reaction between 100 mg of cholesterol, 
purified by the dibromide method, and 70 mg 
of methyl palmitoleate in the presence of 20 
mg of sodium methylate in 15 ml of benzene 
was conducted in the same manner as de- 

TABLE I 
Infrared Characterization 

Compounds 
Investigated Source of Compound 

O--R p 
Phase Typical Stretching Vibrations of R- -C 
for O 

Spectra C=O R~C-----O --O--R' 
Acetates 

Palmityl acetate 

Heptadecanyl 
acetate 

Oleyl acetate 

Palmityl acetate 

Acetic anhydride-pyridine 
method Liquidfilm 1745 (S)a  1242 (S) 1042 (S) 

Obtained during reduction of 
methyl heptadecanoate with Liquid film 1745 (S) 1240 (S) 1040 (S) 
LiAIH4 (purified by TLCb 
for spectra) 

Present technique Liquid film 1742 (S) 1240 (S) 1040 (S) 

Present technique Liquid film 1745 (S) 1242 (S) 1040 (S) 

Wax Esters 
Palmityl stearate 

Palmityl linolenate 

Palmityl palmit ate 

Acid chloride method Solid film 1735 (S) e e 

Present technique Liquid film 1740 (S) 1245  (WM) 1175 (MS) 

Present technique Solid film 1732 (S) e e 

Cholesteryl Esters 
Cholesteryl esters Blood plasma Liquid film 1735 (S) 

Cholesteryl 
palmitoleate Present technique Liquid film 1737 (S) 

1250 (WM) 1175 (MS) 

1250 (WM) 1175 (MS) 

nit is difficult to specify these peaks in solid spectrum, bSilica gel G/toluene. 
e S - -  strong; WM - -  weak medium; MS - -  medium strong. 

The spectra were determined with a Perkin-Elmer Model 21 double beam spectrophotometer, equipped with 
sodium chloride optics. 
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scribed for palmityl linolenate. Cholesteryl 
palmitoleate was purified by TLC before in- 
frared analysis. The melting point was deter- 
mined after recrystallization from acetone 
(mp, 49.5C to 50.5C). 

By the methods described above, the follow- 
ing compounds were also prepared:  palmityl 
acetate, heptadecanyl acetate, palmityl palmi- 
rate, and cholesteryl palmitate. The acetates 
were recovered quantitatively ( > 9 8 % )  ; the 
yields of wax esters and cholesteryl esters were 
85-90%. 

The important  infrared absorption peaks 
characterizing the compounds are given in 
Table I. The comparison of the mass spectra 
of palmityl acetate with that of n-docosyl ace- 
tate confirmed its identity (2).  Both the com- 
pounds had the following peaks: M,M-60, 
M-88, m / e ~ 1 1 6 ,  m/e-----6I, and m/e----43 (base 
peak attributable to acetyl ion).  Both the 
spectra also showed agreement in other minor 
peaks. 

Alcoholysis for synthesizing alcohol acetates, 
wax esters, and cholesteryl esters had the fol- 
lowing advantages over other procedures: 
there was a saving of one step in the synthesis 
of wax and cholesteryl esters by starting with 
alcohols rather than acetates (3,4);  less nox- 
ious reagents were used in the preparation of 

alcohol acetates. 
Although a well-known reaction, alcoholysis 

up to the present time has been used almost 
entirely with short-chain alcohols, and the 
present application to high-molecular-weight 
alcohols, such as wax alcohols and cholesterol, 
is of considerable value. 
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Extraction of Chromatographically Isolated Fatty Acids 
from Liquid Scintillation Fluid 

T HE EXAMINATION of a specific biosynthe- 
sized fatty acid is often impeded when a 

biological system synthesizes a variety of fatty 
acids and when this quantity is small. ' I t  be- 
came necessary  to develop methods for  the 
isolation and subsequent examination of a par- 
ticular fatty acid when the amount available 
was minute. A method was devised by which 
an individual fatty acid, isotopically labeled, 
could be recovered from the scintillation fluid 
after it had been separated as a methyl ester 
by gas-liquid chromatography and trapped for 
radio-assay. 

The 1-~4C-palmitic acid, 16-~4C-palmitic 
acid, and 1-14C-linoleic acid (Nuclear Chi- 
cago Corporat ion) were used to establish the 
procedure. These were diluted with nonradio- 
active palmitic or linoleic acid and methylated 
with diazornethane; separate aliquots ranging 
from 7 to 70 ttg of each acid were passed 
through a gas-liquid chromatograph. A series 
5000 Barber-Colman apparatus was used, era- 

ploying a glass U tube, 6 f tX6 mm ID, with 
15% HIEFF-2BP (ethylene glycol succinate) 
on Chromosorb W (WA)  80/100 mesh (Ap- 
plied Science Company)  at 185C and nitrogen 
gas as carrier (flow rate 200 ml /min ) .  A split- 
ter divided the gas effluent so that a portion 
passed through the flame ionization detector; 
the fatty acid peak was detected and recorded. 
Simultaneously the majority of the effluent 
passed through a Pasteur pipet containing glass 
wool, moistened with scintillation fluid (5 g 
2,5-diphenyloxazole and 0.3g p-bis[2-(5-phenyl- 
oxazolyl)]-benzene per liter of toluene),  which 
served to trap the fatty acid (Meinertz and 
Dole, I. Lipid Res. 3, 140, 1962). Only the 
peak corresponding to the methyl ester of the 
radioactive palmitate or linoleate was collected. 
The contents of the pipet were flushed into a 
scintillation vial with 12 ml of scintillation 
fluid and were then radio-assayed on a Pack- 
ard Tri-Carb scintillation counter. Approxim- 
ately 70% of the load applied to the column 
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scribed for palmityl linolenate. Cholesteryl 
palmitoleate was purified by TLC before in- 
frared analysis. The melting point was deter- 
mined after recrystallization from acetone 
(mp, 49.5C to 50.5C). 

By the methods described above, the follow- 
ing compounds were also prepared:  palmityl 
acetate, heptadecanyl acetate, palmityl palmi- 
rate, and cholesteryl palmitate. The acetates 
were recovered quantitatively ( > 9 8 % )  ; the 
yields of wax esters and cholesteryl esters were 
85-90%. 

The important  infrared absorption peaks 
characterizing the compounds are given in 
Table I. The comparison of the mass spectra 
of palmityl acetate with that of n-docosyl ace- 
tate confirmed its identity (2).  Both the com- 
pounds had the following peaks: M,M-60, 
M-88, m / e ~ 1 1 6 ,  m/e-----6I, and m/e----43 (base 
peak attributable to acetyl ion).  Both the 
spectra also showed agreement in other minor 
peaks. 

Alcoholysis for synthesizing alcohol acetates, 
wax esters, and cholesteryl esters had the fol- 
lowing advantages over other procedures: 
there was a saving of one step in the synthesis 
of wax and cholesteryl esters by starting with 
alcohols rather than acetates (3,4);  less nox- 
ious reagents were used in the preparation of 

alcohol acetates. 
Although a well-known reaction, alcoholysis 

up to the present time has been used almost 
entirely with short-chain alcohols, and the 
present application to high-molecular-weight 
alcohols, such as wax alcohols and cholesterol, 
is of considerable value. 
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Extraction of Chromatographically Isolated Fatty Acids 
from Liquid Scintillation Fluid 

T HE EXAMINATION of a specific biosynthe- 
sized fatty acid is often impeded when a 

biological system synthesizes a variety of fatty 
acids and when this quantity is small. ' I t  be- 
came necessary  to develop methods for  the 
isolation and subsequent examination of a par- 
ticular fatty acid when the amount available 
was minute. A method was devised by which 
an individual fatty acid, isotopically labeled, 
could be recovered from the scintillation fluid 
after it had been separated as a methyl ester 
by gas-liquid chromatography and trapped for 
radio-assay. 

The 1-~4C-palmitic acid, 16-~4C-palmitic 
acid, and 1-14C-linoleic acid (Nuclear Chi- 
cago Corporat ion) were used to establish the 
procedure. These were diluted with nonradio- 
active palmitic or linoleic acid and methylated 
with diazornethane; separate aliquots ranging 
from 7 to 70 ttg of each acid were passed 
through a gas-liquid chromatograph. A series 
5000 Barber-Colman apparatus was used, era- 

ploying a glass U tube, 6 f tX6 mm ID, with 
15% HIEFF-2BP (ethylene glycol succinate) 
on Chromosorb W (WA)  80/100 mesh (Ap- 
plied Science Company)  at 185C and nitrogen 
gas as carrier (flow rate 200 ml /min ) .  A split- 
ter divided the gas effluent so that a portion 
passed through the flame ionization detector; 
the fatty acid peak was detected and recorded. 
Simultaneously the majority of the effluent 
passed through a Pasteur pipet containing glass 
wool, moistened with scintillation fluid (5 g 
2,5-diphenyloxazole and 0.3g p-bis[2-(5-phenyl- 
oxazolyl)]-benzene per liter of toluene),  which 
served to trap the fatty acid (Meinertz and 
Dole, I. Lipid Res. 3, 140, 1962). Only the 
peak corresponding to the methyl ester of the 
radioactive palmitate or linoleate was collected. 
The contents of the pipet were flushed into a 
scintillation vial with 12 ml of scintillation 
fluid and were then radio-assayed on a Pack- 
ard Tri-Carb scintillation counter. Approxim- 
ately 70% of the load applied to the column 
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FIo. 1. Percentage of fatty acid radioactivity 
recovered from the aqueous phase (hydrolyzed) 
and that present in the scintillation fluid (unhy- 
drolyzed) with time O, 16-14C-palmitic acid; 
l-q, 1-1~C-palmitic acid; 2x, 1-~4C-linoleic acid. 

was recovered. 
The vial contents were transferred to a 

50-ml screw cap tube, and 12 ml of 2.5% 
K O H  in 95% ethanol were added. This one- 
phase system was heated at 37C for 120 min, 
5 ml of distilled water were added, the con- 
tents were mixed on a Vortex mixer and cen- 
trifuged to separate the two phases. 

The top layer (scintillation fluid) was 
aspirated, and the lower aqueous layer was 
extracted one time with 10 ml of toluene and 
three times with 10-ml aliquots of redistilled 
petroleum ether (bp 40-49C). The extracts 
containing the scintillation phosphor were dis- 
carded, and the aqueous layer was made to 
pH 1 with concentrated HC1. The aqueous 
phase was extracted three times with 10-ml 
aliquots of petroleum ether; the resulting ex- 
tract accounted for about 94% of the fatty 
acids initially radio-assayed. When an extract 
was dried, some contamination by the phos- 
phor was visible but amounted to less than 
0.5% of that originally present in the scin- 
tillation fluid. 

Preliminary testing of this procedure 
showed that 120 min were sufficient to hydro- 
lyze the methyl esters of the fatty acids. Figure 
1 illustrates the rate of hydrolysis, plotting both 
the percentage of fatty acid methyl ester which 
remained in the scintillation fluid and that 
which had been hydrolyzed and subsequently 
extracted from the lower phase. About  6% 
of the radioactivity was unaccounted for in the 
aqueous phase after 120 min of incubation. 
Incubation beyond 120 min did not significant- 
ly increase the yield of fatty acid. 

The fatty acids extracted by this method 
were examined to ascertain if they had been 
altered. Samples of the fatty acids previously 
subjected to gas chromatography and recovered 
were methylated and again passed through the 
gas-liquid chromatograph. The effluent was 
monitored to encompass the fatty acid peak, 
also before each peak appeared and afterward 
for 20-30 min. In all cases 97% of the radio- 
activity was associated with the fatty acid peak 
desired whereas most of the remaining 3% 
was detected after t h e  peak. Another point 
of interest was the effect that this extraction 
procedure might have on fatty acids which 
were to be decarboxylated (Brady et al., J. 
Biol. Chem. 235, 3093, 1960). The percentage 
of 14C-carbon dioxide recovered from 1-14C - 
linoleic acid and 1-14C-palmitic acid was the 
same ( < 1 %  difference) before and after t h e  
extraction process. About  1% of the ~4C from 
16-14C-palmitic acid was radio-assayed in the 
trapped carbon dioxide fraction before gas- 
liquid chromatography as well as after the ex- 
traction procedure. 

These results demonstrate that a mixture of 
fatty acids can be separated and individual 
ones subsequently examined. The presence of 
the scintillation phosphor does not affect sapon- 
ification, extraction, or structure of the fatty 
acids. This method is being used in current 
work to examine components of a mixture of 
biosynthesized fatty acids. Some of these fatty 
acids are decarboxylated after their recovery 
from the scintillation fluid. Certain of the un- 
saturated fatty acids have been hydrogenatdd 
(Farquhar  et al., Nutr.  Rev. Suppl. 17, 1, 
1959) after their extraction, rechromat- 
ographed, and re-isolated from the column in 
the peak corresponding to the saturated fatty 
acid containing the same number of carbons as 
the unsaturated fatty acid. Subsequent extrac- 
tion and decarboxylation yielded amounts of 
radioactivity within the ranges of theoretical 
values. The small amount of phosphor ex- 
tracted does not affect the decarboxylation or 
hydrogenation procedures. 
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Pancreatic Lipase Hydrolysis as a Source of Diglycerides 
for the Stereospecific Analysis of Triglycerides 

B ROCKERHOFF ( 1 )  AND LANDS e t  a l .  (2)  h a v e  

recently published methods for the stereo- 
specific analysis of triglycerides (TG) .  Since 
Lands'  procedure allows the use of smaller 
samples, it was selected by the authors. How- 
ever, when corn oil was analyzed by that 
method, the results disagreed with the corn oil 
triglyceride structure reported by Brockerhoff 
(1).  A closer perusal of Lands'  published data 
revealed that his diglyceride (DG)  products of 
lipase hydrolysis contained a higher concen- 
tration of saturated acids than would be ex- 
pected by calculation (Table I)  and were thus 
not representative of the fatty acid distribution 
in the original TG. Similar divergences have 
been reported by Luddy et al. (3) and by 
Coleman (4) ,  but  D G  data provided by Brock- 
erhoff (1,5,6) (Table I)  do not  show this en- 
richment. Possibly some pancreatic lipase hy- 
drolysis techniques may not randomly remove 
fatty acids from the 1,3-positions of all trigly- 
cerides. 

In order to test the possible nonrandom re- 
moval of fatty acids from the 1- and 3-posi- 
tions, three different in vitro methods of pan- 

TABLE I 

Deviation from Theory of the Fatty Acid Composition 
of Diglycerides Obtained by Pancreatic Lipase 

Hydrolysis of Triglyceride Mixtures 

Products of Lipase 
Original a Hydrolysis a 

Acid T G  MG D G  (DG)  calc.b 

(A)  c 
14:0 3.1 
16:0 25 
16:1 6.9 
18:0 4.5 
18:1 27 
18:2 33 

( B )  a 
14:0 16.6 
16:0 4.9 
16:1 0.2 
18:0 19.1 
18:1 10.5 
18:2 11.2 
18:3 37.5 

mole p e r c e n t a g e  

2.4 2.4 2.9 
11 29 22 
5.7 4.7 6.6 

- -  4,7 3.4 
30 26 28 
51 33 38 

1.1 11.4 12,5 
8.0 4.6 5.4 
0.3 0.4 0.2 
3.3 16.2 15.2 

15.4 12.3 11.9 
16.4 13.1 12.5 
55.4 42.0 42.4 

aTG = triglycerides; MG ~ 2-monoglycerides; DG ~ 1,- 
2(2,3) -diglycerides. 

b (DG)calc.  = (3T + M) /4 ,  where (DG)calc .  is the 
theoretical percentage of each particular fatty acid in the 
diglyceride product of pancreatic lipase hydrolysis, cal- 
culated from the fatty acid percentages in the original 
triglycerides (T) and in the monoglyceride products of 
lipolysis (M) .  

eData  from (2). 

aDa ta  from (1).  
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creatic lipase hydrolysis (1 -3 )  were tried on 
three vegetable oils and on two animal fats 
containing varied concentrations of saturated, 
monoenoic, and dienoic acids. When the three 
methods were applied to the vegetable oils 
(Table I I ) ,  only Method B (3) produced DGs 
of the fatty acid composition expected by 
calculation. When methods B (3) and C (2) 
were applied to animal fats, the average data 
provided by Method B were closer to the 
calculated values than those provided by 
Method C, but the individual variations in one 
case (Rat  fat I)  were relatively high. Range 
values for palmitic acid are included in the 
table as an example. 

Stereospecific analysis by Lands'  procedure 
(2) consists of lipase hydrolysis of a T G  mix- 
ture, stereospecific phosphorylation of one of 
the D G  enantiomers (the 1,2-DG),  and sub- 
sequent fatty acid analysis of the resulting 
phosphatidic acid (PA) .  The distribution of 
fatty acids among positions 1, 2, and 3 in the 
original TG can then be determined from the 
fatty acid compositions of the original TG,  the 
monoglyceride ( M G )  products of lipase hydro- 
lysis, and the PAs produced by the D G  kinase 
reaction. However, these calculations will be 
correct only if the fatty acid distribution in the 
DGs which are used as a substrate in the D G  
kinase reaction is the same as their distribution 
in the original TG. If  the lipase hydrolysis is 
selective and the DGs  are enriched in saturated 
acids, the enrichment will be present in the P A  
made from them, and the calculated amount of  
saturated acids in the 1-position of the original 
T G  will be greater than that which is actually 
present. Since the calculations are based on a 
series of differences, the too-high level of satur- 
ated acids observed in position 1 will result in 
an equally too-low level at position 3. 

Pancreatic lipase action on any triglyceride 
gives a 1:1 mixture of 1,2- and 2,3-DGs 
whereas the P A  which is produced by action 
of D G  kinase on that DG mixture contains the 
fatty acids from the 1,2-DGs only. The error 
that results from the use of nonrepresentative 
DGs may therefore be determined by substitut- 
ing the D G  fatty acid composition for that of 
PA in Lands'  equations for calculating posi- 
tional distribution in the TG. If the DGs are 
representative, the calculated composition of 
the 1- and 3-positions must be the same since 
the DGs have the average fatty acid composi- 
tion of the 1,2- and 2,3-positions of the TG.  
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T A B L E  I I  
Degree  of  A g r e e m e n t  Between Calculated and  Lipase  Hydrolys is  D a t a  for  

Diglycer ide  F a t t y  Ac id  Compos i t ions  

441  

M e t h o d  A (1) Method  B (3) Method  C (2) 
F a t  Acid  D G ( d e t . )  ( D G ) c a l c .  a D G ( d e t . )  ( D G ) c a l c .  e D G ( d e t . )  ( D G ) c a l c .  a 

mole  percentage  
Corn  oil b 16:0 12.2 9.1 8.7 8.8 11.3 9.0 

18: 0 1.9 1.4 1.4 1.4 2 .2  1.5 
18:1 23.3 25,3 24.4 24.7 25.5 24.2 
18: 2 62.6 64.2 65.4 65.2 61.1 65.3 

16:0 11.0 8.1 7.9 8.1 11.2 8.2 
18:0 2.8 2.0 2.0 2.0 2.5 2.0 
18:1 47.2 47,7 46.6 46.5 46.7 46.2 
18:2 33.1 38,0 37.4 39.2 35.3 39.4 
20:1 1.5 1,2 1.1 1.2 0.9 1.2 
20 :2  1.4 1A 1.6 1.1 0.8 1.0 
22:1 2.9 1.9 3.3 1.9 1.9 1.9 

16:0  7.2 5.4 5.9 5.3 6.4 5.3 
18:0 2.3 1.6 1.8 1.6 2.0 1.6 
18:1 10.9 10.6 10.8 10.5 10.4 10.4 
18:2 79.5 82.4 81.4 82.7 81.2 82.8 

14:0 1.7 2.3 1.8 2.2 
15:0 0.3 0.6 0.3 0.6 
16:0 25.0e 24.1 27.1 23.8 
16:1 21.1 21.4 19.7 21.9 
17:1 trd t r  t r  t r  
18:0 1.3 1.9 1.8 1.9 
18:1 50.7 49.7 49.3 49.6 
1 8 : 2  tr  t r  t r  tr  

14:0 1.4 1.9 1.4 1.9 
15:0 0.1 0.4 t r  6.3 
16:0 26.3 e 26.5 29.8 26.2 
16:1 11.3 9.8 10.8 10.0 
17:1 0.6 0.5 t r  0.5 
18:0 2.7 2.7 3.5 2.5 
18:1 42.4 42.4 41.3 41.9 
18:2 15.2 15.3 13.1 16.6 

Peanu t  oil 

Safflower oil 

Ra t  fa t  I b 

Ra t  fa t  l i b  

a ( D G ) c a l c .  = see footnote  b, Table  I .  "oAverage of duplicate analysis,  eRange  22.6%-27.4%. eLess than  
0.1%. eRange 25.5%-27.2%. 

T A B L E  I l i  
Effect  of  the Use of  Representa t ive  or  Nonrepresen ta t ive  Diglycer ide  D a t a  on  the  Calcula t ion of the  

Stereospecific Dis t r ibu t ion  of  Tr ig lycer ide  Fa t t y  Acids  a 

Composi t ionb Posi t ional  Dis t r ibu t ion  e 

T G  D G  M G  2 / 3 D G  1 / 3 M G  1 2 3 
Acid  ( I )  ( I I )  ( I I I )  ( I V )  ( V )  ( I V - V )  ( V )  (1- IV)  

( A )  d 
14:0 3.1 2.4 
16:0 25 29 
16:1 6.9 4.7 
18:0 4,5 4.7 
18:1 27 26 
18:2 33 33 

( B ) a  
14:0 16.6 11.4 
16:0 4.9 4.6 
16:1 0.2 0.4 
18:0 19.1 16.2 
18:1 10.5 12.3 
18:2 11.2 13.1 
18:3 37.5 42.0 

mole  percentage  

2.4 1.6 0.8 0.8 0.8 1.5 
11 19.3 3.7 15.6 3.7 5.7 

5.7 3.1 1.9 1.2 1.9 3.8 
- -  3.1 - -  3.1 - -  1.4 
30 17.3 10 7.3 10 9.7 
51 22 17 5 " 22 11 

1.1 7.6 0.4 7.2 0.4 9.0 
8.0 3.1 2.7 0.4 2.7 1.8 
0.3 0.3 0.1 0.2 0.1 ----0.1 
3.3 10.8 1.1 9.7 1.1 8.3 

15,4 8.2 5.1 3.1 5.1 2.3 
16.4 8.7 5.5 3.2 5.5 2.5 
55.4 28 18.5 9.5 18.5 9.5 

aAU calculat ions m a d e  on the  assumpt ions  s ta ted in  the  text. Me thod  of  calculat ions f r o m  (2 ) .  

b T G  ~ or ig inal  t r iglyceride;  D G  ~ 1,2(2,3)-diglyceride;  M G  = 2-monoglyceride.  

e Calcula ted  f r o m  the compos i t ion  of  the  diglyceride products  of  pancrea t ic  l ipase hydrolysis .  

a A  = unidentif ied natura l  fat ,  da ta  f r o m  (2) .  

B ~ synthet ic  tr iglyceride,  da ta  f r o m  (1) .  
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If  the DGs are not representative, the calcu- 
lated compositions at the 1- and 3-positions 
will differ and the error in the stereospecific 
analysis will be at least as great as this differ- 
ence. It must be kept in mind that this calcu- 
lation is a check on the random action of 
pancreatic lipase; it is not a calculation of 
stereospecificity. 

The data in Table I I I  were obtained when 
the above test was applied to the data in Table 
I. Although the values for position 1 should 
be the same as those for position 3 in Sample 
A, they obviously are noL and the difference 
is a measure of the selectivity in the pan- 
creatic lipase hydrolysis procedure. I t  follows 
then that any calculations based on the P A  
made from these nonrepresentative DGs will 
be equally incorrect. 

In summary, it is apparent  that pancreatic 
lipase hydrolysis may or may not give DGs 
useful for reliable stereospecific analysis, de- 
pending on yet unknown factors. As a conse- 
quence, it becomes necessary to determine the 
DG composition after each lipase hydrolysis 
and to compare it with the expected composi- 

tion. If  the two are not the same, it may be 
concluded that the lipase hydrolysis was se- 
lective and not random and the diglycerides 
cannot be used for stereospecific analysis. 
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LETTER TO THE EDITOR 

A Note on the Mechanism of Lipoxidase Reaction and the Origin 
of the Oxygen Incorporated into Linoleate Hydroperoxide 

Sir." In the review of prior work for our 
original manuscript  [Dolev, A., et al., Lipids 
l ,  293 (1966);  Lipids 2, 33 (1967)],  we in- 
advertently overlooked the paper, "Direct In- 
corporation of Molecular Oxygen into Organic 
Material  by Respiring Corn Seedlings," by G. 
J. Fritz, W. G. Miller, R. H. Burris, and L. 
Anderson [Fritz, G. J., et al., Plant Physiol. 
33, 159 (1958)].  Their report  described an 
experiment with lipoxidase-~sO and a linoleic 
acid (60% purity) which was designed to 
show "the ability of lipoxidase to incorporate 
molecular oxygen into the substrate." The 
observed isotope enrichment, 55% of the 
theoretical value, "supported the assumption 
that lipoxidase adds oxygen directly to the sub- 
strate." 

We wish to acknowledge this prior experi- 
ment on lipoxidase which our work has now 

extended to the use of pure linoleic acid and 
of H~a~O, as well as ~so; to the isolation of 
methyl 13-hydroxystereate after hydrogenation 
of hydroperoxide; and to the mass spectro- 
metric analysis of the isolated fatty acid methyl 
esters and of gas-phase oxygen. Our experi- 
ments (Dolev, A., et al., op. cit.) demonstrated 
that "oxygen introduced into the hydroperoxide 
molecules comes from gaseous phage and not 
from aqueous phase. Furthermore soybean 
lipoxidase does not catalyze the exchange be- 
tween gaseous oxygen and water oxygen." 

AMI DOLEV, W. K. ROHWEDDER, 
T. L. MOUNTS, and H. J. DUTTON 
Northern Regional Research Labor-  
atory, United States Department of 
Agriculture, Peoria, Illinois 

[Received March 27, 1967] 
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A Comparative Study of the Lipids of Chylomicron Membrane 
and Fat Core and of the Lymph Serum of Dogs 1 

T. C. HUANG, P'hysiologisch-Chemisches Institut, University of Cologne, Cologne, Germany; and 
A. KUKSIS, Banting and Best Department of Medical Research," University of Toronto, 
Toronto, Canada 

ABSTRACT 

Thoracic lymph was collected from 13 
dogs fed corn oil and butterfat. The chylo- 
microns were isolated by centrifugation. 
The lipid composition of the fat core and 
the membrane of the chylomicron was 
compared to that of the surrounding 
lymph serum. The fat cores contained 90- 
96% triglyceride, 0.7-1.9% free choles- 
terol, 0.2-0.5% steryl ester, 0.9-3.5% free 
fatty acid and 1.4-6.1% diglyceride, but 
no phospholipid. The lipids of the mem- 
branes contained 58-75% phospholipid, 
20-35% triglyceride, 2-5% free choles- 
terol, 1-2% free fatty acid, and 2-3% 
diglyceride, but little or no steryl ester. 
The membrane phosphol ipids  were made 
up of 70-90% lecithin, 5-20% phospha- 
tidyl ethanolamine, and 1-3% each of 
lysolecithin and sphingomyelin. The lymph 
serum contained 24-47% of total lipid 
as phospholipid, of which 70-92% was 
lecithin; the phosphatidyl ethanolamine, 
lysolecithin and sphingomyelin also pres- 
ent contributed 1-10% each. The neutral 
lipids of the lymph serum contained 49- 
75% triglyceride, 2-15 % free cholesterol, 
6-23 % esterified cholesterol, 10-33 % free 
fatty acid and 1-6% diglyceride. 

Alterations in dietary fat, or plant sterol 
supplementation led to lesser changes in 
the lipids of the chylomicron membranes 
than in the lipids of any other lymph frac- 
tion. The least variation was seen in the 
phospholipids. 

INTRODUCTION 

I T HAS BEEN WELL ESTABLISHED that absorb- 
ed fat is transported to blood via thoracic 

lymph in the form of discrete lipid particles, 
called chylomicrons. On the basis of the 
known physicochemical properties of the var- 
ious constituents it has been proposed (1) that 
the chylomicrons represent microscopic drop- 
lets of trigtycerides surrounded by a phospho- 

1 T a k e n  in par t  f rom a P h D  Thesis  submit ted  by  T ,  C. 
H u a n g  to Queen ' s  Univers i ty ,  Kings ton ,  Canada .  in April 
1965. Presented at the  A O C S  56th Spr ing  Meet ing,  Hous-  
ton, M a y  1965. 

lipid-protein membrane. A comparable struc- 
ture has been advanced (2) for the lipid par- 
ticles of milk from similar considerations and 
from actual experimental analyses of the fa t  
cores and membranes of the latter particles. 
Since there is now good evidence (3) that 
much of the information in the literature con- 
cerning the basic principles of absorption and 
transport of  fat can be related to or interpreted 
by the mechanism of chylomicron formation, 
it was deemed necessary to obtain more defi- 
nite information about the chemical composi- 
tion of the structural components of the chylo- 
micron and about its overall architecture. 

In  the initiation of this work, methods pre- 
viously developed (4) for the study of the 
structure of the milk fat globules were of great 
help. Subsequent improvements in the experi- 
mental techniques, however, necessitated a re- 
investigation of the composition of the milk 
fat particles (5) before accurate comparisons 
could be made between the structures of these 
two natural oil-in-water systems. Eventually 
inferences could be advanced about possible 
similarities in the mechanisms of their forma- 
tion (6).  The following report  describes the 
experiments performed to determine the lipid 
composition of the chylomicrons from corn 
oil and butterfat  chyle. Since the completion 
of this work essentially identical findings have 
been published by Zilversmit (7) .  

MATERIALS AND METHODS 

All reagents and solvents were of Fisher 
Certified Reagent grade and with the exception 
of the petroleum ether, were used without puri- 
fication. Petroleum ether (bp 30-60C) was 
redistilled and the fraction boiling in the range 
40-56C was collected and used. 

Female mongrel dogs, 3 to 5 years old, were 
purchased from the Canadian Breeding Lab- 
oratories, St. Constant, Quebec. The thoracic 
ducts were cannulated by the method of 
Beschel and McCarthy (8) under Nembutal  
anesthesia. TabIe I gives the details of the 
experimental meals and lymph collections. The 
lymph was processed immediately after col- 
lection. Occasionally, dilute solutions of heparin 
were injected in the thoracic duct cannula in 
order to dislodge clots. 
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T A B L E  I 

E x p e r i m e n t a l  M e a l s  a n d  L y m p h  C o l l e c t i o n s  a 

V o l u m e  C h y l o m i c r o n  
H o u r s  o f  o f  l y m p h  l i p i d  

D o g  M e a l  c o l l e c t i o n b  ( m l )  ( g )  

Corn O i l  F e e d i n g  

A 50  g c o r n  o i l  5 - -  9 90 0 .78  
B 50  g c o r n  o i l  8 - -  17 85 5,C7 
C 50 g c o r n  o i l  3 - -  10 85 1.93 
D 60  g c o r n  o i l  3 - -  12 120 2 .54  
E 60  g c o r n  o i l  - -  3 g p l a n t  s t e r o l  c 4 - -  15 270  9 .58  
F 60  g c o r n  o i l  + 3 g p l a n t  s t e r o l e  5 - -  19 250  3 .58  

B u t t e r f a t  F e e d i n g  

G 80 g b u t t e r  4 - -  10 160 6 .33  
H 70  g b u t t e r  6 - -  27  255  13.89 
I 70  g b u t t e r  4 - -  8 92 2 .0  
J 70  g b u t t e r  5 - -  12 184 4 .69  
K 55 g b u t t e r  11 - -  18 90 4 .79  
L 60  g b u t t e r  15 - -  18 60 4 .66  
M 70  g b u t t e r  + 3 g p l a n t  s t e r o l e  3 -  9 270  8.65 

a In addition to the fats all dogs received 2 slices each of white bread. 
b Hours after feeding the meals. 
e A mixture of 40% campesterol and 60% p-sitosterol. 

Fractionation of Lymph 

The method adopted for work with the 
lymph chylomicrons was based upon that de- 
scribed by Cole et el. (4) for the preparation 
of the membranes and fat cores of milk fat 
globules. Fresh lymph was divided into chylo- 
microns and lymph serum by centrifugation at 
36,000 g for 1-2 hr at 5C. A hole was made 
through the solid layer of chylomicrons at the 
top of the tube with the aid of a small probe, 
and a fine-tip glass capillary, connected to a 
suction pump, was carefully introduced into 
the liquid lower layer and the serum siphoned 
off. Recentrifugation of the lymph serum as 
before showed that it was essentially free of 
chylomicrons. The chylomicrons were sus- 
pended in 0.9% NaC1 and recentrifuged. 
Washing with saline was repeated once more 
and the compact chylomicron layer was frozen 
at -4C  and left at this temperature for periods 
of 24-48 hr. The frozen fat particles were 
then allowed to thaw and the fat melted at 
37C was dispersed in 2 volumes of distilled 
water of the same temperature. The suspen- 
sion was centrifuged at 36,000 g for 2 hr. The 
membranous material sedimented to the bot- 
tom of the tube as a pellet, while the released 
oil floated to the top of the tube. The oil 
phase was collected with the aid of a Pasteur 
pipet and washed several times with saline to 
remove adhering unbroken chylomicrons. The 
membrane pellet was dispersed in distilled 
water and the resulting suspension again cen- 
trifuged. At the centrifugal force of 36,000 g, 
only a portion of the chylomicron membranes 

was sedimented in 2 hr. Part of this material 
remained floating and was collected separately. 
Subsequent chemical analyses showed that both 
sedimented and floating membranes had the 
same lipid composition. 

Methods of Lipid Analysis 

The lipids of the lymph serum and the 
chylomicron fractions were extracted either by 
chloroform-methanol (2:1, v /v)  or ethanol- 
diethyl ether (3:1, v /v)  as previously de- 
scribed (9). The denatured and completely 
precipitated protein was removed by centri- 
fugation, dried with diethyl ether in vacuo, and 
weighed. The lipid extracts were evaporated 
to dryness, taken up in chloroform and sep- 
arated into neutral and phospholipids by 
chromatography on silicic acid with chloroform 
and methanol. Further separations were made 
by TLC (10). Neutral lipids were resolved 
into individual chemical classes by TLC on 
silica gel G using heptane-isopropyl ether- 
glacial acetic acid (60:40:2,  v / v / v )  as the 
developing solvent. Phospholipids were re- 
solved into individual chemical classes by TLC 
on silica gel G using chloroform-methanol- 
glacial acetic acid-water (65: 25: 8 : 4 v / v / v / v )  
as the ~ developing solvent. The bands were 
located by spraying the plate with 0.05% 2,7- 
dichlorofluorescein in methanol and viewing it 
under ultraviolet light. The various lipid frac- 
tions were methylated in the presence of the 
silica gel scrapings using 10% (w/v)  sulfuric 
acid in methanol (10). To prevent possible 
decomposition of sterols in the acid t rans -  
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T A B L E  II  

Dis t r ibut ion of Total  Lymph Lip id  After  Destabi l izat ion of Chylomicrons a 
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Total Fa t  Globule  Lymph Unbroken  
lipid, core, membrane,  serum, chylomicrons, 

Dog g g g %b g g %e 

Corn oi l  feeding 

A 0.86 0.51 0.08 13.8 0,08 0.19 20.0 
B 5.94 4.33 0.30 6.4 0,87 0.44 7.3 
C 2.31 1.31 0.09 6.2 0.38 0.54 23.3 
D 3.12 0.79 0.09 11.3 0.58 1.75 56.0 
E 10.96 6.55 0.24 3.6 1.39 2.78 25.2 
F 4.56 1.92 0.11 5.5 0.98 1.55 34.1 

Butterfat  feeding 

G 7.17 4.19 0.37 8.1 0.84 1.77 24.7 
H 15.87 8.37 1.21 14.0 1.99 4.31 27.0 
I 2.54 0.96 0.04 3.7 0.47 1.08 42.2 
J 5.57 2.75 0.43 13.4 0.88 1.51 27.1 
K 5.79 2.38 0.25 9.6 1.00 2.16 37.6 
L 5.09 1.86 0.15 7.6 0.43 2.64 52.5 
M I0.I0 4.79 0.52 9.8 1.45 3.34 32.3 

a Weights of total lipid extracts. 
b Percentage of total lipid in the broken chylomicrons. 
c Percentage of the total chylomicron weight. 

methylation medium, the fatty acid moiety of 
the steryl esters was transmethylated with 0.5 
N KOH in anhydrous methanol at room tem- 
perature (12 hr) .  

Gas chromatography of fatty acid methyl 
esters was performed on an Aerograph Hy-Fi  
Model B instrument. An F & M Model 40 
linear temperature programmer was used to 
maintain an isothermal temperature of 185C~ 
The injector temperature was 250C. Separa- 
tions were achieved on a 1/8 in. O.D. X 6 ft 
stainless steel column packed with 80-100 mesh 
Gas-Chrom A coated with 20% (w/w)  di- 
ethylene glycol succinate. Nitrogen supplied 
at 12 psi gave a flow rate of 80 ml /min  at 
room temperature. Under these conditions, 
quantitative results with National Heart  Insti- 
tute Fatty Acid Standards (A to F) agreed 
with the stated composition data with a relative 
error tess than •  for major components 
(more than 10% of total mixture) and less 
than ~ 10% for minor components (less than 
10% of total mixture).  For quantitative esti- 
mation of fatty acids in the individual lipid 
classes, a known amount of methyl heptadec- 
anoate (Applied Science Laboratories, Inc., 
State College, Pa.) was added to each frac- 
tion, and the weight of the unknown was de- 
duced from the proportions of the peak areas 
in comparison to the area of the internal 
standard. The original weights of the indi- 
vidual lipid classes were calculated from the 
fatty acid data and the known molecular 
weights of the nonfatty acid moieties of these 
molecules (11 ). Sterols were quantitatively 

estimated by gas chromatography on a 1/8 in. 
O. D. • 2 ft stainless steel column packed with 
3.8% (w/w)  SE-30 on Diatoport S (80-100 
mesh) using cholestane as internal standard. 
For these separations the above gas chroma- 
tograph was operated at 220C with an in- 
jector temperature of 250C. In addition GLC 
of intact steryl esters and triglycerides was 
performed on a Beckman GC-4 gas chroma- 
tograph equipped with a special injector heater 
and dual 3% JXR columns (12). 

RESULTS AND DISCUSSION 

Separation of Chylomicron Membranes and 
Fat Cores 

In contrast to the large milk fat globules 
analyzed by Cole et al. (4) the smaller chylo- 
microns could be destabilized only with dif- 
ficulty. The extent of destabilization seemed 
to depend upon such factors as the length of 
time taken for freezing, the duration of thaw- 
ing, the water content of the chylomicron 
cream, and the number of cycles of freezing 
and  t h a w i n g  employed. The degradation 
achieved in the 3 cycles usually employed 
varied from 48-93%. Table II gives the dis- 
tribution of total lymph lipids among the chylo- 
micron membranes, fat cores, and lymph sera, 
as well as that retained in the unbroken por- 
tion of chylomicrons. A total of t3 samples 
of lymph, 6 from corn oil and 7 from butter 
feeding, were examined. As judged from the 
proportion of the unbroken chylomicrons, the 
corn oil chylomicrons were somewhat more 
easily destabilized than the butterfat chylo- 
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T A B L E  l l I  

Lipid  Composi t ion  of Chylomicrons and Lymph Serum 
(% total  l ipid of fract ion) 

Fa t  core Membrane Serum 

Dog PL a NLb p L  a NLb PL a NLI~ 

Corn oil  feeding 

A 0 100 61.0 39.0 44.5 55.5 
B 0 100 58.1 41.9 28.5 71.5 
C 0 tOO 72.3 27.7 31.4 68.6 
D 0 100 64.1 35.9 24.8 75.2 
E 0 100 75.6 24.4 26.1 73.9 
F 0 tOO 69.0 31.0 25.3 74.7 

Butterfat  feeding 

G 0 100 65.3 34.7 47.0 53.0 
t-I 0 100 65.9 34.1 27.1 72.9 
1 0 100 68.6 31.4 38.0 62.0 
J 0 100 61.9 38.1 30.4 69.6 
K 0 100 62.8 37.2 33.0 67.0 
L 0 100 60.3 39.7 33.2 66.8 
M 0 100 72.9 27.1 33.3 66.7 

a Phospholipids.  

b Neutra l  lipids plus free fatty acids. 

microns. Furthermore,  it frequently appeared 
as if additional cycles of freezing would pro- 
duce no significant increase in the amount of 
material destabilized. Despite considerable ef- 
fort expended in comparative studies between 
the lipids of the lysed and unlysed chylo- 
microns, no significant differences could be un- 
covered. If  real differences in the stability of 
these chylomicrons existed, they must have 
been related to possible discrepancies in their 
size and /o r  the amount and composition of 
the associated proteins. Zilversmit (7) has 
also reported that at certain temperatures corn 
oil chylomicrons are more easily oiled out 
than butterfat chylomicrons, but that heating 
to 40-60C or higher produces comparable oil- 
ing out of both types of chylomicrons. 

TaMe I l I  lists the relative proportions of 
phospholipids and other lipids in the mem- 
branes and fat cores of the chylomicrons and 
in the lymph sera. In both corn oil and butter- 
fat chylomicrons, all the phospholipids occur- 
red in the membranes and none in the fat 
cores. Furthermore,  the amount of the total 
phospholipid in the membranes appeared to 
be about the same in both types of chylo- 
microns and accounted for 60-70% of the 
total lipid. There also was little difference be- 
tween the phospholipid proportions of the 
lymph sera obtained from corn oil and butter- 
fat feeding. The average percentage of total 
phospholipid in the lymph sera was 30. This 
is rather low when compared to fasting lymph 
which contains about 50% phospholipid, and 
suggests that considerable amounts of the 
smaller chylomicrons remained in the lymph 
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serum following centrifugation. In 2 lymph 
samples from corn oil feeding (A and G ) ,  
however, the phospholipid content was 44.5 
and 47.0% of the total lipid. 

Phospholipids 
Table IV gives the composition of the phos- 

T A B L E  IV 

Composi t ion  of Phospholipids  of Chylomicron Membrane  
and Lymph Serum 

% total  phosphol ipid 

Lymph Cepha- Leci- Lysoleci- Sphingo- 
Dog fract ion lin a thin thin melin 

Corn oil  feeding 

A Membrane 4.0 90.0 2.5 3.5 
Serum 4.9 84.5 6.8 3.8 

B Membrane 3.8 92.0 4.0 0.2 
Serum 8.2 85.0 3.2 3.6 

C Membrane 17.9 79.2 1,2 1.7 
Serum 2.6 86.3 9.6 1.5 

D Membrane 6.4 88.6 1,8 3.2 
Serum 4.3 87.6 3.4 4.7 

E Membrane 23.6 70.0 3.1 3.3 
Serum 3.3 86.5 5.7 4.5 

F Membrane 12.8 83.4 1.2 2.6 
Serum 2.7 80.0 9.8 7.5 

Butterfat  feeding 

G Membrane 13.0 79.1 4.3 3.6 
Serum 4.4 90.5 2.6 2.5 

/-1 Membrane 15.0 79.1 3.2 2.7 
Serum 5.9 78,0 10.1 6.0 

I Membrane 9.4 83.9 1.4 5.3 
Serum 2.6 92.0 3.5 1.9 

J Membrane 4.6 90.5 3.6 1.3 
Serum 2.2 88.1 5.3 4.4 

K Membrane 8.4 79.3 9.4 2.9 
Serum 3.8 88.1 3.7 4.4 

L Membrane 13.8 82.5 2.0 1.7 
Serum 4.3 87.3 6.1 2.3 

M Membrane  8.1 81.2 4.1 6.6 
Serum 4.8 85.8 4.1 5.3 

a Phosphat idyl  ethanolamine plus any phosphat idyl  serine. 
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pholipids of chylomicron membranes and 
lymph sera. Since the TLC system employed 
did not permit a reliable resolution of phos- 
phatidyl ethanolamine and phosphatidyl serine, 
a combined estimate of the two has been enter- 
ed under the name of cephalin. Zilversmit (7), 
however, has shown that it is mainly phos- 
phatidyl ethanolamine. The major phospho- 
lipid of the chylomicron membrane was leci- 
thin. It accounted for an average of 85% of 
the total phospholipid. The cephalins made up 
an average of 10% of the total phospholipid, 
although individual estimates ranged from 4- 
23%. Lysolecithin and sphingomyelin made 
significantly smaller contributions to the total 
membrane phospholipids accounting for an 
average of 3% each. All of these values are 
remarkably close to those found by Zilversmit 
(7), who isolated phosphatidyl choline (75%) ,  
phosphatidyl ethanolamine (12%) ,  sphingo- 
myelin (5%)  and lysolecithin (3 % ) from 
similar membrane preparations. Neither Zilver- 
smit nor we could demonstrate any significant 
differences between the phospholipid composi- 

tions of the membranes of corn oil and butter- 
fat chylomicrons. 

The proportions of the membrane phospho- 
lipids were closely paralleled by the propor- 
tions of the lymph serum phospholipids. In 
most samples, however, the proportion of the 
cephalins found in the lymph serum was only 
about one half of that found in the mem- 
brane. There were other samples where these 
proportions were reversed. The changes in 
the contributions of the cephatins were re- 
flected in slight alterations in the lecithin con- 
centration; the amounts of the lysolecithins 
and sphingomyelins remaining about the same 
or increasing slightly over those in the mem- 
brane phospholipids. The values for the lymph 
serum phospholipids tend to approach those 
for the dog blood serum which is known (13) 
to contain relatively less phosphatidyl etha- 
nolamine and more sphingomyelin and lyso- 
lecithin. 

Fig. 1 shows the results of GLC analyses of 
the fatty acids of individual phospholipid frac- 
tions from the chylomicron membranes and 
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the lymph sere. This bar  graph does not in- 
clude various minor fatty acids also present 
in these samples which accounted for 5-10% 
of the total acid mixture. In addition to pal- 
mitoleic acid, small amounts of C10-C14 satu- 
rated and some C~o-C24 saturated and unsatu- 
rated acids were also excluded. Occasionally 
the neglected longer chain acids alone made up 
about 10% of the total fatty acids of sphingo- 
myelin. 

In general the fatty acid composition of the 
phospholipids of both lymph serum and the 
chylomicron membrane remained relatively un- 
affected by changes in dietary fat. There was, 
however, a significantly greater proport ion of 
linoleic acid in the phospholipids from the corn 
oil lymph than in those from the butter lymph. 
Furthermore this difference was about equally 
pronounced in the phospholipids of the mem- 
branes and the lymph sere. The lecithins and 
cephalins from both sources contained about 
equal proportions of saturated and unsaturated 
fatty acids, while the sphingomyelins contained 
primarily saturated fatty acids. The composi- 
tion of the sphingomyelin acids is unusual in 
the relative absence of the C20-C24 acids, which 
are known to make up 20% or more of the 
total acids of this fraction from dog blood 
serum and fasting human plasma. Similar ob- 
servations regarding the fatty acid composition 
of these phospholipids were reported by Zil- 
versmit, who examined considerably fewer 
samples. In contrast to the results of Zilver- 
smit, our samples of lysolecithin contained 
significantly more of the unsaturated fatty 
acids amounting to nearly 50% of the total. 
This observation is unexpected;  they should 

have contained mostly saturated fatty acids, if 
the present concepts of the composition of the 
natural phosphatidyl glycerides are correct 
(14).  In view of the effective thin-layer sep- 
arations, it is suggested that the unsaturated 
lysolecithins in our samples originated from a 
nonspecific hydrolysis of the large amounts of 
the lecithin. 

Neutral kipids and Free Fatty Acids 

Table V gives the composition of the neutral 
lipids and free fatty acids of the fat cores and 
membranes of the chylomicron and the lymph 
serum. Triglycerides comprised the bulk (87- 
96%)  of the fat core. Of the remainder, 0.7- 
1.9% was free sterol, 0.1-0.4% steryl ester, 
0.9-5% free fatty acids and 2-6% diglycerides. 
The relatively constant proport ion of free sterol 
in the fat cores is interesting in view of the 
difference in the sterol content of the dietary 
fats. The present value, however, is 2-3 times 
higher than that reported by Zilversmit (7) ,  
who used the FeCI~-H2SO 4 reagent in his sterol 
determinations. Apparent ly  one is dealing with 
relatively small quantities of material which 
can be measured only with great diffculty in 
the presence of large amounts of other lipids. 

The relatively small fraction of the steryl 
ester in the fat core is interesting in view of its 
fatty acid composition to be discussed later. 
The occurrence of small amounts of free fatty 
acids and diglycerides in the chylomicron lipid 
has been reported before (3) ,  although their 
distribution between the fat core and the chylo- 
micron membrane had not been established. 
It should be noted that neither free fatty acids 
nor diglycerides were found in the chylomicron 

T A B L E  V 

Composi t ion  of Neutra l  Lipids  of Chylomicrons and Lymph Serum a 
(% total  neutral  l ipid)  

Steryl esters Free sterols Triglycerides Free fatty acids Diglycerides 

Dog C M S C M S C M S C M S C M S 

Corn oil feeding 

A 0.2 tr 19.6 1.2 5.2 8.6 94.6 87.1 48.5 1.7 4.4 16.5 2.3 3.3 6.8 
B 0.4 tr 5.6 1.2 4.9 2.1 96.1 86.6 72.1 0.9 4.6 15.5 1.4 3.9 4.7 
C 0.2 tr 9.8 0.7 5.9 4.0 96.0 85.2 61.0 1.3 5.1 19.1 1.8 3.8 6.1 
13 0.3 tr  5.8 1.1 5.2 2.5 91.0 86.3 57.5 3.5 5.5 33.1 4.1 3.0 1.1 
E 0.3 tr 8.3 1.5 8.9 3.1 94.9 79.0 67 8 1.1 7.8 17.4 2.2 4.3 3.4 
F 0.3 tr 12.4 1.3 12.1 5.7 93.2 81.9 53.4 1.7 4.2 17.6 3.5 1.8 10.9 

Butterfat  feedin~ 

G 0.3 tr  15.1 1.1 3.9 4.4 95.3 82.5 74.6 1.3 9.5 4.4 1.8 4.1 1.5 
H 0.3 tr 10.5 1.1 5.9 5.0 90.2 78.0 75.0 3.2 10.1 7.2 5.2 6.1 2.3 
1 0.4 tr  11.2 1.4 4.7 5.5 91.2 81.3 69.3 2.0 6.8 11.5 5.0 7.2 2.4 
J 0.5 t r  13.5 1.9 8.1 7.9 90.3 80.0 58.5 1.7 6.6 16.0 5.6 5.3 4.1 
K 0.4 tr  14.9 1.3 5.5 2.7 90.2 87.1 54.5 3.0 4.4 25.8 5.1 3.0 2.1 
L 0.3 tr 10.4 1.5 9.8 3.5 87.1 76.4 73.0 5.0 7.8 11.0 6.1 6.0 2.1 
M 0.2 tr  23.1 1.7 6.2 14.5 91.1 88.1 49.3 1.9 3.2 9.7 5.1 2.5 3.4 

a C, fat core, and M, membrane of chylomicron. S, lymph serum. 
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lipids examined by Zilversmit (7). 
Of the nonphospholipids of the chylomicron 

membranes, the triglycerides were the major 
components (76-88%);  free fatty acids (4- 
10%) and diglycerides (3-7%) occurred in 
about the same proportions in relation to the 
triglycerides as they did in the fat cores; while 
the proportion of free sterol was considerably 
higher (3.9-12.1%). There was little or no 
steryl ester in the chylomicron membrane. Ap- 
parently the free sterol became associated with 
either the phospholipids or the membrane pro- 
teins; whereas the steryl esters did not. Both 
relative bulkiness and a lack of polarity might 
have excluded the steryl esters from a tightly 
organized membrane structure. Assuming that 
about 10% of the total chylomicron lipid was 
present in the membrane, it may be calculated 
that the sterol associated with the membrane 
accounted for about 50% of the total chylo- 
micron sterol. This estimate is somewhat lower 
than that of Zilversmit (7), who found that 
64-77.8% of the total chylomieron sterol was 
in the membrane. Such estimates of the dis- 
tribution of the sterol between the mem- 

brane and the fat cores, however, are liable to 
vary considerably with the size of the fat 
particles as welI as with the availability of 
sterol during the formation of the membranes. 
The presence of plant sterols in some of the 
diets led to the incorporation of relatively 
small amounts of these compounds into the 
chylomicron membranes (5-10%).  

The nonphospholipid fraction of lymph 
serum was very different from those of the fat 
core and the membrane of the chylomicron. 
An unusual feature of the lipids of these lymph 
sera was the high proportion of free fatty acids 
(4-33% of total neutral lipid). 

Although no comprehensive studies of the 
origin and nature of the free fatty acids in 
the lymph have been carried out, it would 
appear that in most samples the values (10- 
15 % ) are only about twice those (5 % ) for 
the free fatty acids of plasma when expressed 
as per cent of the total nonphosphatide lipid. 
The erratic increases could have been due to 
variable experimental stresses, or to an occa- 
sional activation of the lipases in the lymph 
by the infusion of small amounts of heparin 
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solution. In the latter case the free fatty acids 
and the plasma triglycerides, as expected, had 
common fatty acid patterns as shown below. 
However, small amounts of the dietary fatty 
acids also could have entered the lymph in 
the free form (15).  

The triglycerides made up 50-75% of the 
nonphosphatide lipid of the lymph serum, while 
the steryl esters accounted for an average of 
10-20%. On the average, the feeding of but- 
terfat resulted in a larger proport ion of cho- 
lesteryl ester in the lymph serum lipids. The 
changes in dietary fat appeared to affect least 
the proportion of the free sterol in the lymph 
serum which varied from 3-9%, except for one 
value of 14.5%. Apparent ly the somewhat 
larger amounts of cholesterol ingested and ab- 
sorbed with butterfat were incorporated mainly 
in the steryl ester fraction of the lymph serum. 

Fig. 2 shows the results of the GLC analyses 
of the fatty acids of the neutral lipids and free 
fatty acids of the chylomicron fat cores and 
membranes, and of the lymph serum, In gen- 
eral the fatty acid composition of these lymph 
lipids reflected the composition of the dietary 
triglycerides. Thus the various lipid classes 
from corn oil lymph were richer in linoleic 
acid and those from butterfat  lymph contain- 
ed greatly increased proportions of myristic 
acid. Furthermore,  the triglyceride, diglyceride, 
and free fatty acid classes contained the acids 
in nearly the same proportions as in the diet, 
but there were exceptions. The triglyceride 
fraction of the chylomicron membrane was 
considerably more saturated than that of the 
fat core or the lymph serum. The membrane 
triglycerides were specifically characterized by 
increased proportions of palmitic acid. A die- 
tary influence, however, was evident in the 
presence of significant amounts of myristic or 
linoleic acids in membrane glycerides from 
butter or corn oil feeding, respectively. As a 
result of the enrichment in the palmitic acid 
content, the membrane triglycerides were of 
a lower average molecular weight than those 
of the lymph serum or the fat core of the cor- 
responding diet. Because of the higher satura- 
tion of the lymph lipids from butter feeding, 
the difference between the triglycerides of the 
membranes and fat cores of these chylomicrons 
was less pronounced than that for the corn 
oil chylomicrons. Nevertheless, notable dif- 
ferences in the composit ion of the two triglyc- 
eride classes could be demonstrated by the 
GLC of intact triglycerides. These observa- 
tions are in agreement with the finding of pre- 
dominantly saturated glycerides in the mem- 
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branes of dog, human and rat chylomicrons by 
Zilversmit (7) and with the isolation of high 
melting point triglycerides from the mem- 
branes of the milk fat  globules (16).  Whether 
these observations represent a preferential ac- 
cumulation of saturated triglycerides in the 
membrane phase during freezing and thawing, 
or are related in some manner to critical spatial 
requirements in the tightly packed membrane, 
cannot be immediately answered. Attempts to 
demonstrate similarities between the high melt- 
ing point membrane triglycerides of corn oil 
and butterfat chylomicrons by further purifica- 
tion of these glycerides and a GLC examina- 
tion have thus far proved unsuccessful. 

The most dramatic differences in the fatty 
acid compositions were noted for the steryl 
esters of the different lymph fractions. In 
general the steryl esters of the fat cores con- 
tained about the same fatty acids as the sur- 
rounding triglycerides. The steryl esters of the 
lymph serum had a more constant fatty acid 
composition. At  no time, for example, were 
any of the steryl esters of the fat cores seen 
to contain arachidonic acid, which accounted 
for about 20% of the total acids of the steryl 
esters of the lymph sera. Furthermore,  the 
dietary fat had very little influence upon the 
fatty acid composition of the steryl esters of 
the lymph serum. An  exception was provided 
by myristic acid, which was occasionally found 
to be incorporated into the serum steryl esters 
in amounts of up to 10% of the total. This 
observation, of a heterogeneity in the lymph 
steryl esters has not been previously made and 
requires further study. Fat ty  acid analyses of 
lymph steryl esters made by Zilversmit (7) 
gave widely divergent values and were not fur- 
ther commented upon. 

Relation of Protein to Lipid in 
Chylomicron Membrane 

Table VI compares the proportions of total 
lipid and protein in the chylomicron mem- 
branes. Possibly because of the single wash dur- 
ing the preparation, the contribution of the pro- 
tein is quite variable, although in most samples 
it accounts for 20-30% of the total weight of 
the chylomicron membrane. Many of the values, 
however, are very close and suggest some sort 
of constancy. Most of them are about 2-3 times 
higher than the highest value (11 .8%)  re- 
ported by Zilversmit (7),  who washed his 
chylomicrons two times or more. This ratio 
between the values from the two laboratories 
is maintained when the protein proport ion is 
related to the total weight of the chylomicron. 
Since the average weight of the chylomicron 
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TABLE VI  

Relation of Protein to Lipid Content of Chylomicron Membrane 
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Total weight Weight of component 
of membrane Protein Lipid 

Dog (mg) % % Protein/lipid 

Corn oil feeding 

A 92.9 12.1 87.9 0.14 
13 427.9 31.0 69.0 0.45 
C 109.1 21.2 78.8 0.27 
D 13.0 30.8 69.2 0.45 
E 318.4 23.6 76.4 0.31 
F 156.1 28.4 71.6 0.40 

Butterfat feeding 

G 528.0 29.9 70.1 0.43 
H 1523~2 20.5 79.5 0.26 
I 48.1 23.3 76.7 0.30 
J 589.6 31.0 69.0 0.45 
K 352.0 29.6 70:4 0.42 
L 171.4 14.0 86.0 0.16 
M 718.5 27.8 72.2 0.39 

membrane varies from 5-10% of the total 
chylomicron weight (as calculated from data 
in Tables II  and VI) ,  the protein accounts for 
0.6-1.8% of the total weight, which is also 
the range frequently quoted in the literature 
(3) for the protein content of chylomicrons. 
Zilversmit (7) reports 0.3-0.7% of the total 
weight of washed chylomicrons as protein. 
That the difference in the protein contents of 
the two chylomicron preparations is real is 
further suggested by the observation that the 
free sterol content of our chylomicron prep- 
arations was 2-3 times that of Zilversmit's, 
which indicates that a relatively constant pro- 
tein/sterol ratio was obtained for the mem- 
branes of both preparations. The significance 
of this difference in the protein proportion is 
difficult to appraise since progressive oiling out 
of chylomicrons during the washing and high 
speed centrifugation lowers the total surface- 
to-volume ratio of the fat particles and would 
be expected to affect the calculated percentage 
of protein. Some of the variability in the pro- 
tein content of different chylomicron prepara- 
tions may have also resulted from a loss of 
membrane protein during the sedimentation of 
the membrane pellet in the centrifuge. It was 
shown (7) that even within the same prepara- 
tion, two membrane fractions differed by a 
factor of 10 in their protein content following 
a 20-min and 24-hr centrifugation. The longer 
centrifugation resulted in higher loss of pro- 
tein due to dissolution. 

The possible presence of the extra protein in 
our chylomicron preparations and concomitant 
higher amounts of sterol result in somewhat 
different ratios also for the other membrane 

components. T h u s  the  sterol/phospholipid 
ratios, which fall in the range of 0.03-0.07, 
are only about one half of those reported by 
Zilversmit (7)  for dog and man (0.10), but  
about twice those reported by him for rats 
(0.02-0.24). Similarly the protein/phospho-  
lipid ratios in our preparations are higher than 
those that can be calculated from the data of 
Zilversmit. As pointed out earlier, the protein/  
sterol ratio, however, remained about the same 
in both preparations. The extra protein in our 
samples must therefore have contained more 
sterol than phospholipid relative to the more 
tightly bound membrane protein, or it must 
have had the ability to bind more sterol than 
phospholipid during the formation of the 
chylomicron. 

The above data are pertinent to the interpre- 
tation of the results of studies of chylomicron 
structure and metabolism (6) .  Zilversmit (7) 
has presented an extensive review of tbe litera- 
ture relating to his findings. Since in most 
instances our data compare favorably with 
those of Zilversmit, no attempt has been made 
to repeat this discussion here beyond pointing 
out the minor differences noted between our 
results and those of Zilversmit. 
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A Comparative Study of the kipids of Globule Membrane 
and Fat Core and of the Milk Serum of Cows 1 

T. C. HUANG, P'hysiologisch-Chemisches Institut, University of Cologne, Cologne, Germany, and 
A. KUKSIS, Banting and Best Department of Medical Research, 
University of Toronto, Toronto, Canada 

ABSTRACT 

Nine samples of fresh raw cow's milk 
were separated into fat globules and milk 
serum by centrifugation. After  destabili- 
zafion by freezing and thawing, the milk 
fat globules were resolved into membranes 
and fat cores. The lipid composition of 
these structures was compared to that of 
the surrounding milk serum. Of the total 
milk fat, 95-98% was in the fat cores, 
0.5-1% in the globule membranes and the 
rest (1 .5-4%) in the milk serum. The fat 
cores contained 88-93% triglyceride, 5.2- 
9,8% diglyceride, 1.5-7.3% free fatty acid 
and 0.2-0.4% cholesterol, but no phos- 
pholipid. The lipids of the membrane 
contained 21-44% phospholipid, made up 
of about equal proportions of phospha- 
tidyl ethanolamine, phosphafidyl choline, 
and sphingomyelin. The other lipids of 
the membrane (56-79%) consisted of 83- 
88% triglyceride, 5. i -10.7% diglyceride, 
1-5.1% free fatty acid and 0.4-1.9% cho- 
lesterol. The milk serum contained 30- 
45% phospholipid divided about equally 
among phosphatidyl ethanolamine, phos- 
phatidyl choline and sphingomyelin. The 
rest (55-70%) of the milk serum lipids 
was made up of 71-83% triglycerides, 
4.3-10.1% diglycerides, 8.7-I5.7% free 
fatty acids, and 1.2-8.4% cholesterol. Cor- 
responding phospholipid classes of milk 
serum and globule membranes had identi- 
cal fatty acid compositions. The triglyc- 
erides and diglycerides of the globule 
membranes possessed increased propor- 
tions of palmitic and stearic acids in com- 
parison to the glycerides of the fat cores. 

INTRODUCTION 

M ILK FAT GLOBULES are believed (1) to 
be enwrapped in a surfactant membrane 

which consists primarily of protein and phos- 

aTaken in part from a PhD thesis submitted by T. C. 
Huang to Queen's University, Kingston, Canada in April, 
1965. Presented in part at the 47th Canadian Chemical 
Conference and Exhibition held in Kingston, Canada, June 
1-3, 1964. 

pholipid. In several instances (2-4) these mem- 
branes have been isolated and the major com- 
ponents determined. This isolation of fat 
globule membranes of well-defined composi- 
tion suggests a certain structural rigidity com- 
parable to that found in other biological mem- 
branes. Although the presence of a unit mem- 
brane in the fat particles has been excluded 
(5),  the binding forces responsible for such 
rigidity have not been established. An  anal- 
ogous situation now appears (6, 7) to exist 
in chylomicrons. 

If the structure and composition of both 
particle types depended solely upon non- 
covalent interactions of the type governing 
emulsion stability (8) ,  then the composition 
of the globule membranes should bear a defi- 
nite relationship to the composition of the 
respective surrounding serum. Detailed analyses 
(6, 7) of the lipids of the chylomicrons and 
the lymph serum do not exclude the possibility 
of simple emulsification. 

In the present study, fresh samples of raw 
bovine milk have been analyzed under the 
conditions previously employed for work with 
chylomicrons. The data obtained confirm and 
extend earlier observations and demonstrate 
that, despite large differences in particle size, 
chylomicrons and milk fat globules possess 
common chemical features. 

MATERIALS AND METHODS 

Fresh samples (0.1-0.9 liter) of raw bovine 
milk were obtained from 6 herds of Holstein 
cows. Three of the samples were from late 
summer and 3 from winter feeding. In addi- 
tion 3 samples of pooled raw cow's milk were 
obtained from a local dairy. 

All reagents and solvents were of Fisher 
Certified Reagent grade and, with the exception 
of the petroleum ether, w e r e  used without 
purification. Petroleum ether (bp 30-60C) 
was redistilled and the fraction boiling in the 
range 40-56C was used. 

gractionation of Milk 

Samples of raw milk (100-200 ml) were 
divided into fat globules and milk serum by 
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centrifugation at 36,000 g for 1 hr at 5C. The 
milk fat  globules were washed once with 0.9% 
NaC1 and then resolved into the fat cores and 
globule membranes b y  freezing-thawing and 
centrifugation (7).  The milk serum was re- 
centrifuged once at 36,000 g for 1 hr at 5C 
and any residual fat globules removed and 
discarded. 

Separation of Globule Membranes and 
Fat Cores 

The method of preparation of milk fat 
globule membranes was based on that described 
by Cole et al. (4) ,  which we had successfully 
adapted to the preparation of the chylomicron 
membranes (7).  Unlike smaller membranes 
of the minute chylomicrons, membranes of 
the large milk fat globules were readily sedi- 
mented (36,000 g for 1 hr) .  Furthermore,  the 
lysis of the milk fat globules was usually com- 
plete after a single cycle of freezing and thaw- 
ing. These observations agree with those of 
Cole et al. (4) and establish a high degree of 
reproducibili ty for the method. 

Methods of Lipid Analysis 

The total lipids from whole milk, milk serum, 
and milk fat globule membranes were extract- 
ed either by warm chloroform-methanol (2: 1, 
v /v )  or ethanol-diethyl ether (3:1, v / v )  at 35- 
40C. The denatured and apparently completely 
precipitated protein was removed by centrifu- 
gation. I t  was washed once with alcohol, twice 
with diethyl ether, and dried in vacuo to con- 
stant weight. The protein weights thus obtained 
were used for subsequent surface area calcula- 
tions (9).  The lipid extracts were evaporated 
to dryness, taken up in chloroform, and sep- 
arated into neutral lipids and phospholipids by 

chromatography on silicic acid with chloroform 
and methanol, as described by Bowyer et al. 
(10).  The neutral lipids and phospholipids 
were then resolved into their chemical classes 
by thin-layer chromatography using the tech- 
niques described for work with the chylomicron 
lipids (7).  Previously described methods (7) 
were also used for preparation and gas chro- 
matography of the fatty acid methyl esters, free 
sterols, and for the gas chromatography of in- 
tact triglycerides. 

RESULTS AND DISCUSSION 

Table I indicates the distribution of the milk 
fat among the milk serum, globule membranes 
and fat cores. The fat core contains the bulk 
(95-98.7%) of the milk lipid. The milk serum 
contains 0.8-3.35% of the total milk lipid, with 
some possible difference between the winter 
(0.8-1.4%) and summer (1.83-3.35%) milks. 
The globule membrane contains 0.5-2.2% of 
the total milk lipid, again suggesting a differ- 
ence between winter (0.4-0.5%) and summer 
(1.85-2.17%) milks. Similar separations into 
globule membranes and fat cores of 3 pooled 
samples of raw bovine milk gave an average 
of 98% of ]ipid in the fat core, 0.5-1% in the 
globule membrane, and 1-1.5% in the milk 
serum. These proportions for the globule mem- 
brane lipids agree closely with the average of 
0.6-1.2 g of membrane lipid material per 100 
g of fat reported by Rimpila and Palmer (2) 
and Jenness and Palmer (3).  The somewhat 
larger proportion of membrane lipid in the 
summer milk may be due to greater propor-  
tion of small diameter particles in these milk 
samples (see Ref. 11 for discussion of factors 
affecting particle size). Since the radius of the 
particle appears in the second power in the 

T A B L E  I 

Dis t r ibu t ion  of  Tota l  L ip id  Af t e r  Destabi l iza t ion  of Mi lk  F a t  Globules~ 
(g/1000 ml  mi lk )  

Tota l  l ipid F a t  core Globule  m e m b r a n e  Mi lk  se rum 

Herd  b (g)  % (g)  % (g)  % (g)  % 

Win te r  m i l k  

1 31.66 100 31.12 98.6 0.18 0.56 0.26 0.83 
2 40.77 100 40.25 98.7 0.21 0.5 0.32 0.8 
3 34.83 100 34.19 98.1 0.15 0.4 0.49 1.4 

S u m m e r  mi lk  

4 21.34 100 20.26 95.0 0.36 1.7 0.71 3.4 
5 34.1 100 32.69 95.5 0.63 1.9 0.75 2.2 
6 29.18 100 28.01 96.5 0.63 2.2 0.53 1.8 

a All  results  are expressed as the  m e a n  of  duplicate analyses. 

b T h e  actual  vo lumes  of  mi lk  taken  for  analyses  were:  H e r d  1 (940 ml ) ,  H e r d  2 (650 m l ) ,  H e r d  3 (600 m l ) ,  
H e r d  4 (100 m l ) ,  H e r d  5 (100 m l ) ,  and H e r d  6 (100 m l ) .  

LIPIDS,  VOL. 2, No. 6 
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T A B L E  II  

Lipid  Composi t ion  of Mi lk  Fa t  Globules  a n d  Mi lk  Serum a 
(% Total  Lip id  of Frac t ion)  

4 5 5  

Fa t  core Globule  membrane Mi lk  serum 

Herd  PL b NLe pLb NLe pLb NLe 

Winter  mi lk  

1 0 100 33.7 66.3 44.8 55.2 
2 0 100 42.8 57.2 32.9 67.1 
3 0 100 44.5 55.5 30.8 69.2 

Summer mi lk  

4 0 100 33.0 67.0 34.3 65.7 
5 0 100 21.6 78.4 36.6 63.4 
6 0 I00 23.0 77.0 30.9 69.1 

a Milk  samples as described in Table I. 
b Phospholipids.  

e Neutral  l ipids plus free fatty acids. 

expression for the surface area (47rr2), a 
slight change in the particle size would be 
magnified in the surface-to-volume ratio. The 
size of milk fat particles in a single sample 
may vary from 1/L to 7/~ (11).  Changes in 
the ratio of surface area to volume may also 
be caused by aggregation during centrifugation 
as demonstrated for chylomicrons (6).  

Table II lists the amounts of phospholipids 
and other lipids in the fat core and membrane 
of the milk fat globule and in the milk serum, 
respectively. As noted for the chylomicrons 
(7) the cores of the fat particles contain no 
phospholipid. Apparent ly  all the phospholipid 
present in the globules is held at the oil-water 
interface in association with the protein. The 
proportion of the phospholipids in the mem- 
brane varied from 33-45% in the winter milks 
and from 21-33% in the summer milks. Ac- 
cording to Palmer et al. (2,12), the fat globules 

of washed cream contain 200-400 mg of phos- 
pholipid per 100 g of fat; while Heineman 
(13) quotes an average value of 300 mg/100 g 
of fat. Mulder et al. (14) claimed a much 
higher value (600 mg/100 g of fat) ,  but it 
was derived from the difference between the 
total milk phospholipids and the skimmed milk 
phospholipids. According to Mulder et al. 
(14) about 60% of the total milk phospholipid 
was present in the surface layer of the fa t  
globule, averaging about 30% of the total 
membrane lipid. Our data for these lipids are 
also in this range. The significance of the dif- 
ference between the winter and summer milks 
remains uncertain, although speculation could 
again be made on the basis of a possible dif- 
ference in the average particle size. The glob- 
ule membranes from our dairy samples, al- 
though two of them were from winter milk, 
also contained about 30% of the phospholipid. 

T A B L E  I I I  

Composi t ion  of Phosphol ipids  of Milk  Fa t  Globule  Membrane and Mi lk  Serum a 

Milk  Percentage of total  phosphol ip id  

Herd Frac t ion  Cephal in  a Lecithin Sphingomyelin 

Winter  mi lk  

l Membrane 30.5 37.2 32.3 
Serum 27.6 37.7 34.7 

2 Membrane 32.8 39.6 27.6 
Serum 27.5 41.8 30.7 

3 Membrane  31.8 29.2 39.0 
Serum 26.7 35.3 38.0 

Summer mi lk  

4 Membrane  29.9 45.5 24.6 
Serum 33.0 42.8 24.2 

5 Membrane  25.2 45.6 29.2 
Serum 31.6 49.3 19.1 

6 Membrane 39.8 37.5 22.7 
Serum 31.8 42.2 26.0 

a Mi lk  samples as in Table L 
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FIG. 1. Fatty acids of individual phospholipids 
from milk serum and milk fat globule membrane 
(wt % ). Cephalin represents phosphatidyl ethanol- 
amine plus any phosphatidyl serine. Fatty acids 
identified by the total number of carbons: total 
number of double bonds. T lines indicate maxi- 
mum values for the herds in each group. 

Phospholipids 
Table I I I  gives the composition of the phos- 

pholipid'classes in the membranes and the milk 
sera. In all samples approximately equal pro- 
portions were found for phosphatidyl ethanola- 
mine (25-33%) ,  phosphatidyl choline (29.2- 
49 .3%) and sphingomyelin (19.1-39.0%);  
although, there was somewhat more of the 
phosphatidyl choline in both the serum and the 
membrane of some of the milk samples. The 
limited material readily handled on the thin- 
layer plates did not permit the detection of 
the cerebrosides and the phosphatidyl inositols. 
Furthermore,  because of incomplete resolution 
of phosphatidyl ethanolamine and phosphatidyl 
serine, the estimate for the phosphatidyl etha- 
nolamine includes the serine derivative which 
accounts for about 8% of the total phospho- 
lipid and possesses a fatty acid composition 
nearly identical to that of the ethanolamine 
analog (15). These data on the major phos- 
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pholipids are in agreement with those of Payens 
(16),  who reported milk phosphatides to con- 
tain 30% lecithin, 45% cephalin and 25% 
sphingomyelin, as well as with the comparable 
estimates of Smith and Lowry (17) and Patton 
et al. ( t 8 ) .  Various methods have been used 
in the past to measure the milk phospholipids. 
Morrison et al. (15) have summarized the 
reports and conclude the approximate amounts 
of the major components of the phospholipid 
fraction of milk lipids to be 3% ceramide 
monohexoside, 3% ceramide dihexoside, 30% 
phosphatidyl ethanolamine, 1% phosphatidal 
ethanolamine, 8% phosphatidyl serine, 5% 
phosphatidyl inositol, 28% phosphatidyl cho- 
line, 3% phosphatidal choline and 19% 
sphingomyelin. Except for our somewhat high- 
er estimates for sphingomyelin in the mem- 
brane samples from winter milk, the present 
values correspond rather closely to these. No  
estimates, however, have been attempted for 
the cerebrosides, the phosphatidyl inositols as 
well as the plasmalogen components of the 
lecithins and cephalins. 

Fig. 1 gives the fatty acid data derived by 
GLC for the individual phospholipid classes of 
the milk fat globule membrane and the milk 
serum. The minimum and maximum concen- 
trations are graphically represented for both 
winter and summer milks. No statistically sig- 
nificant differences, however, were observed be- 
tween the two milk types. Also statistically 
insignificant were the differences in the fatty 
acid compositions of corresponding classes of 
phospholipids from the milk serum and the 
globule membranes. Patton et al. (18) had 
previously claimed that the membrane phos- 
pholipids were identical to the phospholipids 
of the milk serum but their impressions were 
not substantiated with analyses of fatty acids. 
The present finding of an apparently identical 
phospholipid composition for the membranes 
and the milk sera would be anticipated if the 
phospholipids of the milk globule membranes 
were free to participate in the type of ex- 
changes which Minari  and Zilversmit (19) have 
reported to occur between lymph chylomicrons 
and plasma. 

The cephalins (phosphatidyl ethanolamine 
plus phosphatidyl serine) were the most un- 
saturated phospholipid class. Oleic acid ac- 
counted for 49-60.7% of the total acid in the 
milk serum and for 53.8-60.6% of the total 
acid in the globule membrane cephalins; while 
linoleic acid made up 8.4-14.2% of the total 
in the serum and 9.7-18.7% in the membrane. 
Palmitic and stearic acids occurred in nearly 
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equal concentrations in both cephalin sources 
and each accounted for 10.5-15.7% of the 
total. Small amounts of myristic, palmitoleic 
and linolenic acid totalling 2.6-7.8% were 
also detected but these were not included in 
the tabulations. The values for the major fatty 
acids of these phospholipids are very close to 
those recently reported by Morrison et al. (15) 
for the phosphatidyl ethanolamine and phos- 
phatidyl serine components of spray-dried but- 
termilk powder. They also demonstrated that 
the phosphatidyl ethanolamine fraction was 
generally similar to phosphatidyl serine in 
total fatty acid composition, although the lat- 
ter contained a higher proport ion of saturated 
acids. 

The lecithin fractions from both serum and 
membrane had oleic ( 3 3 - 4 2 % ) ,  palmitic 
(28 .2 -39%)  and stearic ( 1 0 - 2 2 % )  acids as 
major components. In addition to these, 5 -  
10% each of myrisfic and linoleic acids were 
also found and there were traces ( 0 . 1 - 5 % )  of 
laurie, myristoleic, pentadecanoic, palmitoleic, 
and linolenic acids. The latter were not tabu- 
lated. These values are again remarkably close 
to those of Morrison et al. (15).  

The sphingomyelin fractions consisted pri- 
marily of saturated fatty acids with 18.9-40% 
of the total contributed by tricosanoic, 13-27 % 
by behenic, 12.8-22% by lignoceric, 6 -10% 
by stearic and 8.4-21% by palmitic acid. There 
was 5-18% of oleic acid and traces of other 
common fatty acids. This peculiar fatty acid 
composition of the sphingomyelin fraction 
agreed fully with the findings of Morrison et 
al. (15) for the spray-dried buttermilk. 

The present data and those reported for 
whole milk phospholipids are therefore in 
essential agreement. This attests further to 
the probable identity of the phospholipids of 

the milk serum and the globule membrane and 
suggests that this composition remains rela- 
tively constant. Whether this identity results 
from a specific enzymic synthesis from a com- 
mon lipid pool, or represents the requirements 
of a specific physicochemical system, remains 
to be established. 

The work of Hawke (20) and Morrison et 
al. (15) has shown that there is a general 
tendency for the saturated fatty acids to be 
concentrated in the a-position of the phospha- 
tidyl ethanolamine, phosphatidyl serine, and 
phosphatidyl choline molecules. Exceptions 
were noted for myristic acid in lecithin, which  
was largely in the fl-p0sition, and oleic acid in 
phosphatidyl ethanolamine, in which it was al- 
most evenly distributed. Therefore, there must 
be a significant proport ion of molecules con- 
taining two saturated acyl groups in phospha- 
tidyl choline. Saturated phosphatidyl ethanol- 
amine and phosphatidyl serine molecules 
might also exist. Subsequent studies by Blank 
et al. (21) have confirmed this prediction and 
have shown that milk lecithins are unique in 
nature in containing significant amounts 
(12 .7%)  of fully saturated lecithins. This find- 
ing is interesting in view of the presence of large 
amounts of high melting triglycerides in the 
milk globule membranes. 

Recent evidence indicates that the milk 
phospholipids may be, to a large extent, the 
breakdown products of labile glycophospho- 
lipid and proteolipid complexes (22).  

Neutral Lipids and Free Fatty Acids 

As shown in Table II, both the fat globule 
membrane and the milk serum contained 5 5 -  
69% nonphosphatide lipid. Those of the 
membrane have been collectively referred to 
in the past as high melting triglycerides (23).  

TABLE IV 

Composition of Neutral Lipids of Milk Fat Globules and Milk Serum a 
(Percentage total neutral lipid)b 

Free sterol Triglyceride Free fatty acid Diglyceride Steryl ester 

Herd C M S C M S C M S C M S C M S 

Winter  mi lk  

1 0.02 0.2 2.3 0.23 1.2 0.8 92.0 85.2 83.1 2.3 2.7 8.7 5.4 10.7 5.1 
2 0.01 0.1 0.9 0.16 0.4 0.3 90.3 88.4 77.9 3.7 3.2 10.8 6.0 8.0 10.I 
3 0.01 0.3 2.5 0.20 1.4 0.7 93.2 92.2 79.8 1.5 1.0 12.6 5.2 5.1 4.3 

Summer mi lk  

4 0.04 0.3 0.9 0.40 2.6 6.8 ? 82.5 83.5 76.0 7.3 3.1 11.1 9.8 10.5 5.2 
5 0.03 0.3 0.8 0.30 1.9 5.2 ? 89.2 85.5 76.1 3.2 5.1 14.2 7.3 7.2 3.7 
6 0.02 0.5 3.3 0.30 1.9 5.1 ? 88.0 85.0 71.3 3.9 3.4 15.7 7.8 9.2 4.6 

a C, fat core, and M, membrane of milk fat globule. S, milk serum. 
b Original weights as given in Table I. 
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Fit. 2. Fatty acids of neutral lipids of milk 
fat globules and milk serum. Legends as in Fig. 1. 

Careful examination of the nonphosphatide 
fractions from both the serum and the globule 
membrane in this study has shown that they 
contain several lipid classes. Table IV gives 
a detailed account of the chemical classes of 
the nonphosphatide lipids found in the fat 
globule membrane, milk serum and the fat 
core. The triglycerides make up the bulk (71-  
92%)  of the nonphosphatides. 

The largest amount of steryl ester was 
present in the milk serum where it accounted 
for 0.9-3.3% of the nonphosphatide lipid; 
while the fat globule membrane (0 .1-0.5%) 
and the fat core (0 .01-0.04%) contained pro- 
portionally less significant amounts. Free cho- 
lesterol contributed an average of 1-2% of 
the total neutral lipid of the globule membrane, 
but values of the order of 0.5% were 
occasionally found. The fat cores contained 
0.16-0.3% of free sterol. The free sterol 
proportion in the milk serum varied according 
to the season. While the winter milk contained 
0.28-0.7% of the total nonphosphatide in the 

form of tree sterol, it made up 5.1-6.8% of 
the total in the milk serum from summer milk. 
Since identical analytical techniques were used 
it is not immediately obvious why these Values 
should have differed as much. A later set of 
3 samples of pooled milk gave values of 1.2- 
3.2% which are more consistent with the 
proportions of free sterol found in the mem- 
brane neutral lipids. 

Free fatty acids made significant contribu- 
tions to all milk fractions of most samples. The 
largest amounts of free acids were found in the 
milk serum, accounting for 8.7-15.7% of total 
nonphosphatide lipid. The proportions of free 
fatty acids in the fat core and the globule 
membrane were comparable and amounted to 
1-5%. In addition to these lipid classes, vari- 
able amounts of diglycerides (3.7-10.7%) 
were found which occurred to about the same 
extent in all milk fractions. Free fatty acids 
and diglycerides have been identified in fresh- 
ly churned butterfat (24) and have been as- 
sumed to have originated in the milk. Except 
for the estimates of Thompson et al. (23) of 
the lipid classes of the globule membrane, no 
other accounts are available regarding the 
nonphosphatide composition of other milk 
fractions. They identified and measured the 
following membrane constituents (as per c e n t  
of membrane lipid) : cholesteryl ester (0 .79%),  
free fatty acids plus glycerides other than high 
melting glycerides (6.3 % ), diglyceride 
(8.14%) and monoglyceride (4.66%).  In ad- 
dition to these, Thompson et al. (23) also 
determined free cholesterol (5.17%),  caro- 
tenoids (0 .45%),  and squalene (0 .6%),  as 
per cent of the total membrane lipid. Since 
it was shown in the present study that the 
membrane contains about 30-40% phospho- 
lipid, it can be seen that the estimates of 
Thompson et al. (23) are somewhat higher 
than our average values. Particularly great 
is the discrepancy between the estimates for the 
free sterol. Furthermore, no monoglyceride 
at all was found in the present membrane 
preparations. No attempt of course was made 
to measure the carotenoids or squalene in 
our samples. Parallel analyses of the chy- 
lomicron lipids (7) have shown a nearly 
identical composition and distribution for the 
various nonphosphatide lipid classes among the 
three phases of the lymph, although there was 
little steryl ester in the chylomicron mem- 
brane. 

Fig. 2 gives the composition of the fatty 
acids of the triglyceride, diglyceride and free 
fatty acid fractions of the fat cores, globule 
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membranes and milk sera. The fatty acids of 
the triglycerides of the milk serum and the fat 
core are nearly identical, but there are minor 
differences between the summer and winter 
milks. Thus the summer milk contains rela- 
tively more palmitic and less oleic than winter 
milk. The triglycerides of the membranes of 
the winter milk contained proportionally more 
of palmitic and stearic and less oleic acid than 
the triglycerides of the corresponding fat cores 
and the milk serum. The fatty acids of the 
membrane triglycerides of summer milk were 
comparable to those of the winter milk, except 
for a slightly greater proportion of oieic acid 
and corresponding decrease in the saturated 
acids of the summer milk. Possibly because of 
the factor of grazing, the summer milk contains 
more oleic acid in the glycerides. The differ- 
ences between the fatty acids of the triglycer- 
ides of the fat cores and the globule mem- 
branes have been deliberately suppressed in this 
comparison, since any fatty acids with less 
than 14 carbons have been excluded from the 
tabulation. It was shown that the globule fat 
contained 3.9% butyric and 1-2% each of 
caproic, caprylic, capric and laurie acids. 
None of these were present in the trig!ycerides 
of the globule membranes. The molecular 
weight distribution of the globule fat triglyc- 
eride was therefore very similar to that pre- 
viously reported for butteroil (25),  while that 
of the membrane triglycerides approached that 
demonstrated for t he  less volatile distillates of 
this oil (26). The present values for the sat- 
urated fatty acids of the membrane triglycer- 
ides are considerably below others reported. 
Thus, Thompson et al. (23) found that palmi- 
tic acid alone accounted for 56% of the total 
fatty acid of the high melting triglyceride. It 
should be noted, however, that the membrane 
triglycerides previously studied were usually 
purified further and recrystallized. Under  such 
conditions an additional increase in the pro- 
portion of the saturated triglycerides would 
be anticipated. Since no specific physiological 
or structural basis could be found for the 
division of the membrane triglycerides into 
high melting and low melting triglycerides, no 
distinction between the two was made in the 
present study. 

The finding of triglycerides of ~t somewhat 
higher degree of saturation in the milk fat 
globule membranes than in the core or serum 
agrees with the findings made on the triglyc- 
erides of the chylomicron membranes from 
both corn oil and butterfat feeding (7) .  Wheth- 
er these higher melting membrane triglycerides 

represent a selective removal of the more 
saturated members of the mixed glyceride pop- 
ulation of the fat core during the freezing 
and thawing process, or are specifically incor- 
porated into the membranes during the forma- 
tion of the fat particle, remains to be estab- 
lished. I t  is possible that the unsaturated fatty 
acids or glycerides, because of their shape, 
might not be as easily aligned with the mem- 
brane phospholipids and proteins as are the 
saturated acids or their esters and are there- 
fore not as easily incorporated into the mem- 
brane. 

An  examination of the fatty acid composi- 
tion of the diglycerides and free fatty acids 
of the globules and the milk serum reveal that 
they are nearly identical to those of the tri- 
glycerides of the corresponding milk fractions. 
Whether or not this represents a precursor- 
product relationship cannot be ascertained from 
the analytical data. Since the free fatty acids 
of the membranes contained a greater propor-  
tion of oleic acid than did the membrane 
diglycerides, it could be speculated that both 
were products of enzymic lipolysis of the 
membrane triglycerides, during which there 
was preferential lipolysis of the more unsatur- 
ated triglycerides. I t  is known (27) that cow's 
milk contains several lipases which are ad- 
sorbed and activated at the oil-water interface. 
The origin of the free fatty acids in the milk 
serum is uncertain. Although lipolysis may 
explain it, it has been demonstrated that fresh 
raw milk is also a very good source of an 
enzyme for glyceride synthesis. McCarthy and 
Patton (28) showed that 14C-palmitate could 
be readily incorporated first into diglycerides 
and finally into the triglycerides of milk fat 
incubated with this enzyme. 

Replicate analyses of the fatty acid composi- 
tion of the steryl esters of the 3 milk fractions 
showed widely divergent values in several in- 
stances, and the results are, therefore, not re- 
ported here. It would have been interesting 
to compare the fatty acids of the steryl esters 
of the milk serum with the acids of the sterol 
esters of the fat  core and the globule mem- 
brane. In dog lymph and serum studies (7) 
the steryl esters of the chylomicron fat cores 
had fatty acids similar to those of the cor- 
responding triglycerides, while the steryl esters 
of the lymph serum and blood plasma pos- 
sessed similar fatty acids. 

Relation of Protein to Lipid in Milk Fat 
Globule Membrane 

Comparisons of total lipid and protein in the 
milk fat globule membranes showed consider- 
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able variation in their relative proportions. The 
samples of the summer milk contained 20.2-  
28.4% of the total globule weight as protein. 
The samples of the winter milk had nearly 
double the amount. The former values com- 
pare well to those observed for the chylomi- 
crons (7) in which 20-30% of the particle 
weight was contributed by protein. The chylo- 
microns, however, have much smaller diameters 
than the milk fat globules and therefore greater 
surface area to accommodate the protein. I t  is 
hoped that in a future publication we will have 
the opportunity to relate the amounts of pro- 
tein and lipid in the membrane to the surface 
area of the milk fat globule (9).  
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Influence of Medium-Chain Triglycerides on 
Lipid Metabolism in the Chick 1 

GILBERT A. LEVEILLE, 2 RONALD S. PARDINI, and JERRY ANN TILLOTSON, 
United States Army Medica! Research and Nutrition Laboratory, 
Fitzsimons General Hospital, Denver, Colorado 

ABSTRACT 

The effect of corn oil, coconut oil, and 
medium-chain triglyceride (MCT, a glyc- 
eride mixture consisting almost exclusively 
of fatty acids of 8 and 10 carbons in 
length) ingestion on lipid metabolism was 
studied in chicks. In chicks fed choles- 
terol-free diets, MCT ingestion elevated 
plasma total lipids and cholesterol and 
depressed liver total lipids and cholesterol 
when compared to chicks receiving the 
corn oil diet. As a consequence of the 
opposite effects of MCT ingestion on 
plasma and liver cholesterol and total 
lipids, the plasma-liver cholesterol pool 
was not altered. When cholesterol was 
included in the diets, dietary MCT de- 
pressed liver and plasma total lipids and 
cholesterol as compared with corn oil, 
consequently also lowered the plasma- 
liver cholesterol pool. 

The in vitro cholesterol and fatty acid 
synthesis from acetate-l-14C was higher 
in liver slices from chicks fed MCT than 
in those from chicks fed corn oil. The 
percentage of radioactivity from acetate- 
1-14C incorporated into the carboxyl car- 
bon of fatty acids by liver slices was not 
altered by MCT feeding, indicating that 
the increased acetate incorporation repre- 
sented de novo fatty acid synthesis. The 
conversion of palmitate-l- l~C to C~s acids 
was increased in liver of chicks fed MCT, 
implying that fatty acid chain elongating 
activity was also increased. Studies on the 
conversion of stearate-2-14C to mono- and 
di-unsaturated Cls acids showed that he- 
patic fatty acid desaturation activity was 
enhanced by MCT feeding. Data are 
presented on the plasma and liver fatty 
acid composition of chicks fed MCT-, 
corn oil-, or coconut oil-supplemented 
diets. 

x'l~le principles of laboratory animal care, as promul- 
gat�9 by the National Society for Medical Research, were 
observed. 

tPresent address: Animal  Sciences Laboratory, Univer- 
sity of Illinois, Urbana,  Ul. 

INTRODUCTION 

D IETARY MEDIUM-CHAIN TRIGLYCERIDE 
(MCT, a fat consisting almost exclusively 

of caprylic and capric acid) has been shown to 
depress serum cholesterol levels in the rat  
(1-5) as well as in several other species (6-8).  
In contrast to these observations Fisher and 
Kaunitz (3) found MCT to be hypercholes- 
terolemic for the chick. This observation w as  
confirmed by Whiteside et al, (9) ,  who re- 
ported that chicks fed MCT had higher plas- 
ma cholesterol levels than did animals fed 
corn oil. More recently Fisher and Kaunitz  
(10) reported that MCT influenced Vitamin 
E deficiency differently in rats and chicks. In 
the rat MCT was shown to exert a protective 
effect against the testicular degeneration in- 
duced by Vitamin E deficiency whereas, in 
the chick, this fat enhanced the exudative 
diathesis resulting from a deficiency of Vitamin 
E. The mechanism involved in the differential 
effects of dietary MCT in these two species is 
not known, but it has been proposed (10) 
that MCT may have opposing effects on the 
linoleate requirement and that this, in turn, 
may be responsible for the contrasting re- 
sponses to MCT observed in the rat  and 
chick. 

Specific metabolic aspects of lipid metab- 
olism have been studied in rats ingesting MCT. 
Liver slices obtained from MCT-fed rats show 
a depressed capacity to convert acetate-~C to 
cholesterol (4,5).  The ability of liver slices 
from MCT-fed rats to incorporate acetate-14C 
into fatty acids has been reported to be either 
normal (5) or elevated (4).  The in vitro 
studies have demonstrated an increased fatty 
acid chain-lengthening and desaturating capac- 
ity in liver of MCT-fed rats (5,11).  MCT 
ingestion has also been shown to increase 
acetate-:4C incorporation into adipose tissue 
fatty acids, and this increased incorporation 
is apparently the result of de novo synthesis of 
fatty acids (5) .  

The studies were undertaken in an effort to 
gain a better understanding of the metabolic 
effects of dietary MCT in the chicken. The 
data show that liver of MCT-fed chicks has an 
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T A B L E  I 

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

F a t t y  C o r n  C o c o n u t  P r e - e x p c r i m e n t a ] b  
a c i d  a oi l  o i l  M C T  d ie t  

Cs:0 - -  6.9 55.9 1.1 
C,0:0 - -  6.5 36.3 0.9 
C12:0 - -  38.6 3.8 2.2 
c~:7o 0.6 --  - -  - -  
C14:0 0.3 20.8 1.3 1.9 
C,4:1 - -  - -  0.4 1.0 
C,6:0- 14.4 13.6 0.8 13.2 
C,s:0 2.7 3.5 0.4 6.2 
Cls: 1 19.6 6.4 0.5 14.2 
Ct8:2 56.3 2.7 0.6 20.2 
Cls:3 6.2 0.9 - -  7.7 
C'2a: ld  - -  - -  - -  11.9 
C,~,1: 6e - -  - -  - -  12.3 
C~-0:4 - -  - -  - -  4.3 
C~.0:5 - -  - -  - -  3.0 

aChain length: Number of double bonds. 
bPurina Chick Startena. 

eUnidentified fatty acid with a retention time of 12.7 
carbons. 

aUnidentified fatty acid with a retention time of 21.1 
carbons. 

eUnidentified fatty acid with a retention time of 21.6 
carbons. 

increased capacity to synthesize, lengthen, and 
desaturate fatty acids. 

EXPERIMENTAL 

Male Hy-line white Leghorn chicks were 
distributed into the various experimental 
groups of seven or eight chicks on the basis of 
body weight. The chicks used in these studies 
had been fed Purina starter prior to the initia- 
tion of the experiments. During the course of 
these investigations the chicks were housed in 
heated cages with raised wire floors, and food 
and water were supplied ad libitum. Body 
weight and food consumption were deter- 
mined weekly. 

The composition of the basal diet was as 
follows, in g /100 g of diet: assay protein C-13, 
30.0; glycine, 0.40; DL-methionine, 0.30; vita- 
min mix ~, 0.2; choline chloride, 0.2; salt mixL 

*Assay Protein C-l, Skidmore Enterprises, Cincinnati, O. 
4The composition of salt mix, g/100 g of mix: CaCO3, 

5.65; Ca3(PO~)2, 52.77; K.eHP04, 16.96; MgSOt, 2.36; Fe 
gluconate, 4.23; ZnSOt . 7H20, 0.083; KI, 0.075; CuSO4, 
0.038; H~BO~, 0.017; COSO4 . 7H.O, 0.002; MnSO~ . H:O, 
1.225; NaCI, 16.58. 

~Composition of vitamin mix, rag/100 g of mix: thiamine 
HC1, 625; riboflavin, 400; Ca Pantothenate, 500; pyrid- 

oxine-HC1, 150; biotin, 15; folic acid, 100; p-aminobenzoic 
acid, 50; 2-methyl-l,4-napthoquinone, 125; vitamin BI~, 
0.50; and (in g) a-tocopherol acetate, 2.50; inositol, 2.50; 
ascorbic acid, 6.25; niacin, 3.75; a n d  (in IU)  vitamin A 
acetate, 250,000; vitamin 1)3, 23,000. 

~I'he MCT used in these studies was supplied by G. S. 
Knight, Drew Chemical Company, Boonton, N. J. 

LIPIDS, VOL. 2, N o .  6 

5.31; alphacell, 4; corn oil, 2; glucose, 45.39; 
and lipid supplement, 12. All  diets therefore 
contained 14% lipid, 2% corn oil, plus an ad- 
ditional 12% of corn oil, coconut oil, or 
MCT 6. For  purposes of comparison the per- 
centage fatty acid composition of the experi- 
mental fats and of the lipids of the pre-experi- 
ment diet is shown in Table I. Cholesterol, 
when added to the diet, was substituted for 
glucose at a level of 2%.  

At  the termination of the feeding period, 
blood was collected by cardiac puncture with 
a heparinized syringe. The animals were killed 
by cervical dislocation, the livers were quickly 
excised, and liver slices were prepared from 
the left lateral lobe with a Stadie-Riggs hand 
microtome. The remainder of the liver and 
plasma was frozen for future analyses. Liver 
slices (100-200 rag) were incubated in a cal- 
cium-free Krebs-Ringer bicarbonate buffer 
(12),  pH 7.4, containing per ml 10 /~moles 
sodium acetate, 0.167 /zc acetate-l-t4C, and 5 
~moles glucose. Details of the incubation con- 
ditions, isolation of radioactive products, and 
counting procedures have been described 
(13).  The methods used for the isolation, 
methylation, and gas chromatographic analysis 
of fatty acids have also been described pre- 
viously (5).  

Fat ty  acids were decarboxylated by the 
method of Brady et al, (14) ,  and the evolved 
a4CO2 was collected and counted as described 
in an earlier publication (15).  Liver lipids 
and liver and plasma cholesterol were assayed 
as previously described (16,17).  Total serum 
lipids were determined by the method of 
Huerga et al. (18).  The plasma-liver choles- 
terol pool (17),  as calculated, is the sum of 
total circulating cholesterol [assuming a plasma 
volume of 7% of body weight (17)] and total 
liver cholesterol. This is taken to represent an 
estimate of total body cholesterol. The data 
were analyzed statistically by the "t" test. 

RESULTS 

Plasma and Liver Lipids 

The effects of the dietary fats tested on 
plasma and liver lipid levels of chicks fed 
cholesterol-free or supplemented diets are 
shown in Table II. In chicks fed cholesterol- 
free diets, MCT ingestion increased total plas- 
ma lipids. Plasma cholesterol values were 16% 
higher than in chicks fed corn oil; however 
this increase in plasma cholesterol level could 
not be established statistically. In contrast to 
its apparent elevating effect on plasma choles- 
terol levels, MCT significantly lowered the 
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TABLE I1 

Body Weight and Plasma and Liver Lipids of Chicks Fed Different Fats  

4 6 3  

Plasma Liver a F i n n  Plasma-liver 
Dietary fat body weight Total lipids Cholesterol Fat  Cholesterol Cholesterol Pool 

g mg% mg% % mg/g mg 
Experiment I b (cholesterol-free diets) 

Corn oil 475 4- 12 c 553 _-4 21 104 4- 5 4.8 ~ 0.1 3.6 4- 0.2 73 4- 3 
Coconut oil 439 4- 11 631 4- 29 120 __+ 5 5.0 __+ 0.2 3.2 4- 0.2 71 4- 2 
MCT 465 + 14 666 4- 35 121 4- 8 4.6 4- 0.1 2.8 4- 0.I 70 4- 2 
Corn oil vs. MCT d ns P < 0.025 ns ns P < 0.005 n~ 
Coconut oil vs. MCT ns ns ns ns P < 0.050 ns 

Experiment lie (cholesterol supplemented diets) 
Corn oil 270 • 12f 2274 • 217 531 4- 52 11.7 ~+ 0.4 21.0 4- 0.8 285 4- 22 
Coconut oil 287 4- 11 2197 4- 192 536 4- 52 I0.1 4- 0.3 18.1 4- 0.9 280 4- 18 
MCT 281 __+ 5 1786 • 170 402 4- 53 8.1 • 0.3 11.0 4- 1.2 183 4- 20 
Corn oil vs. MCT ns ns ns P , (  0.001 P < 0.001 P < 0.010 
Coconut oil vs. MCT ns ns us P < 0.001 P < 0.001 P < 0.010 

aLiver values are expressed on a wet-weight basis. 
bExperiments 1 and If were of 4 weeks' and 3 weeks' duration respectively. Mean initial body weights for 

corn oiL, coconut oil-, or MCT-fed chicks were 128, 119, and 120 g respectively for  Experiment I; 73, 71, 
and 74 g respectively for Experiment II. 

~Mean for  eight chicks • s tandard error of the mean. 
aProbability of the differences being significant; ns = not siguificant. 
~Cholesterol (2%)  was included in all diets f rom Experiment IL 
rMean for seven chicks + s tandard error  of the mean. 

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  i n  l i v e r  o f  c h i c k s  

( T a b l e  I I )  T h e  i n v e r s e  e f f e c t s  o f  M C T  o n  

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

t i a l l y  b a l a n c e d  e a c h  o t h e r ,  a n d  t h e  p l a s m a -  

l i v e r  c h o l e s t e r o l  p o o l  ( s u m  o f  t o t a l  p l a s m a  -~- 

l i v e r  c h o l e s t e r o l )  w a s  i d e n t i c a l  f o r  c h i c k s  f e d  

M C T ,  c o c o n u t  o i l ,  o r  c o r n  o i l .  

M C T  i n g e s t i o n  s i g n i f i c a n t l y  d e c r e a s e d  t o t a l  

l i v e r  I i p i d s  a n d  c h o l e s t e r o l  i n  c h i c k s  f e d  c h o l e s -  

t e r o l - s u p p l e m e n t e d  d i e t s  ( T a b l e  I I ,  E x p e r i m e n t  

I I ) .  T o t a l  p l a s m a  l i p i d s  a n d  c h o l e s t e r o l  l e v e l s  

o f  c h i c k s  f e d  M C T  w e r e  a l s o  l o w e r  t h a n  v a l -  

u e s  f o r  a n i m a l s  f e d  c o r n  o r  c o c o n u t  o i l ,  b u t  

t h e s e  d i f f e r e n c e s  w e r e  n o t  s t a t i s t i c a l l y  s i g n i f i -  

c a n t .  I n  s p i t e  o f  t h e  l a c k  o f  s t a t i s t i c a l  s i g n i f i -  

c a n c e ,  t h e s e  d a t a  s u g g e s t  t h a t  t h e  e f f e c t s  o f  

M C T  i n g e s t i o n  o n  c i r c u l a t i n g  l i p i d s  d i f f e r  i n  

c h i c k s  f e d  c h o l e s t e r o l - f r e e  o r  s u p p l e m e n t e d  

d i e t s ,  A s  a r e s u l t  o f  t h e  l o w e r  p l a s m a  a n d  

l i v e r  c h o l e s t e r o l  l e v e l s  i n  M C T - f e d  c h i c k s  t h e  

p l a s m a - l i v e r  c h o l e s t e r o l  p o o l  w a s  d e c r e a s e d  b y  

3 6 %  a s  c o m p a r e d  w i t h  v a l u e s  f o r  c o r n  o i l - f e d  

c h i c k s ,  a d i f f e r e n c e  w h i c h  w a s  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 l a s m a  a n d  l i v e r  l i p i d  v a l u e s  w e r e  

s i m i l a r  f o r  c h i c k s  f e d  c o c o n u t  o r  c o r n  o i l .  

Fatty Acid Composition of Plasma and Liver kipids 

P l a s m a  a n d  l i v e r  s a m p l e s  f r o m  c h i c k s  u s e d  

in  E x p e r i m e n t  I ( T a b l e  II) w e r e  t a k e n  f o r  t h e  

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

r e s u l t s  o f  t h e s e  s t u d i e s  a r e  s h o w n  i n  T a b l e  I I I .  

T h e  m a j o r  d i f f e r e n c e s  o b s e r v e d  a r e  a n  i n c r e a s e  

TABLE 111 

Percentage of Fat ty  Acid Composition of Liver and Plasma Lipids of Chicks Fed Different Fats 
(Experiment I) 

Plasma Liver 
Fatty acida Corn oil Coconut oil MCT Corn oil Coconut oil MCT 

C~0:0 7.8 + 1.1b 3.7 • 0.6 2.6 • 0.6 0.5 4- 0A 0.5 • 0.1 1.0 4- 0.2 
Cr::0 3.4 -P 1.0 4.8 -d- 0.5 1.5 4-4- 0.2 1.4 d- 0.4 3.4 -I- 0.8 0.8 4-4- 0.1 
C14:0 8.4 4- 1,2 8.9 ___+ 0.7 3.4 -I- 0.4 1.1 4- 0.2 5.6 _____ 0.7 1.8 4- 0.2 
Ca~:0 16.7 4- 0.5 19.9 4- 1.1 26.2 4- 1.0 17.4 + 1.0 21.9 -I- 0,7 25.4 4- 1.2 
Ca~: 1 7.0 4-_ 0,6 5.4 4- 0.6 5.2 4- 0.3 1.3 4- 0.4 2.4 4- 0,2 3.5 ~__. 0.3 
C~s:0 8.5 4- 0.8 10.9 + 1.2 10.5 4- 0.8 17.1 4- 1.8 14.8 4- 1,9 16.5 • 1.1 
C~s:l 8.4 4- 0.5 10.0 4- 0.6 12.2 4- 0.6 7.3 ~ 0.4 9.3 4- 0.5 12.1 4- 0.3 
C~:2  29.8 4- 0.5 24.4 4- 1.9 25.4 ~___ 0.5 29.6 -4- 0.9 21.7 4- 0.9 19.3 ~-_ 0.8 
C~o:4 9.3 4- 0.5 12.1 --4- 1.0 13,0 + 0.6 24.3 4- 0.7 20.3 4- I).9 19.8 ~ 1.0 

aChain length: number of double bonds. 
bMean for eight chicks + standard error of the mean. 
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TABLE IV 

T h e  in  v i tro  Acetate-l-~4C Utilization by Liver Tissue of 
Chicks Fed Different Fats (Experiment 1) 

Dietary fat CO.~ Fatty acid Cholesterol 

TABLE VI 

An Estimate of Fatty Acid Desaturation Activity by Live~ 
Slices of Chicks Fed Different Fats (Experiment 1) 

Stearate-2-14C incorporated into 
Dietary fat C18:0 Ca8:1 Cas: 2 

mumoles incorporated/100 mg tissue/3 hr 
Corn oil 3454 4-_ 416 a 872 -4- 196 73.7 • 6.6 % of total radioactivity 
Coconut oil 4978 • 350 791 • 125 76.3 • 7.1 Corn oil 89.7 ~ 1.2 a 7.5 • 0.9 2.8 ~ 0.3 
MCT 4758 • 182 1870 _+ 257 112.2 • 7.8 Coconut oil 80.2 • 3.4 13.2 • 2.3 6.6 + 1.4 
Corn oil vs. MCT b P < 0.025 P < 0.010 P < 0.005 MCT 80.2 • 1.7 15.9 • 1.6 3.9 • 0.3 
Coconut oil vs. Corn oil vs. MCTb P < 0.001 P < 0.001 P < 0.050 

MCT ns P < 0.005 P < 0.005 Coconut oil vs. MCT ns ns ns 

aMean for seven chicks + standard error of the mean. 
bProbability of the differences being significant; ns = not 

significant. 

aMean for seven chicks • standard error of the mean. 
bProbability of the differences being significant; ns = not 

significant. 

in  p a l m i t a t e  ( C l ~ : 0 )  a n d  o l e a t e  ( C 1 ~ : 1 )  a n d  
a d e c r e a s e  in  l i n o l e a t e  ( C l s : 2 )  in  p l a s m a  a n d  
l iver  l ip ids  o f  c h i c k s  f e d  M C T  or  c o c o n u t  oil  
as  c o m p a r e d  w i t h  v a l u e s  f o r  c h i c k s  f ed  c o r n  
oil. T h e s e  c h a n g e s  w e r e  n o t  u n e x p e c t e d  s i nce  
c o r n  oil  c o n t a i n s  s u b s t a n t i a l  q u a n t i t i e s  o f  
l i no l ea t e ;  h o w e v e r  t h e  c h a n g e s  o b s e r v e d  w e r e  
n o t  as s t r i k i n g  as m i g h t  h a v e  b e e n  a n t i c i p a t e d .  
T h i s  r e l a t i ve  l a c k  o f  d i f f e r e n c e  m a y  b e  t he  
r e s u l t  o f  t h e  l i no l ea t e  c o n t e n t  o f  t he  p r e - e x p e r i -  
m e n t a l  d i e t  w h i c h  w a s  h i g h  in  l ino le i c  ac id  
( T a b l e  I ) .  T h e  h i g h  leve l  o f  C ~ , : 0  in  t h e  

p l a s m a  o f  c o r n  o i l - f ed  c h i c k s  is n o t e w o r t h y ,  
as is t h e  l o w e r  v a l u e  o b s e r v e d  in  p l a s m a  o f  
c o c o n u t  oil  o r  M C T - f e d  ch i cks .  T h e  s ignif i -  
c a n c e  o f  t h e s e  o b s e r v a t i o n s  is n o t  c lear .  

The in vitro Utilization of Acetate-l-l~C by 
Liver Slices 

T h e  i n g e s t i o n  o f  c o c o n u t  oil o r  M C T  sig-  
n i f i c a n t l y  i n c r e a s e d  ove r - a l l  m e t a b o l i c  ac t iv i ty  
as m e a s u r e d  b y  t h e  o x i d a t i o n  o f  a c e t a t e - l - ~ 4 C  
to  14CO2 b y  l iver  s l ices  ( T a b l e  I V ) .  L i v e r  
s l ices  f r o m  c h i c k s  f e d  M C T  a lso  c o n v e r t e d  
m o r e  a c e t a t e  to  f a t t y  a c i d s  a n d  c h o l e s t e r o l  t h a n  
d id  s l ices  f r o m  c o r n  o r  c o c o n u t  o i l - f ed  ch i cks .  

TABLE V 

An Estimation of Fatty Acid Elongation by Liver Tissue by 
Chicks Fed Different Fats (Experiment 1) 

Dietary fat 

Decarboxylation of 
fatty acids Conversion of 

synthesized from palmitate-lA~C 
acetate-l-14C to CIs acids 

% of radioactivity % of radioactivity 
in carboxyl carbon in Cis acids 

Corn oil 12.8 • 4.8 a 3.0 • 1.1 
Coconut oil 14.5 • 5.5 3.1 ~__ 1.2 
MCT 12.0 • 4.5 4.2 + 1.6 
Corn oil 

vs. MCT b ns P < 0.050 
Coconut oil 

vs. MCT ns P < 0.005 

aMean for seven chicks _+ standard error of the mean. 
bProbability of the differences being significant; ns = not 

significant. 
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The in vitro Fatty Acid Elongation and 
Desaturation by Liver Slices 

F a t t y  ac id  c h a i n - e l o n g a t i o n  ac t iv i ty  w a s  
e v a l u a t e d  b y  t w o  t e c h n i q u e s ,  b y  d e t e r m i n i n g  
t h e  r e l a t ive  i n c o r p o r a t i o n  o f  a c e t a t e - l - 1 4 C  in to  
t he  c a r b o x y l  c a r b o n  o f  f a t t y  a c id s  a n d  b y  de-  
t e r m i n i n g  t h e  c o n v e r s i o n  o f  p a l m i t a t e - l - 1 4 C  
i n t o  C18 f a t t y  ac ids .  T h e  f i rs t  p r o c e d u r e  wil l  
s h o w  e n h a n c e d  c h a i n - l e n g t h e n i n g  ac t i v i t y  if 
de  n o v o  s y n t h e s i s  o f  f a t t y  ac ids  is n o t  p r o -  
c e e d i n g  a t  h i g h  ra tes .  H o w e v e r ,  i f  de  n o v o  
r a t e s  o f  s y n t h e s i s  a r e  h i g h  r e l a t i ve  to  c h a i n -  
l e n g t h e n i n g  ac t iv i ty ,  t h e  l a t t e r  m a y  be  m a s k e d .  
T h e  c o n v e r s i o n  o f  p a l m i t a t e - l - 1 4 C  to  C l s  
ac ids  s h o u l d  y i e ld  a m e a s u r e  o f  c h a i n -  
e l o n g a t i n g  ac t iv i ty  in  sp i t e  o f  h i g h  r a t e s  o f  
f a t t y  ac id  s y n t h e s i s .  T h e  d a t a  in  T a b l e  V 
s h o w  t h a t  t he  r e l a t i ve  i n c o r p o r a t i o n  o f  a ce t a t e -  
1-14C in to  t h e  c a r b o x y l  c a r b o n  o f  f a t t y  a c id s  
s i m i l a r  f o r  c h i c k s  f e d  M C T ,  c o r n  oil, o r  c o c o -  
n u t  oil. T h i s  o b s e r v a t i o n  i m p l i e s  t h a t  t h e  ob -  
s e r v e d  i n c r e a s e  in  a c e t a t e - l J 4 C  i n c o r p o r a t i o n  
in to  f a t t y  a c id s  b y  l iver  o f  M C T - f e d  as c o m -  
p a r e d  w i t h  c o r n  o i l - f ed  c h i c k s  is l a r g e l y  t h e  
r e s u l t  o f  e n h a n c e d  de  n o v o  s y n t h e s i s  o f  f a t t y  
ac ids .  C h a i n - l e n g t h e n i n g  ac t i v i t y  is a l so  in-  
c r e a s e d  b y  M C T  i n g e s t i o n ,  e v i d e n c e d  b y  t h e  
g r e a t e r  c o n v e r s i o n  o f  p a l m i t a t e - 1 - 1 4 C  to  C~s 
ac i d s  b y  l iver  o f  M C T  as  c o m p a r e d  w i t h  c o r n  
o i l - f ed  ch i cks .  

L i v e r  s l ices  f r o m  c h i c k s  f e d  M C T ,  c o r n  oil,  
o r  c o c o n u t  oil w e r e  i n c u b a t e d  in t h e  p r e s e n c e  
o f  s t ea ra t e -2 -x4C,  a n d  t h e  ab i l i ty  o f  t h e  t i s s u e  
to c o n v e r t  s t e a r a t e  to C l s : l  a n d  C ~ s : 2  ac id s  
w a s  d e t e r m i n e d .  T h e  d a t a  in T a b l e  V I  s h o w  
t h a t  t i s sue  f r o m  c h i c k s  f e d  M C T  or  c o c o n u t  
oil  p o s s e s s e d  s i g n i f i c a n t l y  g r e a t e r  d e s a t u r a t i n g  
ac t i v i t y  t h a n  d id  l ive r  t i s sue  f r o m  c o r n  o i l - f ed  
ch i cks .  

DISCUSSION 

T h e  h y p e r c h o l e s t e r o l e m i c  e f fec t  o f  M C T  in-  
g e s t i o n  s u g g e s t e d  b y  t h e s e  s t u d i e s  is in  a g r e e -  
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ment with the original observation of Fisher 
and Kaunitz (3).  The inverse effect of MCT 
on plasma and liver cholesterol concentration 
in the chick has also been reported by Fisher 
and Kaunitz (3).  Similar shifts of cholesterol 
from one compartment  to another have been 
observed in chicks fed different natural fats 
(17) or fatty acids (19). These observations 
illustrate the fact that changes in plasma cho- 
lesterol level do not necessarily imply a change 
in the total cholesterol pool. 

The contrasting effects of MCT on plasma 
cholesterol levels in the rat  and chick are now 
well established. Plasma cholesterol is in- 
creased in the chick (3,9) and lowered in the 
rat  (1-5) as a consequence of MCT ingestion 
in a cholesterol-free diet. However the results 
of the present study show that MCT does not 
elevate plasma cholesterol in chicks fed cho- 
lesterol-supplemented diets. The plasma-liver 
cholesterol pool was decreased in chicks fed 
MCT in contrast to animals fed coconut or 
corn oil. This difference may be a reflection 
of an alteration in cholesterol absorption since 
it has been shown that the absorption of 
cholesterol is enhanced by long-chain unsat- 
urated fatty acids (20).  This apparently is not 
the major factor responsible for the difference 
in the cholesterol pool size between chicks fed 
corn oil or MCT since the ingestion of coconut 
oil, a fat containing extremely small quantities 
of long-chain unsaturated fatty acids, did not 
decrease the cholesterol pool size. Conse- 
quently the mechanism involved in this effect 
of MCT remains obscure. 

The data demonstrate that MCT ingestion 
by chicks results in increased hepatic fatty 
acid synthesis, elongation, and desaturation 
and cholesterol synthesis. In general, these  
results are similar to those reported for the rat  
(5) .  The notable exception is the increase in 
hepatic fatty acid and cholesterol synthesis. 
In the rat, MCT feeding depresses cholesterol 
synthesis whereas in the chick it is enhanced. 
Fat ty  acid synthesis is also markedly increased 
by MCT feeding in the chick, but  in the rat  it 
has been reported to remain unchanged (5) 
or to increase (4) .  

The chick also responds differently from 
the rat  to dietary MCT with respect to altera- 
tions in plasma and liver fatty acid composi- 
tion (5).  Qualitatively, similar changes are 
observed in the two species, but  the rat  fed 
MCT shows greater fatty acid alterations than 
does the chick. This is part icularly true for 
linoleate, which was much lower in tissues of 
MCT-fed compared to corn oil-fed rats, where- 

as in the MCT-fed chick the  decrease in lino- 
leate relative to levels in chicks fed corn oil 
was not as marked. This resistance to de- 
creased linoleate levels may reflect a greater 
ability of the chick selectively to retain un- 
saturated fatty acids as suggested by Feigen- 
baum and Fisher (21). 

The data in Table VI show that the ability 
of chick liver to desaturate stearate-~4C is in- 
creased by MCT ingestion. These data also 
show that chick liver is capable of converting 
stearic acid to a di-unsaturated acid. I t  should 
be pointed out that this conversion does not de- 
note linoleate synthesis de novo. Undoubtedly 
this di-unsaturated acid is similar to that syn- 
thesized by rat liver microsomes (22) and is 
different from linoleic acid ( A  6,9 vs /k 9,~2 for 
linoleate).  

It is now well documented that MCT inges- 
tion significantly lowers the plasma-liver cho- 
lesterol pool in rats (4,5) but does not alter 
the size of the pool in chicks although a cho- 
lesterol shift from the liver to the plasma com- 
partment is seen in MCT-fed chicks. This 
difference in pool size may be related to the 
effect of MCT on cholesterol synthesis, which 
is stimulated in the chick and depressed in 
the rat  as a consequence of M C T  ingestion. 
More evidence is required before such a con- 
cept can be developed, and the present studies, 
which have been largely descriptive in nature, 
have uncovered a number of areas which merit  
further study. 
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Analysis of Fecal Neutral Steroids and Bile Acids 
in Humans on Constant Fat Diet 

W. D. MITCHELL and M. J. DIVER s, Medical Research Council, Atheroma Research Unit, 
Western Infirmary, Glasgow, Scotland 

ABSTRACT 

A method is described for the separa- 
tion and quantification of fecal neutral 
steroids and fecal bile acids. The fecal 
extract is separated into the neutral steroid 
fraction and bile acid fraction with ion- 
exchange resin columns. The principal 
neutral steroids and bile acids are then 
separated and quantitated by thin-layer 
chromatography. Values for the fecal 
neutral steroids, cholesterol, coorostanol 
and coprostanone and fecal bile acids, 
deoxycholic acid and lithocholic acid of 5 
subjects on a constant fat diet for a 3- 
week period are presented. 

INTRODUCTION 

I N MAN T H E  MAJOR ROUTE o f  excretion of 
cholesterol and its metabolites is the intes- 

tine. The daily fecal excretion of neutral plus 
acidic steroids of endogenous origin should ap- 
proximately equal the daily synthesis of cho- 
lesterol when the steady state is reached. This 
is based on our knowledge of: 

a) The conversion of cholesterol to bile 
acids in the liver and the degradation of neutral 
and acidic sterols to a multitude of steroidal 
secondary products within the intestinal lumen 
(Danielsson) (1) .  

b) The resistance of the ring structure of 
cholesterol to degradation within the body or 
by intestinal microorganisms (2) .  

A method for the separation and quantifica- 
tion of fecal neutral and acidic steroids was 
therefore developed in order to answer certain 
questions concerning the mechanism by which 
various compounds lower serum cholesterol 
values. This method employs ion exchange 
chromatography and thin-layer chromatog- 
raphy (TLC) .  The ion-exchange chromatog- 
raphy separates the fecal extract into neutral 
steroids and acidic steroids. TLC then sepa- 
rates the neutral steroid fraction into three 
main classes typified by cholesterol, coprostanol 
and coprostanone together with their plant  
analogues. The acidic or bile acid fraction 

1Present address: Centre for Rheumatic Diseases, 35 
Baird Street, Glasgow, C.4., Scotland. 

is similarly separated into the trihydroxy bite 
acids, when present, and the dihydroxy and 
monohydroxy bile acids which are normally 
predominant.  These three types of bile acids 
are determined on the TLC plate by quantita- 
tive densitometry. 

MATERIALS AND APPARATUS 

All solvents, except 2, 2, 4-trimethyl pentane, 
were glass-distilled before use and were ob- 
tained from British Drug Houses Ltd., Poole, 
Dorset, England. 

Column Chromatography 

Column I. A glass column of inside diame- 
ter 1.3 cm and length 39 cm was fitted with 
a stopcock, a coarse sintered disc and a reser- 
voir to hold approximately 50 ml. Dowex 
50W-X8 cation exchange resin (hydrogen form, 
approximately 15.0 g) was suspended in 80% 
ethanol, poured into the column and allowed 
to settle to a depth of 16 cm above the sintered 
disc. The resin was then washed with a further 
100 ml of 80% ethanol. 

Column H. A glass column similar to 
Column I contained Dowex l -X2 anion ex- 
change resin (hydroxyl fo rm--approx imate ly  
14:0 g). The resin was converted from the 
chloride form to the hydroxyl form by sus- 
pending it in aq. 1 M NaOH. The suspension 
was poured into the column and allowed to set- 
tie to a depth of 13 cm above the sintered disc 
before washing with 100 ml aq. 1 M NaOH. 
The column was then brought to neutrality 
with distilled water before being washed with 
100 ml of 80% ethanol. 

The columns were then ready for use and 
were arranged so that the eluate from Column 
I drained into the reservoir of Column II. 

The Dowex resins were obtained from V.A. 
Howe Ltd., London, England. 

Thin-Layer Chromatography 

TLC was carried out on 0.25-mm layers of 
Macherey Nagel M N  Kieselgel G-HR on 20 X 
20 cm glass plates. A smooth suspension was 
obtained by shaking the silica gel with distilled 
water (30 g in 60 ml water for 90 sec for 5 
plates) in a stoppered 250 ml conical flask. 
The plates were spread with a Camag Spreader, 
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left overnight at room temperature to dry and 
then stored in a desiccator until required. 

Scanning of Plates 

The optical density (OD) of the charred 
spots was measured with the Joyce Loebl 
Chromoscan with Thin Layer Attachment. 
The attachment is suitable for both reflectance 
and transmittance operation and uses the re- 
cording and integrating facilities of the Chro- 
moscan. The sample table on which the thin- 
layer plate is placed, the recording drum and 
integrator are controlled by a single switch 
on the Chromoscan once the Thin Layer At- 
tachment is plugged in. At the end of each 
run a microswitch automatically cuts the sam- 
ple drive. There are filter and slit positions in 
both reflectance and transmittance light paths. 

Collection and Drying of Feces 

Feces were collected in weighed plastic con- 
tainers during a period of 3-6 days and stored 
in a deep freeze until required. The specimens 
were then weighed and homogenized with dis- 
tilled water in a weighed homogenizer. A 
known aliquot of the homogenate was trans- 
ferred to a tared 250 ml round bottom flask. 
The flask was attached to an Edwards Freeze 
Drier Model 10P and the feces were freeze- 

1 2 3 4 5 6 A B B C D 

kP IP'I  

g o O o o  . o o e O  

q) e O o O o o e e e o  
lJ g g o o o o 0  

�9 �9 , �9 . . . . . .  

FIG. 1. TLC of fecal neutral steroids and 
standards. Origin at bottom. From left to right 
(lanes 1 to 6) are 6 fecal neutral steroid extracts; 
lanes A, B, C and D contain cholesterol standards 
(spots nearest origin) 10, 15, 20 and 25/Lg, eopro- 
stanol standards (second spot from origin) 20, 
30, 40 and 50 /~g and coprostanone standards 
(third spot from origin) 10, 15, 20 and 25 /xg 
(Standard B is duplicated). The spot nearest 
the solvent front in the extracts is a mixture of 
sterol esters, triglycerides and hydrocarbons. 

L]PtDS, VOL. 2, No. 6 

dried for approximately 24 hr. When dry, the 
flasks were reweighed and the dried feces re- 
moved and transferred to small screw-capped 
jars. These were then stored in a desiccator 
until required. 

Extraction of Feces 

Approximately 1.0 to 2.0 g of dried feces 
were extracted with 95% ethanol in a Soxhlet 
extraction apparatus in a nitrogen atmosphere 
for 6 hr. The extract was then separated into 
acidic and neutral steroids by passing it through 
the Dowex ion-exchange resins. 

Neutral Steroid Fraction 

The fecal extract was poured into Column I 
and allowed to percolate through into Column 
II. When there was approximately 5.0 ml 
of the extract left in Column I, 50 ml of 80% 
ethanol was added and the eluate was again 
allowed to run through into Column If. Col- 
umn I was allowed to run dry and the com- 
bined eluates from Column 1I were collected. 
This fraction contained the neutral steroids. 
The flow rate was approximately 4 to 5 ml/  
rain at this stage. 

Bile Acid Fraction 

The fecal bile acids were retained on Column 
I]. They were eluted from the column by 250 
ml 0.1 M ammonium carbonate in 50% etha- 
nol after washing the column in the following 
manner according to Kuron and Tennent  (3) :  
a) 25 ml 50% ethanol; b) 50 ml distilled wa- 
ter; c) 25 ml CO~ free water; d) 100 ml aq. 1 
M sodium chloride; e) 100 ml aq. 0.5 M am- 
monium carbonate; f) water to neutrality; 
g) 25 ml CO2 free water; h) 25 ml 50% etha- 
nol. 

The fecal neutral steroid fraction and the bile 
acid fraction were then evaporated to dryness 
on a rotary evaporator (Biichi, Switzerland) 
and the residues dissolved in acetone, trans- 
ferred with washings to 15 ml vials and then 
evaporated to dryness with a stream of nitro- 
gen. The residues were then made up to 3 
ml with redistilled acetone and stored in the 
tightly-capped vials in a deep-freeze until an- 
alyzed by TLC. 

";HIN LAYER CHROMATOGRAPHY 

Neutral Steroid Fraction 

The neutral steroids were separated into 
"cholesterol," "coprostanol" and "coprosta- 
none" fractions by TLC on MN-Kieselgel G- 
HR, The TLC plate was cleaned by initial 
development in benzene-ethyl acetate (8:1)  
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Fro. 2. TLC of fecal bile acids and standards. 
Origin at bottom. From left to right (lanes 1 to 
6) are 6 fecal bile acid extracts and lanes A. to D 
contain deoxycholic acid standards (spot nearest 
origin) 15, 20, 25 and 30 ag and lithocholic acid 
standards 10, 15, 20 and 25 ~g (Standard B is dup- 
licated). The spot nearest the solvent front in 
the fecal extracts is a mixture of fatty acids. 

and allowed to dry at room temperature. The 
fecal extracts and standards were then applied 
with a 10 ~1 Hamilton syringe and the plate was 
developed in benzene-ethyl acetate (8:1 ) to a 
height of 15 cm. Development was carried 
out at room temperature in a tank lined with 
filter paper to ensure saturation of the atmos- 
phere. The plate was then allowed to dry. 
After spraying with 1% potassium iodate in 
10% sulfuric acid the plate was placed in an 
oven at 100C for approximately 20 min. The 
steroids appeared as brown spots on a white 
background (Fig. 1). 

Bile Acid Fraction 

The fecal bile acids were separated into "de- 
oxycholic" acid, "lithocholic acid" (and cholic 
acid when present) by TLC on MN-Kieselgel 
G-HR. The bile acid fraction and standards 
were applied with a 10 /d Hamilton syringe 
and the plate developed in heXane-diethyl 
ether-methanol-acetic acid (90:20:3:2) .  This 
solvent system caused the fatty acids to move 
approximately 10 cm in a 15 cm run and 
left the bile acids at the origin. The plate was 
then dried and placed in an oven at 100C for 
20 rain to remove traces of solvent. After 
cooling, the plate was developed in trimethyl 
pentane-ethyl acetate-acetic acid (5 :25:0 :2)  
(Eneroth, Ref. 4) to a height of 10 cm. This 
gave a very good separation of cholic, deoxy- 
cholic and lithocholic acids and was also ef- 
fective in separating hydroxy fatty acids from 
lithocholic acid. 

TABLE I 

Recovery of Cholesterol and Deoxycholic Acid 
after Complete Analytical Procedure 

Cholesterol Deoxyeholie A c i d  

Sample Added Recovered Added R e c o v e r e d  
#g /~g #g #g 

1 10.36 10.00 9.50 8.84 
2 10.36 10.40 9.50 8.97 

Mean 10.36 10.20 9.50 8.91 

The plates were treated as before to char 
the spots (Fig. 2). 

After cooling the plates in a desiccator, the 
optical densities of the spots were measured 
with the Joyce Loebl Chromoscan with Thin 
Layer Attachment. 

RESULTS 

Extraction and Column Chromatography 

Recovery experiments were carried out using 
cholesterol and deoxycholic acids added to 
dried feces. The fecal specimens, with and 
without added standards, were subjected to the 
complete analytical procedure, i.e. solvent ex- 
traction under nitrogen, ion-exchange chroma- 
tography and thin-layer chromatography. The 
results were found to be satisfactory as shown 
in Table I. 

The extraction procedure itself was checked 
by recovery experiments. Deoxycholic acid 
and cholesterol standards were added to ex- 
traction thimbles and the extraction procedure 
was carried out. After 6 hr, the extracts were 
evaporated to dryness with a rotary evaporator 
and the residue dissolved in 3 ml of redistilled 
acetone. Aliquots were then applied to a thin- 
layer plate for quantification. The results were 
again satisfactory as shown in Table II. 

Thin-Layer Chromatography 

Quantification of steroids and bile acids by 
measuring the optical density of the spot pro- 
duced by charring on a TLC plate is dependent 
on several factors. 

1 ) A uni]ormly thick layer of silica gel. It 
was found that the Camag spreader gave the 
most uniformly thick layers. The Desaga and 

TABLE II  

Recovery of Cholesterol a n d  D e o x y c h o l i c  A c i d  
by the Extraction Procedure 

Cholesterol Deoxycholir A c i d  
Sample Added Recovered A d d e d  R e c o v e r e d  

~g #g #g #g 

1 22.70 22.30 11.50 10.95 
2 18.30 18.70 10.40 9.80 

M e a n  20.50 20.50 10.95 10.37 

LiPms, VOL. 2, No. 6 
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FIo. 3. Standard graphs of cholesterol, copro- 
stanol and coprostanone showing the straight line 
relationship between OD of the charred spot and 
quantity of steroid present. 

Shandon spreaders were both tried but were 
found less suitable for the purpose. 

2) A good separation between well-defined 
spots. The techniques described gave well- 
defined spots and very good separation between 
the individual spots. 

3) A suitable spray reagent. It is advisable 
to produce dark spots on a white background. 
Various spray reagents were tried, e. g.: a) 
10% phosphomolybdic acid in ethanol gave 
blue spots on a yellow background which was 
not uniform in optical density, b) 1% eerie 
sulfate in 10% sulfuric acid gave colored spots 
on a faintly yellow background, c) potassium 
dichromate in 80% sulfuric acid gave an un- 
even grayish background with black specks. 
d) 35% phosphoric acid gave a background 
similar to c). 

However, it was found that spraying with 
1% potassium iodate in 10% sulfuric acid and 
heating at 100C for 20 min gave dark brown 
spots on a white background which proved ex- 
tremely suitable for scanning. 

Scanning and "fLC Plates with the Chromosean 

It was only after trying various combinations 
of slit widths, reflectance, transmission and dif- 

O.D, 
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FIa. 4. Standard graphs of deoxycholic acid 
and lithocholic acid showing the straight line re- 
lationship between OD of the charred spot and 
quantity of bile present. 

ferent sizes of cams that we found the best 
results were obtained using the narrow slit and 
transmission on the Thin Layer Attachment 
combined with the largest cam in the Chromo- 
scan. By setting up the instrument under these 
conditions we  were able to obtain a straight 
line relationship between the amount of steroid 
or bile acid applied and the OD of the charred 
spot as recorded by the integration on the 
Chromoscan (Fig. 3 and 4). The range of 
standards used was cholesterol and coprosta- 
none 10-25 /Jog, coprostanol 20-50 Fg, deoxy- 
cholic acid 15-30 Fg and lithocholic acid 10-25 
Fg. 

Recoveries of Neutral Steroids and Bile Acids 
Using the Scanner 

Neutral Steroids. Recovery experiments were 
carried out by adding known amounts of cho- 

T A B L E  I I I  

N e u t r a l  Steroids:  Recover ies  of  Cholesterol ,  Copros tano l  and Copros tanone  
on T L C  Pla te  with the Scanner  

Choles te ro l  

#g  Added  #g Recovered  

Copros tano l  Copros tanone  

/~g A d d e d  #g Recovered  #g A d d e d  #g Recovered  

15 14.8 20 21.3 10 9.9 
" 16.3 ' "  20.3 " 9.9 

16.3 " 18.1 " 8.4 
15.8 " 19.6 " 10.5 
15.8 '" 20.5 " 9.0 
15.5 " 22.6 " 8.0 

M e a n  15.75 20.41 9.28 
S.D.  + 0 . 5 6 0  + 1 . 2 2 6  ~ 0 , 9 7 5  

% 105% 102% 93% 

LIPIDS, VOL. 2, No. 6 
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TABLE IV 
Bile Acids: Recoveries of Deoxycholic Acid and 

Lithocholic Acid on TLC Plate with the 
Scanner 

Deoxycholic acid Lithocholic acid 
/zg Added #g Recovered #g Added #g Recovered 

15 14.0 15 15.8 
14.0 " 13.0 
13.6 " 16.3 
13.6 " 16.5 
13.8 " 16.3 
13.8 " 16.3 

Mean 13.8 15.7 
S.D. ~0.179 -4-1.341 

% 92% 105% 

lesterol, corpros tanol  and copros tanone  to fecal  
extracts  already applied to the T L C  plate and 
then  ch romatograph ing  the fecal  extracts,  the 
fecal extract  with the three steroids and a 
series of  s tandards  on the same plate. The  re- 
suits obta ined were  sat isfactory (Table  l i D .  

Bile Acids. A similar recovery  exper imen t  
was carr ied out but  this t ime deoxychol ic  acid 
and l i thocholic  acid were  appl ied to the  ex- 
tracts. The  results obta ined were again satis- 
fac tory  (Table  I V ) .  

It was necessary,  however ,  to include a series 
o f  s tandards  with each plate as the degree of  
char r ing  varied f r o m  plate to plate even w h e n  
the t empera ture  of the oven and the t ime the 
plate was in the oven were kept  constant .  This 
reduced  the number  of extracts  which could be 
run  on each plate to 6. 

Tables V and VI show the results of a s tudy 
in a metabol ic  ward  of 5 pat ients  on a con- 
s tant  fat  diet over a per iod of  5 weeks. The  
fecal collections were  pooled  in 7-day per iods  
and  the first 2 weeks were  d iscarded to ensure 
comple te  adjus tment  to the diets. 

DISCUSSION 

Neutral Steroids 

The  quant i ta t ive de te rmina t ion  of  individual 
fecal neutra l  steroids has p roved  to be very 
difficult because  of  their  similarities in molecu-  
lar s tructures and physical  propert ies .  Over  
the pas t  few years  there  have been  several 
me thods  published.  Fo r  example,  the steroids 
may  be precipi ta ted as digitonides fol lowed by 
regenera t ion  and di f ferent ia l -photometr ic  analy- 
sis (Haus t  and Bever idge)  (5) or separa ted  by 
TLC (Samuel  et al,) ( 6 ) ,  si l icic-acid-impreg- 
na ted  glass paper  ch ro ma t o g rap h y  (Goldsmi th  
et al.) (7 ) ,  co lumn ch ro ma t o g rap h y  (Bowers  
et al.) (8) ,  G L C  (E n e ro t h  et  al.) (9 ) ,  or a 
combina t ion  of  T L C  and G L C  (Mie t t inen  et 
al.) (10) .  

Of  these me thods  only the last two, (9) and 
(10) ,  measure  the individual steroids. The  
me th o d  of  Haus t  and Beveridge (5)  depends  
on precipi ta t ion by digitonin;  copros tanol  is 
k n o w n  to be incomple te ly  precipi ta ted by this 
reagent  (Wells and M o o r e )  (11) .  

The  technique  descr ibed in this repor t  re- 
sembles that  of Go ldsmi th  et al. (7)  in that  it 
measures  the OD of  the char red  spots and that  
each spot  is a mixture  of the paren t  c o m p o u n d  
and analogous p lant  sterol metaboli tes.  How-  
ever Go ldsmi th  et al. f ound  a straight  line rela- 
t ionship be tween  0.6 /tg and 1.2 ~g, whereas  
we have found  a straight  line relat ionship over  
a m u c h  wider  range:  cholesterol  and coprosta-  
none  10 ~g-25 ~g and copros tanol  20 ~g-50 
/~g. Our  p rocedure  also gives improved  sepa- 
ra t ion and a lower  level of background  ab- 
sorption.  

TABLE V 

Cholesterol Coprostanol C0prostanone Total 
mg/24 hr mg/24 hr mg/24 hr mg/24 hr 

Sub- Weeks Weeks Weeks Weeks 
ject 1 2 3 1 2 3 1 2 3 1 2 3 

1 82.6 31.7 76.7 159.6 216.4 196.7 69.1 75.4 74.5 311.3 323.5 347.9 
2 71.6 54.9 64.5 172.4 155.8 198.7 24.0 12.2 34.4 268.0 222.9 297.6 
3 67.2 90.1 178.9 196.5 172.3 155.2 23.5 34.8 50.8 287.2 297.2 384.9 
4 35.9 54.3 47.4 186.8 208.9 180.8 34.8 29.3 33.5 257.5 292.5 261.7 
5 67.0 54.9 37.7 291.8 345.3 290.2 18.8 26.4 14.2 377.6 426.6 342.1 

TABLE VI 

Deoxycholic acid Lithocholic acid Total 
mg/24 hr mg/24 hr rag/24 hr 
Weeks Weeks Weeks 

Subject 1 2 3 1 2 3 1 2 3 

1 59.5 36.1 35.8 50.0 55.7 31.1 109.5 91.8 66.9 
2 23.0 23.4 28.0 20.0 19.8 19.7 43.0 43.2 47.7 
3 13.3 39.3 34.8 7.3 14.2 5.3 20.6 43.5 40.1 
4 8.8 5.5 9.2 9.3 11.I 6.7 18.1 11.1 15.9 
5 77.3 68.4 54A 13.9 15.4 8.3 91,2 83.8 62.4 
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One disadvantage, however, with this par- 
ticular method is that it does not differentiate 
between the plant sterols and parent  com- 
pound. Thus the "cholesterol" spot may be 
composed of cholesterol, fl-sitosterol, campes- 
terol and possibly other congeners; and, simi- 
larly, the "coprostanol" and "coprostanone" 
spots may represent mixtures of homologues. 
On an ordinary mixed diet, however, the con- 
tribution of plant sterols to fecal neutral ster- 
oids is small and relatively constant (9, 12) 
and therefore this technique is not invalidated. 
The technique was in fact devised to determine 
the effect of a hypocholesterolemic drug on 
fecal excretion of neutral and acidic steroids 
when the patient was receiving an ordinary 
diet. The results of the preliminary basal peroid 
only are published in this article in order to 
illustrate the method. 

Fecal Bile Acids 

Bile acids are excreted by the liver into the 
bile, conjugated with glycine or taurine. As a 
consequence of bacterial transformation in the 
intestine the simple mixture of pr imary bite 
acids synthesized by the liver (cholic and cheno- 
deoxycholic acids) is excreted as a complex 
mixture with deoxycholic acid and lithocholic 
acid the main fecal bile acids (13). It is the 
complexity of the mixture which has caused 
so much trouble in the separation and quantifi- 
cation of fecal bile acids. 

Various methods have been devised to quan- 
tify fecal bile acids. This has usually involved 
titration of the total bile acid and has not al- 
ways been successful due to incomplete remov- 
al of acidic contaminants. For  a recent review 
see Grundy et al. (14).  In the method devised 
by these authors, the bile acids are isolated by 
TLC column chromatography and then quan- 
tified as the trimethylsilyl ethers of their methyl 
esters. 

More recently Eneroth et el. (15) have util- 
ized column chromatography and TLC and 
identified the bile acids with GLC combined 
with mass spectrometry. They have not  pro- 
duced absolute values but from relative pro- 
portions they concluded that deoxycholic acid 
and lithocholic acid were the main components. 

Semenuk and Beher (16) have devised a 
method of direct densitometry of bile acids on 
thin-layer chromatograms. They used phospho- 
molybdic acid to locate the spots. We found 
this spray reagent to be unsuitable due to the 
non-uniformity of optical density of the back- 
ground. The amount of bile acid measured by 
Semenuk and Beher ranged from 0.25 to 4 ~g, 
whereas we determined 10-25/~g. 

LIPIDS, VOL. 2, NO. 6 

We decided to estimate the two main groups 
of fecal bile acids, i.e. the dihydroxycholanic 
acids and the monohydroxycholanic acids. 
Deoxycholic acid would be the principal com- 
ponent of the dihydroxy group and lithocholic 
acid would be the principal component of the 
monohydroxy group. Cholic acid, which was 
very rarely found, could be separately deter- 
mined. 

The isolation of the bile acid fraction from 
the neutral steroid fraction is based on the 
method of Kuron and Tennent (3).  This meth- 
od according to Grundy et el. (14) results in 
erroneously high values if titration is used for 
estimation. We have confirmed this observation 
and found that it is due to acidic pigments 
which continually bleed from the ion-exchange 
resin and which contaminate the bile acid 
fraction. However, using our TLC procedure 
involving double development we were able to 
separate the bile acids from these acidic pig- 
ments and also from the fatty acids and hy- 
droxy fatty acids which are present in the bile 
acid fraction. 

Tables V and VI show the results obtained 
for total and individual neutral steroids and 
bile acids in three 7-day fecal collections from 5 
subjects on an ordinary ward diet, the fat con- 
tent of which was kept constant. There are 
considerable intersubject differences both for 
neutral steroid and bile acids, but there is much 
less variation in the levels obtained in the same 
subject over the 3-week period. 
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(S)-l,2-Diacyl.3-acetins: Optically Active Triglycerides from 
Euonymus verrucosus Seed Oil I 

R. KLEIMAN, R. W. MILLER, F. R. EARLE and I. A. WOLFF, Northern Regional 
Research Laboratoryp Peoria, Illinois 

ABSTRACT 

The seed oil of Euonymus verrucosus 
Scop., family Celastraceae, contains more 
than 90% 1,2-diacyl-3-acetins (mortoace- 
totriglycerides). The constituent triglyc- 
eride acids, other than acetic, are the 
usual long-chain fatty acids. 

Thin-layer chromatography (TLC) ,  in- 
frared ( IR)  and hydrolysis with pan- 
creatic lipase indicate that the acetic acid 
is esterified exclusively on the outer glyc- 
erol carbon atoms. The isolated mixed 
monoacetotriglycerides exhibit optical ro- 
tation caused by asymmetry of the central 
glycerol carbon atom. Comparison with 
synthetic products of known configuration 
shows that the natural material is essen- 
tially all (S)-l ,2-diacyl-3-acetin.  

IR, TLC and GLC analyses indicate the 
presence of monoacetotriglycerides in sev- 
en other species of Celastraceae and five 
species in three other plant families in 
amounts from 13 to 98%. 

INTRODUCTION 

A LTHOUGH OPTICALLY ACTIVE SEED OILS 
are known, their activity results from 

the presence of optically active fatty acids such 
as ricinoleic (1 ) ,  chaulmoogric (1) ,  or 8-hy- 
droxy-5,6-octadienoic (2) acids or of active 
minor components (1).  No natural, unaltered 
seed oil was known to be optically active be- 
cause of asymmetry only at the central carbon 
atom of the glycerol moiety (3) before our 
preliminary communication (4) .  

In this paper we include details of isolation 
and characterization in support of our report  
(4)  of the presence in seed oil of Euonymus 
verrucosus (family Celastraceae) of 1,2-diacyl- 
3-acetins which are optically active and derive 
their activity from asymmetry at the ~-carbon 
of the glycerol. ~ Evidence is also presented to 

1 Presented at the AOCS Meeting in Los Angeles, April 
1966, under the title "Optically Active Acetotriglycerides 
of Euonymus verrucosus." 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 
S F o r  convenience, the 1,2-diacyl-3-acetins will be re- 

ferred to  as monoacc to tr ig ly eer ides .  

show the presence of major amounts of mono- 
acetotriglycerides in oils of 12 other species in 
4 plant families; however, the optical activity 
has been investigated only in E. verrucosus. 

Acetic acid has long been recognized as a 
seed oil constituent (5) ;  Gunde and Hilditch 
(6) in 1938 speculated that the acetic acid in 
oil from Celastrus scandens is esterified with an 
unknown tetrahydric alcohol. The first report  
of acetic acid as a natural  triglyceride constitu- 
ent was made by Kaufmann and Keller (7) ,  
who established its presence in the seed oil of 
Impatiens roylei (Balsaminaceae).  Recently, 
Bagby and Smith found an asymmetric mono- 
acetotriglyceride in Impatiens edgeworthii (8).  

METHODS 

General 

Seeds were either collected from wild plants 
or purchased from commercial seed suppliers. 
They were ground and extracted in a Soxhlet 
apparatus with petroleum ether (30-60C) for 
24 hr. Solvent was removed from the oil on a 
steam bath under a stream of  nitrogen. 

IR spectra were recorded by Perkin-Elmer 
Model 137 and 337 spectrophotometers. 
Samples were either 1% solutions in CC14 
(1-mm NaCI cell) or films on NaC1 discs. 
Ultraviolet (UV) absorption of ethanol solu- 
tions was measured in a 1-cm cell in a Beck- 
man DK-2A soectrophotometer. Observations 
were made in the region from 215-360 m/~. A 
Varian A-60 spectrometer was used to measure 
nuclear magnetic resonance ( N M R )  in deu- 
terio-chloroform solution containing tetra- 
methylsilane as internal standard. 

Methyl esters were analyzed by gas-liquid 
chromatography (GLC)  in a Burrell Kromo-  
Tog K-5 as described earlier (9) or in an F&M 
810 chromatograph equipped with a 10 ft X Vs 
in. stainless steel column packed with 20% 
LAC-2-R 446 on Celite 545. The injection 
port  was held at 300C and the column at 
200C. A flame ionization detector was used. 
Triglycerides were also analyzed by  GLC in 
the F&M 810 instrument. Conditions were 
those described by Litchfield et al. (10) ,  ex- 
cept that the samples iniected were 0.02 /~1 as 
delivered by a Hamilton 7101 syringe. 

473 



474 R. KLEIMAN, R. W. MILLER, F. R. EARLE AND I. A. WOLFF 

Melting points were determined on a Fisher- 
Johns melting point apparatus. Samples were 
hydrogenated in hexane in a micro-hydrogena- 
tor with 10% palladium on charcoal as cata- 
lyst. 

Thin-layer chromatography (TLC) of oils 
and monoacetotriglycerides was performed on 
20 N 20 cm plates spread with a 250-/~ lay- 
er of Silica Gel G impregnated with boric 
acid. A "sandwich" chamber 1 mm thick was 
used with a hexane-ether (70:30 v /v )  solvent 
system. Spots were detected by spraying with 
0.2% dichlorofluorescein and observing the 
plate under UV light, by charring with sulfuric 
acid-dichromate solution or by immersing in 
iodine vapor. 

Analysis for Short-Chain Acids and Glycerol 

Separate 1/2g samples of E u o n y m u s  ver -  
r u c o s u s  oil, soybean oil and a mixture of ap- 
proximately 50% acetic and 50% formic acids 
were refluxed for 3 hr with 10 ml 1 N etha- 
nolic KOH. Most of the alcohol was removed 
by evaporation on a steam bath, water was 
added to each sample and the solutions were 
freeze-dried overnight. A portion of the inner 
flask wall was rinsed with ethanol and the re- 
sulting solution was analyzed by GLC in a 
20% LAC-2-R 446 column at 200C. The 
dried solids were placed in individual test 
tubes, covered with ether and acidified with a 
minimum of 6 N HC1. The tubes were shaken 
to extract the free acids into the ether layer. 
The ether solution was analyzed in an Aero- 
graph A-700 chromatograph equipped with a 
thermal conductivity detector and a 20 ft N 1/s 
in. copper column packed with 20% LAC-2-R 
446 on Celite 545. The column temperature 
was held at 150C. 

Isolation and Fractionation of 
Monoacetotriglycerides 

Monoacetotriglycerides were isolated from 
E.  v e r r u c o s u s  oil by column chromatography 
on Adsorbosil-CAB, 100/140 mesh (Applied 
Science Laboratories, I n c . ) .  One-half-gram 
samples of oil were applied to 25 g absorbent 
and eluted with redistilled hexane containing 
increasing amounts of ether. The separation 
was monitored by TLC. 

Pancreatic Lipolysis 

E u o n y m u s  oil was hydrolyzed with pan- 
creatic lipase by the method of Mattson and 
Volpenhein (1 I ) .  Products were separated by 
TLC on 20 X 20 cm plates spread with l - ram 
layers of Silica Gel G impregnated with boric 
acid. Plates were developed with hexane-ether 

(70:30 v / v )  in a l - ram sandwich cell. The  
recovered lipolysate fractions were analyzed by 
GLC according to the method described by 
Tallent e t a l .  (12).  Methyl esters were also 
prepared from each lipolysis fraction and these 
esters were analyzed by GLC as described 
above. 

Preparation of Synthetic (S)-l,2-diacyl-3-acetin 

(S)-l ,2-diacyl-3-acetin (L-1,2-diacyl-3-ace- 
tin) was prepared from chromatographically 
pure lecithin from egg yolk (13) by the meth- 
od of Renkonen (14).  The lecithin was treat- 
ed with phospholipase C (Sigma Chemical 
Company)  to give 1,2-diglycerides, which were 
then acetylated by acetic anhydride in pyridine. 

(S)-  1,2-distearo-3-acetin (L-3-aceto-l,2-di- 
stearin) was synthesized essentially by the 
methods of Beer and Fischer (15) and Sow- 
den and Fischer (16).  Hydrogenolysis of the 
benzyl ether was performed in ethanol with 
10% palladium on charcoal as catalyst, and 
the final product  was purified by column 
chromatography as described above for the iso- 
lation of monoacetotriglycerides from E u o n y -  
m u s  oil. 

The products of these reactions are, accord- 
ing to the Cahn-Ingold-Prelog rule (17,18) 
and the Hirschmann convention (19),  (S) - I ,2 -  
diacyl-3-acetins. The Cahn-fngold-Prelog rules 
for glycerides are reviewed by Schlenk (20).  

Optical Rotatory Dispersion 

Optical rotatory dispersion (ORD) was de- 
termined on the monoacetotriglyceride fraction 
of E.  v e r r u c o s u s  oil and on the synthetic glyc- 
erides in a Cary Model 60 recording spectro- 
polarimeter in a 0.5-dm cell at 25C. A separ- 
ate portion of the E.  v e r r u c o s u s  monoaceto- 
triglycerides was transesterified directly in the 
spectropolarimeter cell with 5% HC1 in meth- 
anol-hexane (4 :1)  at 25C. The optical rota- 
tion at 350 m/~ was recorded as the reaction 
progressed. 

RESULTS AND DISCUSSION 

Characterization of Euonymus verrucosus Oil 

Seed of E.  v e r r u c o s u s  contained 49% of oil 
which differed from common oils in its IR and 
UV absorption and its behavior in TLC and 
GLC. 

Strong absorption in the IR  occurred at 8.1, 
7.3 and 9.5 /z, where there is no absorption or 
much weaker absorption by common oils. The 
most prominent  band was that at 8.1 /~; which 
has been attributed to acetate groups (21).  
The band at 7.3 /~ is considered to be due to 
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I 2 3 4 5 
FIG. 1. TLC of acetotriglycerides and oils con- 

taining monoacetotriglyceride: (1) Soybean oil 
(for comparison); (2) ,4kebia quinata oil; (3) 
Euonymus  verrucosus oil; (4) acetylated Hormel 
mixed distearin; (5) hydrogenated monoacetotri- 
glycerides from E. verrucosus. 

C-H stretching in terminal methyl groups (22) 
and is increased because three such groups oc- 
cur in a molecule only about three-fourths as 
large as the usual triglycerides. The band at 
9.5 ~t, absent from the spectra of normal oils, 
is found in a-acetotriglycerides but not in fl- 
acetotriglycerides (23). 

UV absorption occurred at 225, 257, 264, 
271 and 281 m~. Maxima at 228, 273 and 
280 have been reported for methyl benzoate  
(e~zs=10961) (24).  The absorption at 228 
mt~ is equivalent to that of 2.6% of methyl 
benzoate, but the actual compound present has 
not been identified. Benzoic, formic and acetic 
acids have previously been reported in oils of 
the Celastraceae (5).  

TLC of E u o n y r n u s  oil (Fig. 1) on a plate 
of Silica Gel G showed little normal triglycer- 
ide. The major component  of the oil had the 
same mobility as a-acetodistearin, and there 
was no component  corresponding to fl-aceto- 
distearin. Some more polar components re- 
main near the origin. 

GLC of the oil, in agreement with TLC, in- 
dicated only a trace of components corre- 
sponding to those in soybean oil analyzed for 
comparison. The two major peaks emerged 
from the column at retention times corre- 
sponding to those for tri laurin and acetodi- 

Soybean Oil 

~L 

t 

_ _ -  c 5 C 0 ~ ~  

C-~8~ Euonymu~,~ ......... 

C,38~lcetylated DistearJn 

Trilaurin C-3~ 

C-36A Euonymus verrucosus Oil 
I ) 11 andTrilaurin 

FIG. 2. GLC of E. verrucosas oil and of stand- 
ard triglycerides. 

stearin and should have the corresponding num- 
bers of carbon atoms in the acid moieties 
(C:~6 and Cas) (Fig. 2). These components 
could then contain C2, C16 and C~8 acids (C36) 
and C2, C18, C1s (C:~s). These structures are 
in agreement with GLC of methyl esters pre- 
pared from the oil. Of the longer chain acids 
only C1G and C ~  acids were present. Analysis 
for volatile acids from the lyophylized soaps 
revealed only acetic acid; the analysis was not 
run long enough to detect benzoic acid. Form- 
ic acid added as an internal standard formed 
a distinct peak which emerged after the acetic 
acid. When a mixture of formic and acetic 
acids was carried through the saponification 
and analysis, two peaks occurred that corre- 
sponded to the peaks from the sample to which 
formic acid had been added as an internal 
standard. Soybean oil, carried through the 
process, showed no short-chain acids. 

G L C  of the alcohol-wash of the flasks in 
which freeze-drying took place showed only 
one peak other than that for alcohol. Glycerol 
itself and the alcohol extract of the soaps from 
soybean oil gave the same peak. 
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P a n c r e a t i c  L i p o l y s i s  o f  E u o n y m u s  O i l  

Since our material  is essentially all tz-aceto- 
triglycerides, the pancreatic lipolysis method of 
determining acyl groups in the t -pos i t ion  is 
applicable (25).  Preparative TLC of the li- 
polysate of Euonymus oil provided the usual 
products of this procedure and, in addition, 
two unusual products. One of these migrated 
in the same region as a monoacetotriglyceride 
and was subsequently identified as such by 
TLC and IR. The other migrated between the 
normal mono- and diglyceride fractions. This 
second unusual component showed the IR ab- 
sorption at 7.3, 8.1 and 9.5 /~ due to the ace- 
tate group. Furthermore,  its absorption be- 
cause of C-H stretching was weaker and that 
caused by the hydroxyl stronger than the cor- 
responding absorptions of usual diglycerides. 
After  silytation, the component  emerged from 
the GLC column with the silylated C~s mono- 
glyceride. Since silyl and acetyl groups seem 
to contribute equal mobility to partial glycer- 
ides in GLC, this lipolytic product must consist 
of diglycerides containing acetic acid and one 
long-chain acid (monoacetodiglycerides).  

TABLE I 

Methyl Ester Composit ion (Excluding Acetic Acid)  of  
Euonymus Oil and Selected Pancreat ic  

Lipolysis Fractions 

Original Monoglyceride Monoacetodiglyceride F F A  
Acid % % % % 

16:0 14 Trace Trace 29 
18:0 4 Trace Trace 8 
18:1 40 45 44 36 
18:2 40 50 52 25 
18:3 2 4 4 1 

Analyses of the methyl esters prepared from 
selected lipolysis fractions are shown in Table 
I. As expected, the free acid fraction, derived 
from the a-carbon atoms of the glycerol, is 
rich in saturated acids and the monoglyceride 
fraction has essentially no saturated acids. 
The excellent agreement between the propor- 
tion of the Iong-chain acids of the monoaceto- 
diglyceride fraction (acetic acid was lost in the 
routine ester preparation) and those of the 
monoglyceride fraction confirms that the an- 
alyses are indeed representative of the acids 
combined at the t -posi t ion.  

I I I 
I I I  0 0 0  

0 0 0  I I I  
, , i H2C--C--CH2 

- - C - C - - C -  - ~i 

- -CH2-  

CH3 
I 

0/C=0 

x /  
- -CH3 

4 
. . . . . . . . .  I . . . .  I . . . .  , . . . .  I . . . .  i . . . .  I . . . .  , . . . I  . . . . . . . . .  I . 

5 6 7 8 9 10"1" 
FIG. 3. NMR of hydrogenated Euonymus acetotriglycerides. 
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0 ~ I i I I I 
400 500 600 ml~ 

_,  

FIG. 4. Optical rotatory dispersion: (I) Hy- 
drogenated Euonymus  monoacetotriglycerides in 
hexane; (II) synthetic (S)-l,2-distearo-3-acetin in 
hexane; (III) monoacetotriglycerides from lecithin 
in methanol: hexane (4:1 ). 

Fractionation of Euonymus Oil 

Chromatography of E u o n y m u s  oil on an 
Adsorbosil column gave about 90% of the oil 
as a fraction that showed only one spot by 
TLC and corresponded to the major compon- 
ent in the TLC of the whole oil. GLC of this 
fraction gave only the Ca6 and C3s peaks ob- 
served in a similar analysis of the whole oil. 
Absorption bands of 7.3, 8.1 and 9.5 /~ were 
the outstanding features of the IR spectrum. 
Absence of maxima in the UV indicated that 
no benzoic acid accompanied this fraction. 

After hydrogenation of a portion of the 
fraction, N M R  peaks were at 9.1 ~- (long-chain 
terminal methyl protons), 8.7~- (methylene 
protons other than those ~ to the carboxyl 
group), 8.0 r (acetate protons), 7.8r (methyl- 
ene protons , to the carboxyl group), 5.8 and 
4.8 r (glycerol protons) (Fig. 3). Peak ratios 
were those expected for a saturated mono- 
acetotriglyceride; i.e., for 3 acetate protons 
there were 5 glycerol protons and 6 long-chain 
terminal methyl protons. 

The hydrogenated fraction was essentially 
identical to synthetic a-acetodistearin in its IR 
spectrum, mobility in TLC and GLC and its 
bands in NMR and their quantitation. 

Optical Rotatory Dispersion 

Curve I (Fig. 4) represents ORD of the 
hydrogenated monoacetotriglycerides from E. 
verrucosus  oil. The unsaturated E u o n y m u s  
monoacetotriglycerides gave essentially the 
same curve. Curve II represents the synthetic 
(S)-l,2-distearo-3-acetin prepared from D- 
mannitol. Sowden and Fischer (16), who first 
prepared this material, reported 0.0 ~ specific 

rotation at the D line for their product. The 
observed rotation of our sample at the D 
line was only -0.010 ~ (equivalent to a specific 
rotation o f - 0 . 5 7  ~ ) but modern instrumenta- 
tion permits reliable measurement of rotation 
of this magnitude. Hydrogenated acetotri- 
glycerides prepared from lecithin had specific 
rotations in hexane essentially the same as 
Curve I. The small amounts of C20 and C.~ 
acids from the lecithin have little effect on 
optical rotation of the acetotriglycerides at the 
wavelengths used. 

Absence of chiral centers other than that in 
the glycerol was confirmed by direct trans- 
esterification of the natural optically active tri- 
glyceride in the spectropolarimeter cell. The 
methanol-hexane solvent caused reversal in the 
sign of optical rotation of the natural tri- 
glycerides as well as in the monoacetotri- 
glycerides prepared from lecithin (Curve Il l ,  
Fig. 4). Such reversals due to solvent effects 
are not unique to these materials (26,27). 
After standing at room temperature 15 rain 
(the time required for the solution to become 
cIear) the specific rotation of the reaction at 
350 m/z was -/-2.3 ~ The specific rotation pro- 
gressively decreased to 1.8 ~ at 30 min, 0.6 ~ at 
45 rain and 0.0 ~ at 195 rain. At this last time, 
TLC showed the presence of only methyl esters 

T A B L E  I I  

G L C  Analys i s  of  Oils  Conta in ing  Monoaceto t r ig lycer ides  

Monoace to-  N o r m a l  Othe r  
t r iglycer ide t r iglycer ide 

Source % % % 

Celas t raceae  
Celostrus orbiculatus 84 4 12 

Thunb .  
Celastrus scandens L. 81 9 9 
Euonymus alatus 98 2 .... 

(Thunb . )  Sieb. 
Euonymus europaeus L. 81 15 4 

Euonymus latiJolius 80 8 12 
( L )  Mill. 

Euonymus verrucosus 96 2 2 
Scop. 

Gymnosporia royleana 69 24 8 
M. Laws .  

Maytenus illiciJolia 68 11 21 
Mar t .  

Lard izaba laceae  
Akebia quinata Decne.  87 8 5 

Akebia triJoliata 91 9 .... 
(Thunb . )  Koidz.  

Ranunculaceae  
Adonis aestivalis L. lS  82 .... 

mosaceae 
Sorbus aucuparia L. 32 68 .... 
Sorbus mougeoti 13 87 .... 

Godr. and Soy.-Will. 
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and  g lycerol  in t he  so lu t ion .  T h e  d i s a p p e a r -  
ance  o f  opt ica l  act ivi ty w i t h  the  d e s t r u c t i o n  o f  
the  g lycero l  ch i r a l  center ,  in  c o n j u n c t i o n  w i t h  
o t h e r  d a t a  r e p o r t e d ,  p r e c l u d e s  the  p r e s e n c e  o f  
o t h e r  chi ra l  cen te rs  s u c h  as t hose  p r e v i o u s l y  
r e p o r t e d  in t r ig lycer ides  opt ica l ly  act ive be-  
cause  o f  a s y m m e t r y  in the  fa t ty  acid moie t i es  
( 1 - 3 ) .  

T h e  ace tog lycer ide  is t h e r e f o r e  all, o r  essen-  
t ially all, ( S ) - l , 2 - d i a c y l - 3 - a c e t i n .  I n  the  bio-  
syn the t i c  p rocesses ,  the  e n z y m e  s y s t e m  m u s t  
d i s t ingu i sh  b e t w e e n  the  1- a n d  3-pos i t ions .  T h i s  
specif ici ty has  b e e n  d e m o n s t r a t e d  in o t h e r  tri- 
g lycer ides  b y  B r o c k e r h o f f  a n d  Y u r k o w s k i  ( 2 9 )  
and  M o r r i s  ( 3 0 )  b y  m e a n s  o f  defini t ive chem i -  
cal r eac t ions .  

Acetoglycerides in Other Oils 

Seed oils a b s o r b i n g  s t r ong l y  in the  i n f r a r e d  
at  8.1 ~, ind ica t ive  o f  the  aceta te  g r o u p ,  are 
n o t  u n c o m m o n .  Since s u c h  a b s o r p t i o n  is no t  
necessa r i ly  indica t ive  of  ace tog lycer ides  ( 2 8 ) ,  
ana lyses  b y  T L C  a n d  G L C  are  n e c e s s a r y  be-  
fo re  the  p r e s e n c e  o f  m o n o a c e t o t r i g l y c e r i d e s  in 
a seed oil c a n  be  es tabl ished.  S u c h  c o n f i r m a -  
t ion  has  b e e n  ob t a ined  f o r  oils o f  13 species  
in 4 p l an t  fami l ies  ( T a b l e  ] I )  in add i t ion  to 
t hose  o f  B a l s a m i n a c e a e  ( 7 , 8 ) .  M a n y  m o r e  
species  in o t h e r  p l a n t  fami l ies  s h o w  ev idence  
b y  G L C  of  sma l l  a m o u n t s  o f  these  t r ig lycer-  
ides. 
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Fractionation and Analysis of Rat Liver 14CH3-kecithins 
Labeled in Vivo 
J. TINOCO, S. M. HOPKINS, D. J. MclNTOSH, G. SHEEHAN and R. L. LYMAN, 
Department of Nutritional Sciences, University of California, 
Berkeley, California 

ABSTRACT 

The ~4CH3-1ecithins were biosynthesized 
by normal adult rats injected with I~CH3- 
methionine. About  20% of the dose was 
incorporated into liver lecithins. The 
14CI-I3-1ecithins were isolated by thin-layer 
chromatography. Separation of lecithins 
on AgNO~-treated silica gel yielded leci- 
thins containing a saturated fatty acid in 
combination with mainly one unsaturated 
fatty acid, namely, oleic, linoleic, eico- 
satrienoic, or arachidonic acid. These 
fractions were eluted with methanolic 
choline chloride, which prevented elution 
of AgNO3. The lecithins, after extraction 
into petroleum ether, were analyzed for 
radioactivity and for fatty acid composi- 
tion. Yields were about 75%, based upon 
fatty acids or radioactivity applied to the 
plate. 

Specific activities differed sharply be- 
tween the fractions, and arachidonoyl- 
lecithins had the highest specific activity. 
The sum of the activities contributed by 
each of the fractions agreed well with the 
specific activity of total lecithins, indicat- 
ing the recovery of intact lecithin mole- 
cules. The recovery of intact molecules 
allows this procedure to be used with 
lecithins containing any isotopic labels. 

The high specific activity of arachi- 
donoyl-lecithins relative to the other frac- 
tions indicates a high degree of specificity 
in the metabolic reactions which lead to 
the formation of rat  liver lecithins. 

INTRODUCTION 

R AT LIVER LECITHINS exhibit metabolic 
heterogeneity when zzp or a4CH~-methio- 

nine are incorporated in vivo. The methyl label 
concentrates in lecithin fractions which are rich 
in arachidonic acid (1,2) whereas the phos- 
phate label is heaviest in fractions with high 
proportions of palmitic and linoleic acids 
(1,3,4). This heterogeneity clearly shows that 
it will be necessary to learn the behavior of 
individual molecular species of lecithins for a 
full understanding of lecithin metabolism. 

The distinguishing characteristic of any in- 
dividual lecithin molecule is its fatty acid pair, 
which usually consists of one saturated fatty 
acid in the 1-position and an unsaturated fatty 
acid in the 2-position. Much has been learned 
about fatty acid-pairing in lecithins from the 
work of Renkonen (5) ,  Wurster  and Copen- 
hayer (6) ,  and Van Golde et al. (7,8).  In 
these studies, fatty acid pairing was determined 
in lecithins from which the choline group had 
been removed to facilitate separations. Such 
procedures, although elegant, could not serve 
to determine the influence of fatty acid com- 
position on the incorporation of the methyl 
label, which would require the analysis of in- 
tact lecithin molecules. 

Previous studies suggested that arachidonoyl- 
lecithins incorporated most of the activity from 
~CH:,-methionine, but  specific activities could 
not be assigned definitely to any particular un- 
saturated fatty acid because it was not possible 
to separate lecithins into distinct fractions 
(1,2).  In 1965 Arvidson published a procedure 
for separating lecithins according to the degree 
of unsaturation by thin-layer chromatography 
(TLC) on AgNO3-treated silica gel (9) .  This 
method, if it could be adapted to allow radio- 
activity measurements, would be ideal for de- 
termining the influence of unsaturated fatty 
acid compos i t i on  on the incorporation of 
14CH:~-methionine into rat  liver lecithins. 

Therefore Arvidson's procedure (9) was 
modified to permit specific activity determina- 
tions on lecithin fractions, in addition to the 
fatty acid-pairing patterns already obtainable. 
The first efforts to measure radioactivity of 
methanol eluates, either in scintillation mix- 
tures or on planchets, led to low and erratic 
recoveries of activity. These also occurred 
when powder from the TLC plates was counted 
directly in scintillation mixtures. The presence 
of AgN03 was responsible for these results. In 
the procedure presented below, this difficulty is 
avoided by elution of lecithins with methanolic 
choline chloride, which prevents the elution 
of Ag +. When this eluate is saturated with 
choline by the evaporation o f  methanol, the 
solubility of lecithins is reduced so that they 
can be extracted into petroleum ether, which is 
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easy to remove for the determination of com- 
position and specific activity. Lecithin fractions 
can be prepared in yields of 75% or more, 
based on recoveries of fatty acids and radio- 
activity. 

EXPERIMENTAL 

Biosynthesis of 14CH~-Lecithins 

Unfasted, adult male and female Long-Evans 
rats, which had been maintained on an ade- 
quate, semipurified diet (10) for three weeks, 
were injected intraperitoneally with a saline 
solution containing 3.3 microcuries of ~4CI.Ia- 
methionine (Calbiochem, Los Angeles, Calif.) 
per 100 g of body weight. Twenty minutes to 
five hours after injection the animals were 
killed by decapitation, and the livers were re- 
moved and lyophilized. Under  these conditions 
about 20% of the radioactive dose was incor- 
porated into liver lecithins. Analysis of the 
a4CI-I3-methionine by TLC (95% ethanol- 
water, 81:37 v /v )  showed that at least 98% of 
the activity migrated with methionine; no other 
ninhydrin-positive components were present. 

Radioactivity Measurements 

Radioactivity measurements were made with 
a Packard Model 314-DC scintillation counter 
(Packard  Instrument Company, LaGrange,  
ILL). Theoretical efficiency, as measured with 
the Packard 14CH3-toluene sealed standard, 
was 54%. Actual  efficiency, measured with 
14CH3-toluene in 0.4% BBOT (in Merck re- 
agent toluene),  was 43%.  Quenching was 
checked by use of a4CH~-toluene of known 
dpm. Some samples were scraped directly 
from TLC plates into a counting solution 
which contained 0.4% PPO, 0.03% POPOP, 
and 10% naphthalene (Matheson #2616)  in 
dioxane (Matheson spectroquality reagent) ,  
diluted just before use with 0.2 volume of 
water. The efficiency of the dioxane mixture 
was about half that of the toluene mixture 
(BBOT, PPO, and POPOP, Packard Instru- 
ment  Company) .  

Analysis of Fatty Acids 

Fat ty  acids were analyzed with Aerograph 
Model 200 chromatographs (Wilkens Instru- 
ment and Research Company,  Walnut  Creek, 
Calif . ) ,  equipped with hydrogen-flame detec- 
tors and silanized DEGS columns. Each in- 
strument was calibrated daily with a standard 
containing accurately known proportions of 
the methyl esters of laurie, myristic, palmitic, 
palmitoleic, stearic, oleic, linoleic, linolenic, 
and arachidonic acids (Calbiochem, Los An-  

geles, Calif.; Hormel Institute, Austin, Minn.;  
Applied Science Laboratories, State College, 
Pa.) .  Proportions of fatty acids were deter- 
mined from the product of the peak height 
and retention time. The response of methyl 
palmitate was defined as 100% for the cali- 
bration standard, and other components re- 
sponded within • 2% of this value. For  ex- 
ample, if methyl palmitate gave a value of  
(height x t ime/wt  methyl palmitate)  -~ 100, 
other components gave values between 98 and 
102. Corrections were applied for differences 
in response. The weights of individual com- 
ponents were determined b y  the use of an 
internal standard (11).  

Methyl esters were prepared by boiling 0.1 
to 1.0 mg of lecithin in methanol acidified with 
HH2SO4. Heating continued for at least 30 
rain, until the concentration of acid reached 
about 10% by volume, total volume 0.2 to 
0.5 ml. One-half to two volumes of water 
were added, and methyl esters were extracted 
from the aqueous phase into petroleum ether 
(reagent, distilled over sodium, B.R. 30-60C). 
Transmethylation was complete in 30 rain or 
less. Extraction tests with the accurately known 
G L C  standard showed that  this extraction 
procedure gave uniform yields of all methyl 
esters. 

Thin-Layer Chromatography 

Silica gel H (Merck, Darmstadt)  was used 
for all separations. It was washed with c h l o r o -  
form-methanol-formic acid mixtures, all re- 
agent grade (12).  The damp powder was 
dried at 110C, then pulverized, and sieved 
through 60 mesh. This purification reduced 
the discoloration of AgNOz-treated plates and 
lowered fatty acid values in blanks. D C F  (2',  
7'-dichlorofluorescein, Eastman Organic Chem- 
icals, Rochester, N. Y., 0.4% in methanol)  
and Rhodamine 6G (Allied Chemical Corpora-  
tion, New York, 0.25% in redistilled 95% 
ethanol) were used to stain ordinary and 
AgNO~-treated plates respectively. Rhodamine 
6G produced brighter patterns on AgNO3- 
treated plates than either D C F  or 4',5'-dibro- 
mofluorescein (Eastman Organic Chemicals) .  

Isolation and Characterization of ~CH3-kecithins 

Lyophilized livers were pulverized and ex- 
tracted twice with 100 ml of c h l o r o f o r m -  
methanol, 2:1, v /v  (Merck) .  Solvents were re- 
moved with a rotary vacuum evaporator,  and 
the lipid was taken up into petroleum ether 
for storage a t - 2 0 C  until analysis. Extracts 
were pooled to provide a sufficient supply of 
material for developing the procedure. 
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Lecithins were isolated from other lipids by 
TLC, according to Skipski et al. (13). Direct 
counting of powder scraped from TLC plates 
into the dioxane-counting mixture showed 
that 95% of the radioactivity was located in 
the lecithin band, and the rest was chiefly 
lysolecithin and sphingomyelin. Lecithin was 
identified by TLC comparison with authentic 
lecithin (Sigma Chemical Company, St. Louis, 
Mo.),  with Dragendorf reagent, with ninhydrin 
(no reaction occurred), and by measurement 
of the fatty acid:phosphorus (14) mole ratio, 
which was 2. After acid hydrolysis, choline 
was the only base detectable by TLC (15) and  
contained at least 96% of the radioactivity 
present in the hydrolysate. 

Lecithins were prepared on 0.5-mm TLC 
plates with the solvent system of Skipski et al. 
(13) (chloroform-methanol-acetic acid-water, 
25 :15:4 :2) .  About 700/~g of lipid phosphorus 
were applied in an 18-cm streak. Lecithins 
were located with DCF. The band was scraped 
into a 12- or 15-ml centrifuge tube, and the 
powder was eluted twice with a total of 15-20 
ml of 5% choline chloride (Eastman Organic 
Chemicals) w/v  in glass-distilled methanol. 
Sharpness of separation was confirmed by 
treatment of the remainder of the plate with 
iodine vapor. The choline chloride-lecithin 
solution was reduced 90% in volume under 
vacuum, and solid choline chloride was added, 
if necessary, to saturate the solution. This 
mixture was extracted twice with 5 to 10 vol- 
umes of petroleum ether. Eighty per cent or 
more of the applied lecithin activity was re- 
coverable under these conditions. Lecithins 
thus prepared were either analyzed immediate- 
ly or transferred to methanol for storage since 
the unsaturated fatty acid content decreased 
if isolated lecithins were kept in petroleum 

ether for a few days, even at -20C. Lecithin 
stored in methanol at 4C maintained its fatty 
acid composition and specific activity for at 
least two weeks. Rechromatography of isolated 
lecithin showed that it was free from other 
lipids and was pure except for a very small 
component near the origin visible in iodine 
vapor but not with DCF. 

Fractionation of Lecithins According to Degree 
of Unsaturation 

Air-dried silica gel layers, 0.5 mm thick 
and 20 cm square, were sprayed with 15 ml 
of 20% aqueous AgNO3, w/v. Plates were 
air-dried, then baked 15 to 24 hr at 175-180C. 
About 10 mg of lecithin, in petroleum ether 
or chloroform, were applied in an 18-era 
streak. The plate was chromatographed in 
chloroform-methanol-water, 65: 25: 4,v/v (9) 
in a tank without paper liners. Bands were 
located with Rhodamine 6G, then were 
scraped and eluted exactly as described for 
the isolation of lecithins. Choline chloride 
precipitated the Ag § as chloride and reduced 
the solubility of lecithin in methanol  so that 
the lecithin could be extracted into petroleum 
ether. Blank bands were similarly eluted and 
analyzed, and lecithin samples were corrected 
for small extraneous GLC peaks found in 
blanks. Yields were about 75% or more, 
based on radioactivity or fatty acid recovery. 

RESULTS 

Fatty acid compositions and specific activi- 
ties of the rat liver total lecithins are shown in 
Table I. Saturated fatty acids accounted for 
about half of the fatty acids in total lecithins 
and in the diene, triene, and tetraene frac- 
tions. Since most of the lecithin molecules 
contain one saturated and one unsaturated fatty 

TABLE I 
Fat ty  Acids and Specific Activities in ~CtL~-Lecithins of Ra t  Liver 

Mole percentages of Fat ty  Acids 

Fat ty  acid 1 Total  lecithins Fract ions 

Monoene Diene Triene 2 Tetraene 
16:0 24.1 37.8 24.5 17.4 18.4 
16:1 2.0 5.3 2.3 1.6 0.6 
18:0 28.2 19.6 23.8 33.9 33.7 
18:1 10.6 36.1 5.0 4.6 4.2 
18:2 11.2 1.2 44.4 8.1 1,2 
20:3b 3.9 0.0 0.0 34.0 3.7 
20:4 20.0 0,0 0.0 0.4 38.2 

Specific activity 
epm/micromole 5243 2862 3810 2465 6927 
fatty acid 

XNumber of carbon atoms: number of double bonds. 
2Sum of two isomers. 
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TABLE II  
Contributions from Each Fraction to the Specific Activity of 

Tota l  a4CH~-Lecithins 

Fraction Mole fraction of total cpm/micromole cpm/micromole/fraction 
unsaturated fatty acids fatty acid 

Monoene 
Diene 
Triene 
Tetraene 

Sum 

0.264 2682 708 
0.235 3810 895 
0.082 2465 202 
0,419 6927 2902 

1.00 cpmlmicromole calculated 4707 
observed 5243 

Calc./obs. = 89.8% 

acid, the proportion of the total lecithin con- 
tributed by each fraction can be approximated 
from the total lecithin figures. For  example, 
40 mole % of total lecithins are tetraenes 
(2 x 20 mole % ) ;  monoenes, dienes, and 
trienes account for about 25%, 22%, and 8% 
respectively. The sum of these ( 9 5 % )  is 
less than 100% because of a few of the 
lecithins contain two saturated fatty acids; 
these appear in the monoene fraction, which 
does not separate from fully saturated lecithins 
(9) .  The monoene fraction contains 42.6 mole 
% unsaturated fatty acids so that this frac- 
tion has about 85 mole % lecithins with one 
unsaturated fatty acid. The other 15 mole % 
is fully saturated. Fully saturated lecithins 
therefore amount to about 15% x 25% = 
4% of total lecithins in agreement with the 
calculation above. 

The purities of the polyunsaturated fractions 
can be estimated in the same way. The diene 
fraction contains 44.4 mole % linoleic acid, 
therefore the fraction is about 89 mole % 
linoleoyt-lecithins. Similarly triene- and te- 
traene-lecithins are approximately 68% and 
76% pure respectively. In every case there 
is a small dilution of the fraction with fewer 
unsaturated fatty acids, which probably re- 
suited from chromatographic trailing although 
diunsaturated lecithins have been detected in 
rat  liver (7) .  

A very small triene fraction contained fatty 
acids identified by their G L C  behavior as 
eicosatrienes, probably the ~o-6 and ~0-9 isomers, 
in roughly equal proportions. Hexaenes were 
negligible, probably because the dietary cot- 
tonseed oil furnished very little linolenic acid 
(~o-3) as its precursor. 

The sharp differences between the specific 
activities of the different fractions show that 
exchange of fatty acids between different 
lecithin molecules did not occur since that 
would have caused uniform specific activities 
in all fractions, 
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Table II  shows the calculated contribution 
from each fraction to the total spe_cific activity. 
The proport ion (mole fraction) of each frac- 
tion times its specific activity gives the "specific 
activity fraction." If the lecithin molecules are 
recovered intact, the sum of the "specific ac- 
tivity fractions" should be the same as the 
specific activity of the total lecithins. The 
sum of the activity fractions is actually 89.8% 
of the measured specific activity of total 
lecithins, indicating good recovery of intact 
lecithin molecules. The recovery calculated in 
this way is less than quantitative, p a r t y  be- 
cause no correction has been made for the 
dilution of the fractions by other unsaturated 
fatty acids. For  example, the large tetraene 
fraction is known to be diluted with trienes 
and dienes, which have lower specific activities 
(Table I ) .  Therefore the measured specific 
activity of the tetraene fraction is somewhat 
lower than it would have been if absolutely 
pure. The same is true of the diene fraction. 
The real contributions of these fractions to 
the total specific activity is therefore larger 
than the calculation shows so that 89.8% 
should be regarded as a minimum "recovery" 
of specific activity. The measured specific ac- 
tivity of the triene fraction is probably higher 
than the true value for the reason explained 
above, but  this is such a small fraction that 
an uncertainty in its specific activity affects 
the calcul/ttion very little. 

DISCUSSION 

The procedure described above serves the 
main purpose, namely, the determination of 
specifc activity of 14CHa-lecithins in relation 
to their degree of unsaturation. The data also 
confirm previous suggestions (1,2) that the 
arachidonoyMecithins have the highest specific 
activities. 

This procedure for preparation and analysis 
of radioactive lecithins with mainly one kind 
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o f  u n s a t u r a t e d  fa t ty  acid s h o u l d  be  u sab l e  w i t h  
a n y  i so top ic  labels  s ince the  m o l e c u l e s  a re  p re -  
s e rved  intact .  T h e s e  lec i th ins  cou ld  a lso  se rve  
as a c o n v e n i e n t  s t a r t i ng -po i n t  f o r  the  s epa ra -  
t ion  o f  s u c h  b i n a r y  m i x t u r e s  in to  ind iv idua l  
m o l e c u l a r  species  b y  r e v e r s e d - p h a s e  T L C ,  as 
r ecen t ly  r e p o r t e d  b y  A r v i d s o n  ( 1 6 ) .  T h i s  lat- 
ter  p r o c e d u r e  a p p e a r s  to  be  adap tab l e  fo r  
r ad ioac t ive  m e a s u r e m e n t s  a l t h o u g h  n o  specific 
act ivi ty  da t a  w e r e  p resen ted .  

F ina l ly  a p r e p a r a t i o n  o f  n a t u r a l l y - o c c u r r i n g  
lec i th ins  o f  re la t ive ly  s i m p l e  f a t ty  acid c o m -  
pos i t i on  s h o u l d  be  u se fu l  fo r  s tudies  o f  its 
phys i ca l  b e h a v i o r  o r  i n t e rac t ions  w i th  o t h e r  
lipids. A t  p resen t ,  s u c h  s tudies  are  c o m p l i c a t e d  
b y  the  p r e s e n c e  o f  m a n y  m o l e c u l a r  species .  
E v e n t u a l l y  t he  v a r i o u s  f u n c t i o n s  a sc r ibed  to 
" l ec i th in"  m a y  be  co r rec t ly  ass igned  to the  
a p p r o p r i a t e  s t ruc tu res .  
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The Metabolism of 1fi4C Arachidonic Acid in 
Pyridoxine-Deficient and Pair-Fed Control Rats 
J. G. CONIGLIO, F. B. GULP a and A. GOSWAMI, = Department of Biochemistry, 
Vanderbilt University, School of Medicine, Nashville, Tennessee 

ABSTRACT 

The metabolism of 1-14C arachidonate 
was studied in pyridoxine-deficient and 
pair-fed pyridoxine-supplemented control 
rats. The studies included intestinal ab- 
sorption, oxidation to r4co2, organ up- 
takes and distribution of ~4C in the fatty 
acids of the various organs. Generally, 
pyridoxine deficiency resulted in little or 
no alteration of the metabolism of arachi- 
donic acid 6 and 12 hrs after oral ad- 
ministration. A notable exception oc- 
curred in hearts of deficient animals in 
which the proportion of the incorporated 
14C activity found in fatty acids other 
than 20:4 was larger than that observed 
in hearts of pyridoxine-supplemented ani- 
mals. A significant amount of 14C ac- 
tivity in a water-soluble form was ob- 
served in hydrolysates of intestinal con- 
tents and of intestines of both groups. 
Pyridoxine-deficient rats had larger quanti- 
ties than their respective pair-fed pyridox- 
ine-supplemented controls. Most of the 
a4C activity of fatty acids of various or- 
gans was present as arachidonic acid, 
but significant activity was present both in 
fatty acids of shorter and of longer re- 
tention time than 20:4. In brain about 
20% of the ~4C activity in fatty acids was 
in a fraction tentatively identified as an 
18:2 isomer. In lungs about 10% of the 
14C activity was in a fraction tentatively 
identified as a 22:2 isomer and a similar 
quantity was observed in a polyene tenta- 
tively identified as a 22:4. 

INTRODUCTION 

T HE ROLE OF PYRIDOXINE in fat metabolism 
has been a subject of interest for many 

years (1). It received great impetus when 
Witten and Holman (2) reported that the 
vitamin might play a role in essential fatty 

~Present address: Department of Chemistry, Medical 
College of South Carolina, Charleston, South Carolina. 

Present address: Department of Biochemistry, Univer- 
sity of Georgia, Athens, Georgia. 

S Crisco, containing added polyunsaturates, Procter & 
Gamble Company, Cincinnati, Ohio. 

acid conversions in the rat. Past investigations 
have been concerned primarily with the role 
of pyridoxine in the conversion of fatty acids 
to longer chain and more highly unsaturated 
derivatives. Synthesis and tissue concentrations 
of arachidonic acid have been principal objec- 
tives of such studies. If pyridoxine deficiency 
actually alters lipid metabolism, it is possible 
that the alterations may be in the further 
metabolism of arachidonic acid rather than in 
its synthesis. Changes in oxidation to carbon 
dioxide or conversion of arachidonic acid to 
other metabolites would result in changes in 
concentration of this essential compound in 
tissues whether or not conversion of linoleic 
to arachidonic acid had changed with pyridox- 
ine deficiency. It was the purpose of this in- 
vestigation to compare the metabolism of orally 
administered ~4C-arachidonate in rats main- 
tained on a pyridoxine-deficient diet with that 
occurring in rats pair-fed the same diet but re- 
ceiving an adequate daily dose of pyridoxine. 

EXPERIMENTAL 

Weanling, male Sprague-Dawley rats were 
fed a diet free of pyridoxine and containing 
20% vegetable shortening 3 for 3 mouths as 
described previously (3). Controls were given 
the same diet plus 20 /~g pyridoxine per day 
and were pair-fed to the experimental. At the 
end of the 3-month feeding period, a tracer 
dose containing 3 /xc and 2 mg methyl 1- 14(2- 
arachidonate in 0.5 ml olive oil was given to 
the animals by stomach tube and the animals 
killed 6 or 12 hrs later. The labeled arachidon- 
ate (kindly donated by Hoffmann-LaRoche, 
Nutley, New Jersey) was about 94% pure by 
gas-liquid chromatography (GLC) and by gas- 
liquid radiochromatography. Practically all the 
activity not in the arachidonate fraction was 
in a fraction having a retention time equiva- 
lent to that of 20:3. Because of the small 
amount of labeled material available no at- 
tempt was made to purify the 14C-arachidonate. 

After administration of the labeled fatty 
acid the rats were placed individually in meta- 
bolic cages designed for collection of expired 
air. The carbon dioxide was trapped in sodi- 
um hydroxide solution and aliquots taken for 
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determination of total amount of  CO z expired 
and for 14C determination. The latter was 
done by liquid scintillation counting of Ba 
14COa using a thixotropic gel. 4 

Livers were extracted by use of the Folch 
mixture. The extracts were subsequently evap- 
orated to dryness in a rotary evaporator at 
room temperature and the residue extracted 
with a mixture of 90% petroleum ether, 10% 
chloroform. Aliquots of these were used for 
determination of radioactivity by liquid scin- 
tillation counting, for total fatty acid determina- 
tion following hydrolysis and extraction, and 
for separation of various lipid classes using 
the silicic acid column of Hirsch and Ahrens 
(4).  The purity of the fractions was checked 
by thin-layer chromatography (TLC) .  

One testis from each animal was hydrolyzed 
under nitrogen in 10% ethanolic K O H  and 
the fatty acids resulting after acidification of 
the hydrolysate extracted with petroleum ether. 
The other testis of each rat  was pooled with 
others from the same group and used for frac- 
tionation of lipid classes. These were homog- 
enized in Folch mixture and treated in a man- 
ner similar to the liver. 

Analyses of total fatty acids of other or- 
gans and tissues were done in a manner similar 
to the testis. 

Methyl esters of fatty acids were prepared 
using the method of Metcalfe and Schmitz (5).  
GLC of the methyl esters and gas-liquid 
radiochromatography of some samples were 
done as described previously (6) .  Gas-liquid 
radiochromatography of samples analyzed in 
the later stages of the experiment was done by 
collection of emerging peaks on siliconized 
glass wool. The glass wool was then trans- 
ferred to counting vials, and 10 ml of toluene 
containing diphenyl oxazole and 1,4-bis-2-(5 
phenyl-oxazolyl)-benzene added. This mode of 
collection of methyl esters is similar to that 
reported by Bennett and Coon (7) .  Hydrog- 
enation of fatty acids was accomplished us- 
ing platinum oxide catalyst according to the 
method of Farquhar  et al. (8).  

Identity of water-soluble radioactive com- 
pounds was attempted by paper chromatog- 
raphy of dinitrophenylhydrazine derivatives 
with the solvent system n-butanohethanoh0.5 
N NH4OH (7 :1 :2 )  (9).  Standard acetoacetate 
dinitrophenylhydrazine derivative was prepared 

4 Cab-O-Sil (trademark of Godfrey L. Cabot, Inc.),  ob- 
tained from Packard Instrument Company, LaGrange, Il- 
linois. 

*Worthington Biochemical Corporation, Freehold, New 
Jersey. 

from ethyl acetoacetate by the method of Clift 
and Cook (10).  

Serum glutamic-oxalacetic transaminase was 
determined using Dermatube-SGO 5 which con- 
tains the reagent concentrations proposed by 
Amador  and Wacker  (11).  

RESULTS 

The administered r4C-arachidonate was ab- 
sorbed well (90% to 96% of administered 
dose) by both groups. About  10% of the 
oral dose was oxidized to 14CO~ in 6 hr and 
15% in 12 hr by both groups. In only 2 cases 
(out of 7) was there slightly more 14C activity 
expired by pyridoxine-deficient animals than 
by pyridoxine-fed controls. 

The radioactivity of hydrolyzed intestinal 
contents was present in petroleum ether-soluble 
and water-soluble forms. The latter constituted 
17.3 • 4.2% of the total 14C counts in the 
6-hr pyridoxine-deficient vs. 12.4 • 4.1 for 
6-hr pyridoxine-fed rats. In the 12-hr group 
the corresponding values were 16.5 ----- 5.9 
(pyridoxine-deficient) and 4.9 +- 1.1 (pyri- 
doxine-fed).  Statistically, these differences 
were of borderline significance (P----0.1) be- 
cause of small numbers of samples and large 
variation in animals of the same group. How- 
ever, in 4 or 5 pairs of 6-hr samples and in 
all 3 pairs of 12-hr samples the value obtained 
for pyridoxine-deficient rat  was greater than 
that obtained for the pair-fed pyridoxine-sup- 
plemented control. At  least a portion of this 
water-soluble radioactivity was associated with 
material which by paper chromatography had 
an Rf equivalent to that of acetoacetate. Furth- 
er quantitative studies or chemical identifica- 
tion were not done. Water  layers from hydrol- 
ysates of intestinal tissue were also checked 
for ~4C activity and results were similar to 
those obtained for intestinal contents, but the 
actual values were smaller (4.6% for de- 
ficient vs. 1.9% for supplemented).  

The 14C content of fatty acids of selected 

TABLE I 

14C Content of Selected Organs of Rats 12 hr After 
Oral Administration of f-14C-Arachidonate 

Percentage of 
Organ absorbed dose 

Intestine 10.4 + 0.8 a 
Liver 26.3 --+- 3.1 
Testis 1.4 • 0.2 
Lung 0.60 ~+ 0.08 
Brain 0.15 • 0.02 
Kidney 1.1 -~ 0.1 
Heart  0.4 + 0.04 

a Average --+-_ standard error. 
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T A B L E  I I  

Compos i t ion  of  Intest inal  Fa t ty  Acids  

Percentage  of Tota l  Fa t t y  Acids  

Pyr idoxine-  Pyr idoxine-  P 
deficient fed value  

14:0 0.7 -+- 0.1a 1.1 -I- 0.1 <0.001 
16:0 18.1 • 1.1 20.5 + 0.6 0.04 
16:1 1.9 • 0.2 3.4 • 0.8 <0.01 
18:0 10.4 __+ 0.7 6.1 • 0.8 <0.001 
18:1 41.2 -4- 2.7 46.3 + 1.1 0.05 
18:2  19.3 ~ 0.8 20.1 ___+ 0.3 0.30 
20 :4  7.3 • 1.3 2.5 +~ 0.3 <0.001 

T A B L E  I I I  

Dis t r ibut ion  of 14C in Fa t t y  Acids  of  Hea r t s  of  Ra t s  Kil led 
6 hr  Af t e r  14C-Arachidonate  Feeding 

Fa t ty  acid  Percen tage  of  14C counts  collected 
f rac t ion  Pyridoxine-deficient  Pyr idoxine-fed P value 

< 2 0 : 3  13.1 ~+ 2.0 a 4.1 • 0.4 <0.01 

20:3~ 67.9 • 2.2 84.4 _+ 1.7 0.02 
20:4J" 

> 2 0 : 4  19.6 • 1.3 10.0 • 1.7 0.01 

a Ave r a ge  of  3 rats  • s t andard  error .  

a Average  + s tandard  error,  

organs 12 hr after oral administration of the 
x4C-arachidonate is shown in Table I. Only in 
kidney was there a difference between pyridox- 
the-supplemented and pyridoxine-deficient rats 
(1.1% vs. 1.5% of absorbed dose; P=0 .005) .  

The composition of intestinal fatty acids of 
pyridoxine-deficient differed from that of pyri- 
doxine-supplemented rats. R e s u l t s  of GLC 
analyses are shown in Table II. Intestines of 
pyridoxine-deficient a n i m a l s  had relatively 
more 18:0 and 20:4 than supplemented ani- 
mals and relatively less 14:0, 16:1 and 18:1. 

Differences in fatty acid composition be- 
tween the two groups were also seen in heart 
tissue (18:0,  pyridoxine-deficient 23.3 --+ 1.4, 
pyridoxine-supplemented 18.7 +-- 0.9, P = 0.03; 
18:1, deficient 20.3--+ 1.0, supplemented 25.8 
----- 1.2, P = 0 . 0 1 ) .  

In carcass, serum and most of the organs 
examined, more than 85% of the ~4C activity 
was in the 20:3, 20:4 fraction as isolated by 
gas chromatography. However, in heart; lungs 
and brains considerable quantities of ~4C were 
present in fatty acids having retention times 
different than the 20:3, 20:4 fractions. Results 
of gas-liquid radiochromatographic determina- 
tion from each of 3 hearts from the 6-hr. 
pyridoxine-deficient and pyridoxine-fed animals 
are shown in Table III. The pyridoxine-defi- 
cient animals had less ~4C activity in the 
arachidonate fraction and a greater proportion 
in compounds having retention times shorter 
and longer than 20:4. The labeled compounds 
having shorter retention times than 20:4 were 
predominantly those having retention times 
equivalent to 16:0, 18:0 and 20:2. Those 
having retention times longer than 20:4 were 
compounds having retention times equivalent 
to those of 22:3 and 22:4. Further  identifi- 
cation of these could not be done because of 
unavailability of material. 

Studies of ~4C distribution in fatty acids of 
lung tissue revealed significant amounts of 14C 
activity (10% of total)  in a fraction having 
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a retention time equivalent to that of 22:2 and 
similar amounts in one having a retention time 
equivalent to that of 22:4. Pooled samples of 
lung fatty acids were used for isolation of pure 
22:2 and 22:4 in larger quantities by GLC. 
After purity of the isolated 22:2 was estab- 
lished by gas-liquid radiochr.omatography, a 
portion was hydrogenated. The hydrogenated 
sample was chromatographed and the effluents 
collected in cartridges packed with silicone- 
coated glass wool. The only 1~C activity de- 
tected was in the fraction emerging with a 
retention time of 22:0, confirming the iden- 
tity of the material isolated originally as a 
22-carbon unsaturated fatty acid. Similar pro- 
cedures were used to establish the identity of 
the compound emerging with a retention time 
of 22:4. 

In brain tissue from both groups of animals 
about 40% of the 1~C was in fatty acids other 
than 20:4. Significant amounts of radioactiv- 
ity were found in 16:0, 18:0 and 18:1 but 
about half of the activity not in the 20:4 peak 
was in a compound emerging with a retention 
time of 18:2. This fraction was isolated in 
larger quantities from pooled brain methyl 
esters and the purity established by gas-liquid 
radiochromatography. Part  of the isolated 
fraction was rechromatographed and only 1~C 
activity emerging from the gas chromatograph 
had a retention time of 18:2. Another  por- 
tion was hydrogenated and the hydrogenated 
sample analyzed by gas-liquid radiochromatog- 
raphy. The a~C activity all emerged with a 
retention time of 18:0. 

Small but significant 14C activity was also 
observed in compounds of retention time equal 
to 20:5, 22:4 and 22:6. In the case of testie- 
ular tissue significant amounts of 1'C activity 
were observed also in 22:5. 

In both pyridoxine-deficient and pyridoxine- 
fed animals most of the 14C in liver was in 
the phospholipid fraction ( > 8 5 % ) .  About  
10% was found in glycerides and about 5% 
in the cholesterol ester fraction. A small 
amount of activity was observed in free fatty 
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TABLE IV 

J4C Distribution in Fatty Acids of Liver Lipids 

Percentage of 14C 

20:3 
<20:3 20:4 >20:4 

Phospholipids 4,2 89.6 6.2 
Cholesterol esters 3.4 81.2 15.4 
Glycerides 8.3 69.7 22.0 
Free fatty acids 6.0 86.5 7,5 

acids. ~4C distribution in fatty acids of the 
various lipid classes was similar for deficient 
and supplemented animals. Most of the a4C 
activity in liver lipids was in the 20:3, 20:4 
fractions. However, the cholesterol ester and 
glyceride fractions had much more activity 
in compounds of retention time greater than 
20:4 than did the phospholipid and free fatty 
acid fractions (Table IV) .  The bulk of this 
activity was in the 20:5 fraction but signifi- 
cant quantities were found also in fractions 
having retention times identical with those of 
22:2, 22:3, 22:4 and 22:6. 

In testicular tissue arachidonic acid was the 
major labeled fatty acid of all lipid fractions 
6 hr. after administration of ~C-arachidonate.  
However, at 12 hr. the cholesterol ester and 
phospholipid fractions contained x4C activity 
in larger amounts in fatty acids other than 
20:4 (phospholipids: 16:0, 17% ; 20:2, 10%; 
>20 :4 ,  2 2 % ) .  

DISCUSSION 

The degree of deficiency may be judged by 
the difference in body weight between the 
pyridoxine-deficient and pyridoxine-fed groups. 
The former averaged 133 g and the latter 
220 g after 3 months on the diet. Further-  
more, values for serum glutamic-oxalacetic 
transaminase were about threefold higher in 
pyridoxine-fed animals compared to the pyri- 
doxine-deficient. A number of the animals on 
the deficient diet died during the course of 
the experiment. 

The results of these studies show that there 
is little or no alteration of the metabolism of 
orally administered r4C-arachidonic acid in 
pyridoxine deficiency. Our experiments were 
terminated at 6 and 12 hr. after feeding the 
~4C compound. T h e r e f o r e ,  changes which 
might become detectable only after several 
days would be missed in these studies. Ex- 
periments of longer time duration are cur- 
rently underway in our laboratory. 

A relatively large amount of activity was 
found in water-soluble metabolites in hydroly- 

sates of intestinal contents. 14C activity of 
water-soluble compounds was not determined 
in other organs in this study, but similar ob. 
servations were made previously in studying 
the fate of l*C-arachidonic acid (12) and 14C- 
linoleic acid (13) in rats fed a fat-free diet. 
Deficient animals in previous experiments had 
more 14C counts in such products than the 
pair-fed controls. In the present experiment 
the same type of result was obtained although 
the differences were of borderline statistical 
significance because of the variation encoun- 
tered. Tentative identification of part  of this 
material as acetoacetate leads to the interest- 
ing concept that the animals "waste" part of 
their fatty acid fuel in incomplete oxidation. 
In accord with this concept is the large differ- 
ence in body weight of the two groups in 
spite of pair-feeding. Weights of organs of 
deficient animals were somewhat smaller than 
those of Supplemented animals. Changes in 
fatty acid composition (Table I)  might also 
reflect a wasting condition. The concept of 
wasting metabolic fuel in pyridoxine deficiency 
is in keeping with results reported by Beaton 
et al. (14) in 1954. Their studies compared 
rats on a pyridoxine-free diet with control ani- 
mais receiving the diet plus the vitamin sup- 
plement and pair-fed to the deficient. They 
concluded that the rats not receiving the vita- 
min were unable to utilize food materials with 
enough efficiency to take care of their energy 
requirements and anabolic needs. However, 
they did not observe any significant differences 
in fasting blood ketone bodies between the two 
groups. 

In almost all of the tissues examined the 
~4C activity present in fatty acids was predom- 
inantly still 20:4  (i.e., the same as the admin- 
istered arachidonate) .  A notable exception was 
observed in hearts of pyridoxine-deficient rats. 
In these animals a much greater percentage of 
the ~4C in heart lipids was present in fatty 
acids other than 20:4 - than in heart  lipids of 
pyridoxine-fed controls. Similar observations 
had been made in rats maintained on fat-free 
diets and given 14C-arachidonate (12). Ap- 
parently, both types of dietary deficiencies 
stimulate catabolism of labeled arachidonate 
in heart  tissue. The labeled small fragments 
resulting from this degradation are then utilized 
for synthesis of fatty acids by de n o v o  or elon- 
gation mechanisms. Labeled arachidonate it- 
self may also be elongated to produce labeled 
compounds with retention times greater than 
20:4. Since chemical degradation of the la- 
beled compounds was not done, the mode of 
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s y n t h e s i s  c a n n o t  be  spec i f ied .  
M a n y  o r g a n s  h a d  s i g n i f i c a n t  1~C ac t i v i t y  in  

o n e  o r  m o r e  f a t t y  a c i d s  h a v i n g  r e t e n t i o n  t i m e s  
e q u a l  to  t h o s e  fo r  2 0 : 5 ,  2 2 : 2 ,  2 2 : 3 ,  2 2 : 4 ,  2 2 : 5  
a n d  2 2 : 6 .  I n  t h e  c a s e  o f  f a t t y  a c i d s  f r o m  
l u n g s  a n d  f r o m  b ra in ,  t w o  o f  t h e s e  w e r e  s h o w n  
to  be  2 2 : 2  a n d  2 2 : 4 .  I n  b r a i n  t i s sue  a b o u t  
4 0 %  o f  t h e  14C ac t iv i ty  w a s  in  f a t t y  a c i d s  
o t h e r  t h a n  2 0 : 4  a n d  o f  th i s  a b o u t  h a l f  w a s  
in  a f r a c t i o n  t e n t a t i v e l y  iden t i f i ed  as  1 8 : 2 .  
T h o u g h  t h e  c h e m i c a l  i d e n t i t y  o f  th i s  c o m -  
p o u n d  w a s  n o t  e s t a b l i s h e d  f u r t h e r ,  it  m a y  be  
As, l l  o c t a d e c a d i e n o i c  ac id ,  s y n t h e s i z e d  f r o m  • 
1 6 : 1 ,  o r  A ~'9 o c t a d e c a d i e n o i c  acid.  T h e  p r e s -  
e n c e  o f  t h e  l a t t e r  i s o m e r  in  p i g  b r a i n  t i s sue  
h a s  b e e n  r e p o r t e d  b y  K i s h i m o t o  a n d  R a d i n  
( 1 5 ) .  F o r m a t i o n  o f  A6,9 o c t a d e c a d i e n o i c  a c i d  
f r o m  14C-oleic ac id  b y  r a t  l iver  m i c r o s o m e s  
w a s  s h o w n  b y  H o l l o w a y  e t  al. ( 1 6 ) .  A n  18 : 2 
f a t t y  a c id  ( p r e s u m a b l y  t h e  s a m e  i s o m e r )  w a s  
s h o w n  to  b e  s y n t h e s i z e d  f r o m  1-~4C-acetyl  C o A  
b y  s u b c e l l u l a r  pa r t i c l e s  o f  r a t  l ive r  b y  H a r l a n  
a n d  W a k i l  ( 1 7 ) .  W e  h a v e  p r e v i o u s l y  a l so  
o b s e r v e d  b i o s y n t h e s i s  o f  th i s  i s o m e r  b y  r a t  
l ive r  m i c r o s o m e s  i n c u b a t e d  w i t h  14C-acety l  
C o A  ( 1 8 ) .  
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ABSTRACT 

When whale oil triglycerides were sub- 
jected to pancreatic lipase hydrolysis, 
eicosapentaenoic and  docosahexaenoic 
acids were found mainly in the di- and 
triglyceride products, suggesting that they 
are in the 1,3-positions but resistant to the 
action of the lipase. Their presence in the 
1,3-positions was confirmed. Their resist- 
ance to pancreatic lipase hydrolysis was 
demonstrated by analysis of the products 
of the enzyme action on: (a) a concen- 
trate of highly unsaturated whale oil tri- 
glycerides; (b) the latter after random- 
ization; and (c) synthetic 1,2-di-octa- 
decenoyl-3 -eicosapentaenoyl glycerol. 

Docosapentaenoic acid was also shown 
to be present in the 1,3-position of whale 
oil triglycerides but was not lipase resist- 
ant. It is postulated that the presence of 
a double bond near the carboxyl group 
exercises an inhibitory effect, or that the 
location of the double bonds in the resist- 
ant acids places their terminal methyl 
groups close to the carboxyl, producing a 
steric hindrance effect. 

INTRODUCTION 

I N A STUDY OF THE STRUCTURE o f  m a r i n e  

mammal oils by the use of pancreatic lipase, 
the distribution of fatty acids in the hydrolytic 
products of whale oil suggested that eicosapen- 
taenoic (20:5) and docosahexaenoic (22:6) 
acids, but not docosapentaenoic (22:5)  acid, 
are resistant to the action of that hydrolytic 
enzyme. The results of the present study con- 
firm the resistance of those acids to pancreatic 
lipase action, even though the acids are located 
in the 1,3-positions of whale oil triglycerides. 
A preliminary report of this work has been 
presented (1). 

EXPERIMENTAL 

The location of the 20:5, 22:5, and 22:6 
acids in the whale glyceride molecules and 

aOne of the samples of whale oil was from the Arista 
Company, New York. The other was obtained through 
the courtesy of H. S. Olcott. 

the resistance of these acids to the activity of 
pancreatic lipase were determined by analyses 
of the products of the enzyme action on: (a) 
unmodified whale oil; (b) a concentrate of 
highly unsaturated whale oil triglycerides; (c) 
the latter after randomization; and (d) syn- 
thetic 1,2-di- octadecenoyl- 3 - eicosapentaenoyl 
glycerol. 

Methods 

The triglycerides of two samples of whale 
oil ~ were purified by preparative thin-layer 
chromatography (TLC).  A highly unsaturated 
fraction was prepared from one of them by 
crystallization at -60C (2). Menhaden oil was 
provided by the Department of Oceanography, 
Texas A&M University. Lipase (EC 3.1.1.3) 
from hog pancreas, PL-III,  was purchased from 
Worthington Biochemical Corporation, Free- 
hold, N. J. Lipase hydrolyses were performed 
in vitro by the procedure of Luddy et al. (3),  
including the determination of the fatty acid 
composition of the free fatty acids and of the 
mono-, di-, and triglyceride products. 

Randomization o f  the highly unsaturated 
concentrate of whale oil was achieved by treat- 
ment with 0.1 M lithium secondary butylate 
in dimethyl formamide (4). The reaction mix- 
ture was kept under nitrogen at room tempera- 
ture for 3 days. The rearranged triglycerides 
were purified by preparative TLC. 

Purification of triglycerides by TLC was 
achieved on 0.25-ram thick layers of silica gel 
(Adsorbosil-1, Applied Science Laboratories, 
State College, Pa.) on 20 x 20 cm glass plates. 
The developing solvent system was a mixture of 
petroleum ether (30-60C bp)-ethyl ether-ace- 
tic acid (60:40:1.6, v /v /v ) .  

Gas-liquid chromatography (GLC) was per- 
formed in a Research Specialties Model 600 
gas chromatograph (Warner-Chilcott Labora- 
tories D i v i s i o n ,  Richmond, Calif.). The 
chromatograph was equipped with an argon 
ionization detector and a 6 ft x t / 4  in. column 
packed with 15% dietbylene glycol succinate 
on 60-80 mesh Chromosorb W. The column 
was operated isothermally at 195C. The identi- 
ties of the quantitatively more important peaks 
were ascertained by comparing their relative 
retention times with those of known standards. 
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I n f r a r e d  s p e c t r a  w e r e  ob t a i ned  in a I R 8  
B e c k m a n  i n f r a r e d  s p e c t r o p h o t o m e t e r  b e t w e e n  
s o d i u m  ch lo r ide  pellets.  

1 , 2 - D i - o c t a d e c e n o y l - 3 - e i c o s a p e n t a e n o y l  glyc- 
e ro l  was  syn thes ized  f r o m  1,2-diolein and  
e i c o s a p e n t a e n o y l  ch lor ide  a n d  pur i f ied  b y  T L C .  
A m a n u s c r i p t  desc r ib ing  this syn thes i s  is in  
p r e p a r a t i o n .  E i c o s a p e n t a e n o i c  acid, 9 1 %  pure ,  
i sola ted f r o m  m e n h a d e n  oil, w a s  p u r c h a s e d  
f r o m  the  H o r m e l  Ins t i tu te ,  Aus t in ,  M i n n .  

RESULTS AND DISCUSSION 

Evidences of Resistance 

A f t e r  5 0 %  p a n c r e a t i c  l ipase hydro lys i s  o f  
the w h a l e  oil t r iglycer ides ,  the  c o n c e n t r a t i o n s  
o f  the  2 0 : 5  and  2 2 : 6  acids w e r e  l o w e r  in b o t h  
the  fa t ty  acid and  the  m o n o g l y c e r i d e  f r a c t i o n s ,  
b u t  h ighe r  in the  d ig lycer ide  and  t r ig lycer ide  
f r ac t i ons  of  the  r e s u l t a n t  m i x t u r e  t h a n  in the  
or ig ina l  oil ( T a b l e  I ) .  Th i s  sugges t s  tha t  these  
two  p o l y u n s a t u r a t e d  fa t ty  acids are in the  1- 
and  3- pos i t i ons  b u t  are r e s i s t an t  to the  ac t ion  
o f  the  l ipase.  T h a t  the  20 :5 ,  22 :5 ,  a n d  2 2 : 6  
acids o f  the  w h a l e  oil a re  in the  1 ,3-pos i t ions  
has  b e e n  r e p o r t e d  b y  B r o c k e r h o f f  and  H o y l e  
( 5 ) .  T h e  a c c u m u l a t i o n  o f  l o n g - c h a i n  p o l y u n -  
s a t u r a t e d  fa t ty  acids in the  d ig lycer ides  af te r  
l ipase hyd ro ly s i s  of  m a r i n e  oils has  also b e e n  
r e p o r t e d  by  o the r s  (4,  6, 7 ) .  

N o t  all the  p o l y u n s a t u r a t e d  acids o f  w h a l e  
oil b e h a v e  as the  20: 5 a n d  22 :6  acids. T h e  
2 2 : 5  acid was  p r e s e n t  in the f ree  f a t ty  acids 
a n d  w a s  n o t  en r i ched  in the  di- and  tr iglyc- 
erides,  a l t h o u g h  like the  2 0 : 5  and  2 2 : 6  acids 
it was  in l o w  c o n c e n t r a t i o n  in the m o n o g l y c -  
e r ide  p r o d u c t s  of  hyd ro ly s i s  ( T a b l e  I ) .  T h e r e -  
fore ,  the  2215 acid m u s t  be  c o n s i d e r e d  as also 
p r e s e n t  in the  1 ,3-posi t ions ;  bu t ,  in c o n t r a s t  

TABLE I 

Major Fatty Acid Components of Whale Oil Triglycerides 
and Its Lipase I-lydrolysis Products 

Whale oils 

Products of hydrolysis b Original 
Acid a Sample TG FA MG DG TG 

percentage 
14:0 I e 8.7 8.1 9.3 9.2 7.1 

II 4.6 3.4 7.7 3.9 2.4 
16:0 I 14.8 20.1 5.5 9.9 12.5 

II 14.9 21.1 I0.0 7,9 7.3 
16:1 I 16.7 11.3 28.9 17.8 12.0 

II 14.4 9.2 24.1 16.6 8.6 
18:1 I 32.2 37 .5  40 .9  29 .4  23.7 

1I 33.6 38.7  45,0 30.1 19.0 
20:1 I 2.6 5.3 0.3 1.1 1.9 

II 2.1 2.3 1.1 2.1 2.8 
20:5 I 6.6 2.0 2.1 11.8 13.8 

II 8.1 3.0 2.4 17.7 26.0 
22:5 I 3.9 2.9 0.5 2.2 2.9 

II 5.2 5.9 tr 3.9 6.8 
22:6 I 4.9 2.6 0.8 5.3 10.1 

II 5.8 3.9 tr 8.1 17.3 

aChain length: ntmaber of double bonds. 
bFA ~ Fatty Acids; M = Monoglycerides; 

Diglycerides; TG = Triglycerides. 
eAverage of duplicate analyses. 

DG 

to the 2 0 : 5  a n d  2 2 : 6  acids, suscep t ib le  to the  
ac t ion  o f  p a n c r e a t i c  l ipase.  

S ince  the  c o n c e n t r a t i o n  o f  s o m e  o f  the  po ly-  
u n s a t u r a t e d  acids w e r e  l o w  in the  or ig ina l  
w h a l e  oil, a h igh ly  u n s a t u r a t e d  c o n c e n t r a t e  
w a s  ob t a ined  b y  r e m o v a l  o f  the  m o r e  s a t u r a t e d  
g lycer ides  b y  c rys ta l l iza t ion  f r o m  ace tone  at  
- 6 0 C  ( 2 ) .  T h e  c o n c e n t r a t e  w a s  then  sub jec t -  
ed to p a n c r e a t i c  l ipase hydro lys i s .  T h e  resu l t s  
are  p r e s e n t e d  in T a b l e  I I -A .  I t  c an  be  s een  
that ,  as c o m p a r e d  to a level o f  a b o u t  2 2 %  in 
the  c o n c e n t r a t e ,  t he r e  w e r e  on ly  7 %  and  8 %  
of  the  2 0 : 5  acid in the  f ree  fa t ty  acid and  
m o n o g l y c e r i d e  f rac t ions ,  respec t ive ly .  T h e r e  

TABLE II 

The Effect of Randomization on the Products of Pancreatic Lipase Action 
on a Highly Unsaturated Fraction from Whale Oil Triglycerides 

(major fatty acids only) 

Acid b 

(A) Whale oil highly unsaturated TG a (B) Randomized whale oil highly (C) Recalculation of (B) omitting 
Concen- unsaturated TG 20:5 and 22:6 

trate Random- Random- 
(original Products of hydrolysis i z e d  Products of hydrolysis i z e d  Products of hydrolysis 

TG) FA MG DG TG TG FA MG DG TG TG FA MG DG TG 

percentage percentage percentage 
14:0 4.9 4.1 6.3 4.1 4.7 4.6 8.5 7.3 4.6 4.3 6.9 9.0 9.5 7.7 7.6 
16:0 2.4 4.6 I.I 1.3 2.4 2.3 5.1 3.0 2.0 2.0 3.5 5.4 3.9 3.4 3.5 
16:1 15.6 16.9 34.5  20.3 12.1 14.1 24.0 18.6 14.6 12.9 21.3 25.5 24 .2  24 .5  22.8 
18:1 25.5 38.0 27 .0  2010 19.4 25.3 35.1 26.8 17.1 17.8 38.2 37.3 34 .9  28 .7  31.5 
20.1 3.5 2.3 3.2 3.6 3.1 3.1 1.5 2.7 4.5 3.9 4.7 1.6 3.5 7.6 6.9 
20:5 22.3 7.0 8.2 26.4 30.1 22.4 3.2 16.4 29 .7  29.6 
22:5 4.6 8.0 0.9 3.1 4.3 4.8 3.6 4.5 5.2 5.1 7.2 3.8 5.9 8.7 9.0 
22:6 12.6 8.5 2.0 11.4 15.9 11.3 2.8 6.8 10.8 13.9 

a FA = Fatty Acids; MG = Monoglycerides; DG ~ Diglycerides; TG = Triglycerides. 
b Chain length:laumber of double bonds. 
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RESISTANCE OF M A R I N E  F A T T Y  ACIDS 

T A B L E  I I I  

Ma jo r  Fa t t y  Acid  Com ponen t s  of  Menhaden  Oi l  Tr iglyc-  
r  and  I ts  L ipase  Hydro lys i s  Products  

Ac id  a 
Original  Products  o f  hydrolysisb 

T G  F A  M G  D G  T G  

percentage  

14:0 11.1 11.0 14.2 7.7 6,3 
16:0 19.4 27.2 24.9 14.7 17.4 
16:1 16.1 17.6 13.6 9.1 8.1 
18:0 5.6 7.6 3.2 3.4 3,7 
18:1 16.2 20.1 5.7 4.7 5,0 
20:1 3.8 1.6 2.8 6.6 6.0 
20:5 10.5 2.0 11.4 22.8 25,5 
22.5 1.4 0.6 2,5 2.2 t r  
22 :6  7.3 1.5 15.1 15.0 16,0 

a Chain  l e n g t h : n u m b e r  of  double bonds,  
b F A  ~ Fa t t y  Acids ;  M G  ~ Monoglycer ides ;  D G  ~ Di-  

glycerides;  T G  = Triglycerides.  

were 26% in the diglycerides and 30% in the 
triglycerides. The results from the concentrate 
thus reinforce previous indications of resist- 
ance. The distribution of the 22:6 acid in the 
hydrolysis products also indicates resistance 
but to a somewhat lesser degree. The 22:5 acid 
was hydrolzed normally as shown by its rela- 
tively high level in the fatty acid fraction. 

In  order to rule out position in the triglyc- 
eride molecule as the determining factor in the 
low degree of hydrolysis of the 20:5 and 22:6 
acids, an aliquot of the highly unsaturated 
concentrate was randomized by chemical treat- 
ment. Whale oil offers unusual resistance to 
rearrangement by the use of standard proced- 
ures. Several combinations of catalysts, sol- 
vents and different times of treatment were 
tested before satisfactory results could be ob- 
tained. Sodium methoxide in methanol solu- 
tion produced methyl esters difficult to separate 
from the randomized triglycerides. A xylene 
suspension of the same catalyst (8) was only 
partially effective. Lithium secondary butylate 
in dimethyl formamide solution (4) was found 
to be effective when the reaction period was 
prolonged for 3 days at room temperature. 
This procedure was therefore used. The ran- 
domized triglyceride products, purified by TLC, 
were analyzed by GLC and subjected to pan- 
creatic lipase hydrolysis. The results are pre- 
sented in Table IIB. Since the fatty acid com- 
positions of the four products of hydrolysis 
are not similar, one might conclude that the 
randomization is incomplete. However, this 
criterion would only be valid if all the acids 
were equally susceptible to the lipase, a condi- 
t ion which is not met due to the presence of 
the resistant 20:5 and 22:6 acids. I f  the data 
are recalculated omitting the 20:5 and 22:6 
acids or, in other words, making the nonresist- 

TO PANCREATIC L I P A S E  HYDROLYSIS 491 

ant acids equal to 100%, the figures shown in 
Table I IC are obtained. The quite similar con- 
centrations of the six major acids in all four 
fractions indicates effective randomization. 

The presence of significant amounts of 20: 5, 
22:5, and 22:6 acids in the monoglycerides 
after, but not before randomization (Table 
IIB),  indicates that they were not originally 
located in the 2-position in the whale oil tri- 
glycerides. Finally, the very low levels of 20:5 
and 22:6 acids in the free fatty acid fraction 
of the pancreatic lipase hydrolysis products of 
the randomized oil indicate  that the reduced 
degree of hydrolysis of those acids is not due 
to the positional specificity of the enzyme, but 
is due to a characteristic of the fatty acid 
molecule itself. 

In order to compare the behavior of the 20:5 
and 22:6 acids in the pancreatic lipase hy- 
drolysis of whale oil with their behavior when 
located mainly in the 2-position as in fish oils, 
menhaden oil triglycerides were subjected to 
pancreatic lipase hydrolysis (Table I I I ) .  The 
distribution of the 20:5 and 22:6 acids in the 
hydrolysis products of menhaden oil is dif- 
ferent from that in whale oil products (Table 
I ) ,  although their concentrations in the two 
oils are quite similar. This is further evidence 
that the distribution of these acids in the two 
oils is different and that in whale oil hydrolysis 
their resistance to pancreatic lipase is inde- 
pendent of their position. 

It required about 2 min to attain 50% hy- 
drolysis of the untreated whale oils under the 
conditions used. A n  extended reaction time 
should increase the general degree of hydrolysis 
but leave higher concentrations of the resistant 
20:5 and 22:6 acids in the unhydrolyzed di- 
or triglycerides. This was found to be true 
only for 20:5, whose concentrations after 2, 
3, and 5 min of hydrolysis were 11.8, 14.4 
and 18.2% respectively in diglycerides and 
13.8, 13.3, and 19.7% respectively in triglyc- 
erides. The concentration of 22:6 after 2, 3, 
and 5 min of hydrolysis was 5.9, 5.3, and 5.4% 
respectively in diglycerides and 11.0, 7.2, and 
6.7% respectively in triglycerides. The lack 
of increase in percentage of 22:6 in the di- 
and triglycerides with time might be due to its 
having approached maximum levels at the 2- 
min period. 

It was also found that the rate of hydrolysis 
decreased appreciably after half the triglyceride 
acids were released. This is a logical conse- 
quence of distribution in the 1,3-position of 
the 20:5 and 22:6 acids, their resistance to 
hydrolysis, and the reported presence of the 
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C29 and C22 acids in only 50% of whale  oi l  
tr iglycerides (2) .  

Proof of Resistance 

Proof  of  the resistance of  the 20:5  acid 
(and by inference of  the 22 :6  acid) was ob- 
tained by study of  the action of  pancreat ic  
lipase on synthetic 1,2-di-octadecenoyl-3-eico- 
sapentaenoyl  glycerol. The  results are present- 
ed in Table  IV. The  fatty acid composit ions 
of  the triglycerides before  lipase hydrolysis and 
of the monoglycer ide  and triglyceride products  
of  hydrolysis show that the substance synthe- 
sized is, in fact, 1,2-di-octadecenoyl-3-eico- 
sapentaenoyl  glycerol, with some contamina-  
tion due to impurities in the starting materials.  

The  exper imental  values for the composi t ion 
of  the fatty acid and diglyceride fractions are 
closer to the values calculated on the assump- 
tion of  resistance than on the assumption of  
nonresistance. The  small  amount  of  mono-  
glycerides produced  is another  indication of  
resistance. The  presence of  17% 20:5  acid 
in the fatty acid fract ion indicates that  some 
hydrolysis of that  acid took place. This  could 
be due to the resistance to the enzyme not  
being absolute, to the presence of  a hydrolyz-  
able isomer of  the 20:5  acid in the starting 
material,  or to an alteration in the structure of  
the all cis 20:5  acid dur ing the chemical  syn- 
thesis of  the triglyceride. Analyses of  the start- 
ing material  showed that  there were 9% im- 
purities as ascertained by G L C  and that only 
75% of the theoretical  amount  of  glutaric acid 
was produced by K M n O  4 oxidat ion in acetic 
acid med ium (9) .  Examina t ion  of the original 
20 :5  acid and the 1,2-di-octadecenoyl-3-eico- 
sapentaenoyl  glycerol by infrared spectrom- 
etry showed that  only traces of  trans isomer-  
ization occurred during the synthesis. 

Mechanism of Resistance 

It  is evident  that  in spite of  being located at 
the 1,3-positions of  the whale  oil triglycerides, 
the 20:5  and 22:6  acids resist pancreat ic  lipase 
hydrolysis while the 22:5  acid is hydrolyzed 
without  difficulty. The  explanat ion for this 
phenomenon  may  lie in differences in their 
molecular  structures:  

20:5  C H s C H  2 (CH~---CHCH 2).~ - -  C H 2 C H  2 
C O O H  

22:5 C H o C H  2 ( C H - - C H C H  2) s - -  CH2CH2 
C H o C H ~ C O O H  

22 : 6 C H o C H  2 ( C H - - C H C H  2) 5 - -  C H  = C H  
CH_~CHzCOSOH 

In view of the evidence presented by others 
(10)  the 0,3 structure is assumed for  these 

TABLE IV 
Products of the Action of Pancreatic Lipase on 
1,2-Di-octadecenoyl-3-eicosapentaenoyl Glycerol 

Acidb 
Original Products of hydrolysis a 

TG FA MG DG TG 

Mole percente 
Theoretical (nonresistance) 

18:1 q- impur.,~ 69.7 54.6 I00 77.7 69.3 
20:5 30.3 45.4 0 22.3 30.3 

Theoretical (absolute resistance) 
18:1 -}- impur. 69.7 100 e 54.5 69.7 
20:5 30:3 0 e 45.5 30.3 

Experimental 
18:1 4- impur. 71.5 83.0 99.1t 60.8 73.0 
20:5 28.5 17.0 0.9f 39.2 27.0 

a FA = Fatty Acids; MG Monoglycerides; DG 
Diglycerides; TG = Triglycerides. 

b Chain length:double bond. 
e The detector response to the 20:5 acid was found to 

be 0.88 times that of the 18.1. However, no correction was 
applied since it would have had no significant effect on 
the conclusions. 

d The preparation of 20:5 acid used had 8.9% impurities 
of other fatty acids. Since they are not expected to be 
lipase resistant, their percentages are added to that of oleic 
acid. 

e No MG should be obtained. 
f Very small amount of MG obtained. 

three acids. Since their terminal  17 carbon 
chains are identical, any differences in be- 
havior  must  be assumed to be caused by dif- 
ferences in their s tructure at the carboxyl end 
of  the chain. The  responsible factor  could be 
the proximity  of the double bond  to the car- 
boxyl group, since the first double  bond of  the 
resistant 20:5  and 22:6  acids lies closer to 
the carboxyl group than does that of  the non- 
resistant 22:5  acid. This  view is s trengthened 
by  the demonstra t ion by Kle iman  et el. (11 ) 
that the trans-3-enoic acids of  Grindel ia  oxy-  
lepis seed oil are also resistant to lipase hy- 
drolysis. The  presence of  methyl  groups in a 
posit ion close to the carboxyl end has also 
been shown to hinder  hydrolysis by the lipase 
(12) .  

Ano the r  difference in structure between the 
resistant and the susceptible polyunsaturated 
acids lies in the space relations of  their  term- 
inal methyl  to their  carboxyl  groups. As shown 
in the photographs of  the molecular  models 
(F igure  1) the terminal  methyl  groups of  the 
resistant acids lie close to their carboxyl  groups. 
This proximi ty  may  cause a steric h indrance  
effect on the hydrolysis by the lipase. 

Metabolic Implications 

The  resistance of  some of the polyunsat-  
urated fatty acids of  whale  oil to pancreat ic  
lipase hydrolysis provides an explanat ion for 
the finding by Gar ton  et aI. ( I 3 )  that  whale  
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Fro. 1. Molecular  models of  the 20:5 ( A ) ,  22:6 (B) ,  and 22:5 (C)  acids of  mar ine  oils. 

oil c an  be  crys ta l l ized a l m o s t  u n c h a n g e d  f r o m  
the  depo t  t issues  o f  pigs fed  h i g h  doses  of  the  
oil fo r  a p r o l o n g e d  pe r i od  o f  t ime.  I n  pre-  
l i m i n a r y  e x p e r i m e n t s  in this l a b o r a t o r y ,  h o w -  
ever ,  ne i t he r  the  t r iglycer ides ,  n o r  the  p h o s -  
pho l ip ids  o f  t ho rac i c  duc t  l y m p h  o f  ra t s  a d m i n -  
i s tered by  s t o m a c h  tube  one  dose  o f  the  h igh ly  
u n s a t u r a t e d  c o n c e n t r a t e  o f  w h a l e  oil, c o n t a i n e d  
the  m a r i n e  l o n g - c h a i n  p o l y u n s a t u r a t e d  acids. 
T h e  p r e s e n c e  o f  w h a l e  g lycer ides  in the  t i ssues  
o f  G a r t o n ' s  p igs  m a y  h a v e  b e e n  the  p r o d u c t  
o f  a l ow degree  o f  in tes t ina l  a b s o r p t i o n  over  
a l ong  pe r i od  o f  inges t ion .  
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Brain Cholesterol. XII. The Incorporation of 1-14C-Acetate 
into Baboon Sterol 

JON J. KABARA, Department of Chemistry, University of Detroit, Detroit, Michigan, and 
N. T. WERTHESSEN, Institute of Health Science, Brown University, 
Providence, Rhode Island 

ABSTRACT 

The incorporation of l-z4C-Acetate into 
tissue cholesterol of the baboon was meas- 
ured. Using this indicator gray matter 
of the cerebrum indicated greater meta- 
bolic activity than did white matter. 

Other tissues besides neural tissue were 
examined. The peak of radioactivity oc- 
curred between 3 and 4 hr. The highest 
incorporation of radioactivity was meas- 
ured in the adrenal gland. Liver, spleen 
and kidney values were of intermediate 
order. 

INTRODUCTION 

C ONTRARY TO EARLIER CONCLUSIONS of 
others (1) ,  our investigations in the mouse 

(2-6) indicated that active lipid metabolism 
continues in the brain during adult life. Be- 
cause of these preliminary conclusions, and 
possible relationship to cerebral function, fur- 
ther investigations on brain cholesterol were 
made. The following is a continuation of the 
study of cholesterol biosynthesis in primates. 
The present investigation brings us closer to un- 
derstanding similar processes in man by re- 
porting on acetate incorporation into brain tis- 
sue cholesterol of the baboon. 

EXPERIMENTAL 

Five mate African baboons weighing between 
21 and 25 kg., representing ages approximately 
4-6 years, were used for these studies. Live 
animals were imported from Kenya, East 
Africa, and acclimated for 3 to 4 months be- 
fore use. Diet, during captivity, consisted of 
Purina Monkey Chow supplemented with fresh 
fruit and whole corn. 

Anesthetized animals were used in these ex- 
periments. Both Nembutol  (5 mg/kg)  and 
phencyclidine (Sernylan) (2 mg /kg )  were 
used. The unconscious animals were injected 
intravenously with 100 ~g/kg  of 1-~4C-Acetate 
and then killed at five time intervals: 171, 184, 
188, 248, and 294 min. 

For  analysis, samples of cerebrum white, 
cerebrum gray, liver, spleen, kidney and adren- 
als were surgically removed, then washed, 

frozen and stored in an ice chest. Free and 
esterified sterols (after hydrolysis) were iso- 
lated, measured, and assayed by the method 
previously reported (7).  Radiochemical purity 
of the isolated free cholesterol was established 
(7,8).  

The resulting data are reported in terms o f  
specific activity, ( D / M / m g )  and activity pe r  
gram tissue ( D / M / g  tissue). Because of un- 
certainties in the sterol ester measurements, 
concentration of ester in the individual tissues~ 
is not reported at this time. 

RESULTS 

Values for cholesterol specific activity ( D / M  
/ m g ) ,  after 1-14C-Acetate injection, are af- 
fected by many factors; of those that can be  
readily ascertained, one is the dilution of spe- 
cific activity by sterol concentration in each in- 
dividual organ. To measure the effect of sterol 
concentration, radioactivity was calculated on 
a gram tissue basis ( D / M / g  tissue). Results 
of both calculations are presented in Table I. 

The specific activity of free cholesterol was 
lowest in cerebrum (white and gray) and high- 
est in the adrenal gland. Liver, spleen, and 
kidney values were of intermediate order. 
D / M / g  tissue values from these same tissues 
indicated a similar relative order of incorpora- 
tion. 

The two large divisions of brain matter, 
white and gray, vary in biosynthetic capacity 
as measured by 1-14C-Acetate incorporation. 
By this measure, gray matter of the cerebrum 
seemed metabolically more active than did the 
white matter. These differences were evident 
in comparisons of both free specific activity 
and activity per gram tissue values. 

I t  should be noted that the specific activity 
values for ester cholesterol are higher than for 
free cholesterol. This is true for all tissues un- 
der investigation. Because the hydrolysis of the 
esterified fraction was thought not to be quan- 
titative in these particular experiments, only 
ester-specific activity values are reported at 
this time. 

Blood values were not available for these 
studies. 
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T A B L E  I 

Incorpora t ion  o f  1-14C-Acetate into Tissue 
Cholesterol  of  the Baboon  

Ester  
F ree  D )  I~-) 

O r g a n  m g / g  Tissue D / M / m g  D / M / g  Tissue m g  

C e r e b r u m  

Whi te  
2:51 hr  16.7 27 450 356 
3:04 hr  17.2 75 1285 350 
3:08 hr  22.0 26 570 429 
4:08 hr  13.7 66 905 264 
4:54 h r  18.5 40 740 157 

~Jray 
11.7 103 1200 2600 
12.7 97 1230 1000 
13.7 55 755 1900 

8.75 308 2695 2238 
I3.5 93 1250 1615 

L i v e r  1.35 458 618 15733 
1.04 2148 2234 28944 
0.99 5604 5565 31257 
1.18 1450 1711 76519 
1.34 4291 5750 22116 

Spleen 1.13 912 1031 11326 
1.48 3677 5442 8675 
1.07 707 756 6855 
1.73 5551 9603 13465 
1.08 203 219 7326 

Kidney  2.00 101 202 55238 
1.27 268 340 22128 
2.08 121 252 50850 
2.06 994 2048 15446 
2.10 115 242 23075 

Adrena l s  1.84 4713 8672 19743 
1.68 8746 14693 12333 
2,24 3346 7495 11486 
2.27 5065 11498 12297 
2.29 2429 5562 7713 

DISCUSSION 

More knowledge of the basic biochemical 
mechanism taking place in neural tissue is need- 
ed before we can understand the mechanism 
of brain function. Studies dealing with the 
neurochemistry of higher primates, especially 
man, are extremely scarce. As an approach to 
this problem, we have investigated the bio- 
synthesis of cerebral cholesterol in the baboon. 
There are comparatively few recorded studies 
of the biosynthesis of cholesterol in this pri- 
mate. Savage et al. (9) reported on the bio- 
synthesis of cholesterol from 2-14C-Sodium 
pyruvate in normal and diabetic baboons. These 
workers reported only total radioactivity in 
various organs at a given time after isotope ad- 
ministration. 

Kritchevsky et al. (10,11) studied the bio- 
synthesis of cholesterol with labeled mevalonic 
acid as the precursor. The peak specific ac- 
tivity of the serum-free cholesterol was at- 
tained between 4 and 10 hr; peak specific ac- 
tivity of serum cholesterol ester was reached 

between 9 and 26 hr. No data on cerebral bio- 
synthesis were presented. 

This paper represents our initial research 
studies on brain colesterol in the baboon. Cer- 
tain weaknesses of our approach ale evident: 
absence of blood values and the nonquantita- 
tive recovery of esterified cholesterol. Despite 
these shortcomings, the data proved of value 
as a basis for future studies. 

Because of the difficulty in obtaining large 
primates and their concurrent cost, only 5 ani- 
mals were used for this experiment; data from 
these animals did not indicate peak time of 
labeling. It was expected that in such a small 
series, individual biological variations might be 
large. In collecting the data, it was noted that 
the animal killed at 4:08 hr exhibited variance 
from the other 4 baboons. This was true for 
all tissue values of this animal. If we exclude 
this animal from our consideration, a better 
and probably accurate picture seems to emerge. 
The exclusion of the single aberrant animal 
indicates that the peak of tissue labeling took 
place between 3 and 4 hr. 

Of the tissues examined, biosynthetic capac- 
ity as measured by 1-14C-acetate incorporation, 
showed the adrenal gland to be most active, fol- 
lowed by liver, spleen, and kidney. Brain 
cholesterol metabolism was tow but significant 
in the adult baboon. This agreed with previous 
findings in mice (2-6) using 1-14C-Acetate. A 
better indicator of brain synthetic capabilities 
in regard to sterol synthesis would be U-14C - 
glucose (5). 

Of particular interest and confirming our 
past results in mice (6) was the high specific 
activity of cholesterol ester in contrast to free 
sterol. These ester values were interpreted to 
mean that equilibration of newly synthesized 
free cholesterol with total organ cholesterol 
were slower than the esterification reaction. 
This may be interpreted as evidence for the 
existence of at least two free sterol pools. 

Of additional interest was the difference in 
metabolism between cerebral gray and white 
tissue. In this baboon experiment with 1-14C - 
Acetate as the precursor, two facts emerge 
about brain cholesterol metabolism. First, 
higher activity was measured for cholesterol 
extracted from gray cerebrum than white cere- 
brum matter. Second, in contrast to gray cere- 
brum matter and other tissues, the ester activity 
of cholesterol assayed from white cerebrum 
matter was higher on a D / M / g  tissue than 
D / M / m g  basis. This is the result of the greater 
amount (mass) of ester found in white material 
as compared to gray. 
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I n  a g r e e m e n t  w i t h  o u r  o w n  in v ivo  f indings,  
w e r e  the  resu l t s  r e p o r t e d  b y  D a v i s o n  and  co-  
w o r k e r s  ( 1 2 )  in rabbi t s .  Ut i l iz ing  labe led  cho -  
lesterol ,  t hey  f o u n d  the  t u r n o v e r  of  s tero l  to  be  
g r e a t e r  in g r a y  c e r e b r u m  t h a n  in white .  I n  
con t ra s t ,  K o r e y  ( 1 3 )  f o u n d  tha t  u s i n g  labe led  
m e v a l o n a t e  or  g lucose  in v i t ro ,  wh i t e  c e r e b r u m  
m a t t e r  ( r a t )  w a s  m o r e  act ive in l ipid syn thes i s  
t h a n  the  g ray  o f  ce reb ra l  cor tex .  

A s  m e a s u r e d  b y  p r e s e n t  m e t h o d o l o g y ,  the  
p r o b l e m  of  re la t ive  m e t a b o l i c  act ivi ty  b e t w e e n  
g r a y  and  wh i t e  c e r e b r u m  m a t t e r  is still to  be  
solved,  F ina l  c o n c l u s i o n s  c o n c e r n i n g  b r a i n  
cho les t e ro l  m e t a b o l i s m  m u s t  wa i t  unt i l  m o r e  
i n - d e p t h  e x p e r i m e n t s  are  m a d e  in a va r i e ty  of  
species  a n d  wi th  d i f ferent  p r e c u r s o r s  u n d e r  con-  
t rol led condi t ions .  M o r e  definit ive e x p e r i m e n t s  
r e g a r d i n g  reg iona l  cho les te ro l  b iosyn thes i s  in the  
b r a i n  of  b a b o o n s  are  p r e s e n t l y  be ing  c o n d u c t e d  
in this  l a b o r a t o r y  b y  the  s i m u l t a n e o u s  use  o f  
2-~H-Aceta te ,  1-14C-Acetate,  o r  u - r 4 C - g l u c o s e .  
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Maternal Diet and Brain Fatty Acids in Young Rats 
BRIAN L. WALKER, Department of Nutrition, University of Guelph, 
Guelph, Ontario, Canada 

ABSTRACT 

In order to determine to what extent 
maternal diet influenced the brain lipids 
of young rats, female rats were maintained 
on diets differing in fatty acid composi- 
tion. Fatty acid determinations on the 
total brain lipids of the young from these 
dams indicated that the maternal dietary 
lipids influence the polyunsaturated fatty 
acid composition of these animals. A ma- 
ternal diet with a high linoleic-linolenic 
acid ratio (corn oil) resulted in lower 
levels of 22:6~3 and higher levels of 
22:5,o6 than one with a low linoleic- 
linolenic acid ratio (grain). Transfer of 
young rats at birth to a foster mother, 
which was fed a diet differing from that 
of the natural dam, resulted in brain poly- 
unsaturated fatty acid patterns at weaning 
similar to those of the natural young, and 
suckling, of the foster mother, thus in- 
dicating that the maternal diet in the im- 
mediate postnatal period can modify the 
brain lipids of young rats prior to wean- 
ing. The brain lipids of young rats from 
dams which were fed corn oil exhibited 
a marked tendency to incorporate 22:6<o3 
in the immediate postnatal period in spite 
of a relatively high linoleic-linolenic acid 
ratio in the milk. 

INTRODUCTION 

T HE RELATIVELY HIGH CONCENTRATION of 
4,7,10,13,16,19-docosahexaenoic acid (22: 

6~o3),, 1 a metabolite of linolenic acid, is a 
characteristic of the brain lipids of many 
species (1,2,3). Moreover the level of this 
acid is maintained during nutritional studies 
in which little or no linolenic acid occurs in 
the diet (1,4). Weanling animals are employed 
in most nutritional experiments, and the brain 
lipids are formed before or immediately after 
birth and are relatively stable from a metabolic 
standpoint. The brain lipids must therefore 
refect maternal lipids and hence maternal diet 
to a large degree. Since most stock-colonies 

1Abbreviation for polyunsaturated fatW acids, X:YwZ, 
where  X, Y, and Z represent the number of carbon atoms, 
number of double bonds, and number of carbon atoms  
a f ter  the terminal double bond. 

are maintained on grain-type diets, linolenic 
acid metabolites would be expected to be 
present. The object of this study was to de- 
termine whether or not the docosahexaenoic 
acid is present in rats at birth or is synthesized 
during the immediate postnatal period, and to 
determine to what extent the level of this acid 
may be reduced in new-born rats by changing 
the maternal diet. 

MATERIALS AND METHODS 

Female rats of the Wistar strain were fed 
ad libitum from weaning to maturity either 
a stock grain diet or a semisynthetic diet con- 
taining 10% corn oil. The experimental ani- 
mals consisted of young from the litters of 
these females. 

Young rats were sacrificed at birth and ap- 
proximately two and three weeks after birth. 
The brains were removed and individually 
homogenized in chloroform-methanol (2: l v / v )  
under an atmosphere of nitrogen. Extraction 
of the lipids was continued for 30 rain, and 
the residue was re-extracted twice more with 
chloroform-methanol. The combined extracts 
were washed with 0.2 volumes of water to re- 
move water-soluble components, the mixture 
was centrifuged, and the aqueous layer was 
removed. After drying over sodium sulfate, 
the extract was evaporated to dryness in 
vacuo. The lipid was dissolved in chloroform, 
filtered into a tared vial, the solvent was 
evaporated under a stream of nitrogen, and 
the weight of lipid was determined. 

Methyl esters were prepared by refluxing 
the lipid with 14% boron trifluoride in metha- 
nol for 90 min. After cooling and addition of 
two volumes of water, the esters were ex- 
tracted three times with petroleum-ether. Alde- 
hyde dimethyl-acetals and sterol by-products 
were removed by thin-layer chromatography 
(5). 

The esters were analyzed by gas-liquid 
chromatography on columns containing 15% 
ethylene glycol succinate-silicone copolymer 
(EGSS-X) on Chromosorb W (6). Peak areas 
were computed as the product of peak height 
and width at half-peak height. Results were 
expressed as weight percentage of total fatty 
acids. 

The grain diet was extracted with ether for 
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a period of 16 hr in a Soxhlet apparatus, the 
percentage of fat in the diet was determined, 
and the fatty acids were esterified and chroma- 
tographed as above. The fatty acid composi- 
tion of the corn oil was also determined. Acid 

The fatty acid composition of the stomach 
8:0 

contents immediately after suckling was de- 10:0 
termined as an indication of the fatty acid 12:0 

14:0 composition of the milk secreted by dams on 16:0 
the different diets. A chloroform-methanol 16:1 
extract of the stomach contents was employed, 18:0 

18:1 
and esterification and chromatographic proced- 18:2 
ures were those described above. I8:3 

20:4 (?) 
18:2/18:3 

RESULTS 

The grain diet contained 3.0% of ether- 
extractable material. The major fatty acids in 
this diet (Table I) were linoleic, oleic, and 
palmitic, with lesser amounts of linolenic and 
stearic acids. Corn oil contained more linoleic 
and less linolenic acid than the grain lipids; 
however the total linolenic acid content of the 
corn oil diet was similar to that of the grain 
diet. More importantly from the standpoint 
of unsaturated fatty acid metabolism, the 
linoleic-linolenic acid ratios of the two diets 
differed considerably, being much higher in 
the corn oil diet (45:1 vs. 8:1) .  

Differences were noted in the fatty acid 
composition of the milk which was secreted 
by the dams (as determined by analysis of 
the stomach contents of the young). Milk 
from the grain-fed rats contained higher con- 
centrations of the saturated acids; oleic and 
linoleic acids were higher in the milk from 
rats fed corn oil (Table I).  The linolenic acid 
contents of the milk samples were similar, be- 
ing only slightly higher on the grain diet and 
accounting for only about 1% of the total 
fatty acids. However the ratio of linoleic to 
linolenic was about three times higher on the 
corn oil diet than on the grain diet. A com- 
ponent with the retention characteristics of 
arachidonic acid was found in both samples 
but was higher in the corn oil group. 

Table II indicates the effect of maternal diet 
and age on the total fatty acids of the brain in 
the young rat. In this experiment the animals 
were allowed to suckle their natural mothers. 
Analyses were carried out on rats at approxi- 
mately 0, 12, and 24 days of age. Because of 
uncertainty in the actual time of birth, these 
ages may be in error by 24 to 36 hr. 

In many respects the brain fatty acids of 
young rats from mothers on the two different 
diets were similar. Myristic, palmitic, and 
palmitoleic acids all decreased whereas stearic, 
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TABLE I 

Faity Ac idComposf f ion  1 of MmernM Diets and S ~ m a c h  
Conten t so f  Young 

Maternal Diets Stomach Contents 

Grain Corn oil Grain Corn oil 

0.8 0.7 
8.0 5.6 
9.6 4.1 

1.1 10.3 3.0 
17.4 11.2 22.3 16,2 

1.7 0.1 2.5 9.5 
5.4 2.0 3.5 2.9 

25.9 26.5 19.6 23.9 
42.3 58.5 14.7 28.7 

5.3 1.3 1.3 0.8 
2.4 5.1 

8.0 45.0 11.3 35.8 

1Expressed as percentage by weight of total fatty acids. 
Minor components omitted from table. 

oleic, and linolenic acids increased from birth 
to weaning. Changes in linoleic acid were 
small, increasing slightly on the grain diet, de- 
creasing slightly on the corn oil diet. 

The levels of arachidonic acid in the brains 
were similar on both diets and followed sim- 
ilar patterns, increasing slightly during the first 
12 days, then decreasing aga in .  Dietary dif- 
ferences were noted in the most highly un- 
saturated acids of both the ,o6 and ~3 series. 
More 22:5o~6 was found at birth in the young 
rats from mothers fed corn oil. The level of 
this acid decreased during the first three weeks 
of life. On the grain diet this acid was ini- 
tially lower and again 'decreased as the ani- 
mals aged. At birth the major difference be- 
tween young from dams on the two different 
diets was in the level of 22:6~03 in the brain. 
It was considerably higher in the case of the 
grain diet. As the animals aged, the level of 
this acid increased on both diets. The increase 
was proportionately greater in the young from 
the dams which were fed corn oil but re- 
lnained significantly lower in these animals at 
weaning. 

In order to determine the extent to which 
maternal diet influenced the brain fatty acids 
of the young after birth, young animals were 
transferred at birth to foster mothers which 
were fed the second diet. The results (Table 
III)  were quite similar to those in the initial 
experiment. Again the major differences and 
changes were associated with the polyunsatu- 
rated acids. Young born to dams fed corn 
oil and suckling grain-fed foster mothers had 
a high level of 22:50~6 in the brain lipids at 
birth. The level of this acid dropped rapidly 
during the first three weeks of life, attaining 
a level similar to that in the young of dams 
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T i m e ( d a y s )  G r a i n  diet Corn  oil diet 

Acid 0 (5) 2 12 (3) 24 (3)  0 (4) 12 (3)  24 (4) 

14:0 1.8 -4- 0.05 1.1 -4- 0.00 0.4 + 0.00 2.0 • 0.10 1.0 -4- 0.03 0.4 -4- 0.02 
16:0 31.6 -4- 0,62 29.4 "4" 1.39 23.4 -4- 0.48 32.6 + 0.43 30.3 _+ 0.43 24.1 -4- 0.30 
16:1 4.7 -4- 0.26 2.8 -4- 0.15 0.9 _+ 0.06 4.9 -4- 0.23 2.6 ~q- 0.03 0.8 -4- 0.08 
18:0 17.1 + 0.42 18.5 + 0.87 21,2 -4- 0.35 17.1 + 0.14 18.4 __+ 0,10 21.2 -4- 0.26 
18:1 14.4 -+- 0.26 15.1 -4- 0.38 20.3 ~ 0.12 16.1 _--t- 0.19 15.0 -4- 0.02 20.3 + 0.21 
18:20:6 0.8 -4- 0,06 1.1 + 0.08 1.2 -4- 0.09 1.7 • 0.24 1.2 4=_ 0.06 1.2 -4- 0.02 
18:3~3 0.3 + 0.03 0.3 -4- 0.03 1.0 + 0.12 0.3 -4- 0.04 0.3 ~+ 0.03 0.9 -4- 0.05 
20:4026 13.1 __+ 0.33 14.5 + 0.17 12.7 -4- 0.15 12.4 -4- 0.31 16.2 -4- 0.49 I2.7 -4- 0.60 
22:40:6 3.7 -4- 0.16 3.5 + 0.03 3.4 ~ 0.09 3.4 -4- 0.13 4.1 ~+ 0.12 4.4 -4- 0.13 
22:5cc6 2.1 + 0.06 1.1 + 0.07 0.6 • 0.06 6.4 -4- 0.26 5.7 ~___ 0.06 4.5 + 0.23 
22:60:3 9.8 + 0.18 12.0 + 0.19 14.1 + 0.23 2.8 -4- 0.06 4.6 -4- 0.03 8.7 + 0.24 

1Expressed as percentage  by weight  o f  total  fa t ty  acids -4- S.E. Mino r  components  omit ted  f r o m  table. 

2Figures  in parentheses  indicate  number  of  samples .  

which were fed grain in the initial experiments 
(Table II) .  The former animals were also 
born with low levels of 22:60~3 in the brain, 
but suckling grain-fed dams rapidly raised the 
level of this acid to that in the natural young 
from these dams. In contrast, rats born to 
dams which were fed grain but suckling those 
which were fed corn oil had low levels of 
22:5o)6 in the brain, and this increased dur- 
ing the first three weeks of life to a level 
similar to that in the natural young from 
rats fed corn oil (Table II).  The 22:60)3 
content of the brains of the young born to 
dams which were fed grain was relatively 
high at birth and decreased slightly as the 
animals suckled dams which were fed corn 
oil, achieving the level characteristic of the 
natural young from these dams (Table II) .  

One interesting feature of the second ex- 
periment was the relatively high and variable 
concentration of linoleic acid in the brain 
lipids at birth (Table III) .  The reason for 
this is not immediately apparent, but the pos- 

sibility that it reflects the prenatal levels of 
this acid is being investigated. 

DISCUSSION 

It is apparent from Table II that the ma- 
ternal diet exercised a considerable control 
over the level of 22:6~o3 in the brain lipids 
of new-born rats. When the maternal diet 
contained corn oil, with its high ratio of lino- 
leic to linolenic acid, a relatively low level 
of this polyunsaturated acid was found. In  
contrast to the new-born of grain-fed dams, 
higher levels of 22:50~6 occurred. These dif- 
ferences are compatible with the competitive 
nature of linoleic and linolenic acid metabo- 
lism proposed by Holman and Mohrhauer 
(7). The higher ratio of tinoleic to linolenic 
acid in the corn oil diet would suppress elon- 
gation and desaturation of the latter to 22:6~03 
and favor formation of 22:5m6 from linoleic 
acid. Inhibition of linolenic acid metabolism 
would be reduced by the grain diet with its 
lower linoleic-linolenic acid ratio. 

T A B L E  I f I  

Brain  Fa t t y  Ac id  Compos i t ion  x of  Y o u n g  Rats  Suckl ing Fos te r  Mothers  

N a tu r a l  mo the r  Corn oil diet Gra in  diet 
Fos te r  mo the r  G r a i n  diet Corn  oil diet 

T i m e ( d a y s )  0 (3) = 10 (3) 23 (4) 0 (3) 10 (2) 23 (2) 
Ac id  

14:0 2.2 ~ 0.12 1.5 ~ 0.07 0.3 -4- 0.02 2.0 -4- 0.22 1.1 ~ 0.09 0.3 "+" 0.06 
16:0 28.4 + 0.74 31.1 -4- 0.90 21.4 + 0.19 29.3 -4- 0.96 28.3 -4- 0.14 23.5 -4- 0.79 
16:1 4.0 ~ 0.18 3.2 -4- 0.07 1.0 + 0.07 4.4 • 0.26 2.8 • 0.14 0.7 + 0.04 
18:0  14.1 +_ 0.83 15.3 • 0.45 21.0 + 0.25 15.1 + 0,71 17,6 ~ 0.52 21.5 + 0,49 
18:1 18.8_-4-1.12 14.6-4-0.35 19.6 .4 .0 .09 17.4 ~--+- 0.18 14.8 ~+ 0.15 20.2-4-0.37 
18:20:6 7.0 --e 2.51 2.3 -4-0.45 1.7 -4- 0.45 3.7 ___ 1.64 1.9 ~__ 0.24 1.2 + 0.06 
18:3~o3 0.4 + 0.12 0.7 -4- 0.20 1.1 -4- 0.12 0.4 -4- 0.00 0.5 ~ 0.20 1.4 + 0.02 
20:4o:6 11.0 -4- 0.35 14.3 -4- 0.60 12.3 +4 0.04 11.4 + 0.39 14.6 -4- 0.24 12.7 -4- 0.53 
22:40~6 3.4 • 0.18 3.1 -4- 0.16 3.7 -4- 0.11 2.8 __+ 0.24 4.2 -4- 0.15 4.8 -4- 0.21 
22:50:6 6.5 -4- 0.48 2.2 -4- 0.07 0.8 • 0.05 2.4 -4- 0.20 4.4 -4- 0.39 5.3 -4- 0.62 
22:6o~3 1.8 ~ 0.40 10,7 +_ 0.10 14.7 -4- 0.55 9.5 .4.0.21 8.0 -~ 0.21 7.4 -4- 0.89 

XExpressed as percentage  by weight  o f  total  fatty acids + S.E. Mino r  components  omi t ted  f r o m  table. 

a F i l u r e s  in  parentheses  indicate  n u m b e r  of  samples .  
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During the first three weeks of  life the level 
o f  22:60~3 increased in both dietary groups; 
however the increase was proportionately 
greater in the young from dams which were 
fed corn oil. This was somewhat surprising 
since the level of linolenic acid in milk was 
quite low (approximately 1% of total fatty 
acids).  Moreover the linoleic-linolenic ratio 
was considerably higher in the milk from rats 
which were fed corn oil. The proportionately 
smaller increase in 22:6o3 on the grain diet in 
spite of the lower linoleic-linolenic acid ratio in 
the milk could result from an absolute limita- 
tion on the amount of this acid which can oc- 
cur in brain lipids. In this case the level found 
in these animals at 24 days would have ap- 
proached this limiting value. The hexaenoic 
acid comprised 13.6% of the total fatty acids 
of adult rats which were maintained on a 
grain diet. 

The relatively large increase in 22:6o~3 in 
the brains of the young from dams which were 
fed corn oil indicates highly preferential in- 
corporation of this acid into the brain lipids 
during the first three weeks of life even though 
the linoleic-linolenic acid ratio of the milk was 
quite high. This ratio was lower in the milk 
than in the maternal diet however, and the 
rapid incorporation of 22:6o~3 into the brain 
during this period might be attributable to a 
reduced inhibition of linolenate metabolism by 
linoleate in comparison with the prenatal  
metabolism. The level of 22:&o3 attained in 
24 days was quite similar to the level of this 
acid in adult rats maintained on a corn oil 
diet (9 .2%) .  

Alternate sources for o~3 acids incorporated 
into the brain lipids during the first three 
weeks of life are the other body tissues. It is 
possible that the 22:6o3 present at birth in 
various body tissues could be accumulated in 
the brain during this initial growth phase. In 
this case the changes in the brain lipids would 

be independent of  the milk fatty acids. Such 
was not the case in the present study. The final 
concentrations of the hexaenoic acid in rats 
which were suckling foster mothers (Table 
I I I )  were similar to those occurring in the 
brain lipids of the natural young of the foster 
mother (Table I I )  in the initial experiment, 
thus indicating that the fatty acids received in 
the milk after birth influenced the composition 
of the brain lipids. 

In the present study it was possible to con- 
trol the level of 22:6o~3 in the brains of new- 
born rats by controlling the linoleic-linolenic 
acid ratio of the maternal diet. However there 
was a highly preferential incorporation of this 
acid into the brain lipids in the immediate post- 
natal period in spite of a highly unfavorable 
linoleic-linolenic acid ratio. In order to pro- 
duce animals with low levels of this acid in the, 
brain at weaning, it would be necessary to in- 
crease the linoleic-linolenic acid ratio of the 
maternal diet to a level considerably above that 
found in corn oil and possibly to eliminate 
linolenic acid from the diet completely. 
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SHORT COMMUNICATIONS 

Thin-Layer Chromatography of Plasma Lipids 
by Single Development 

M any methods for the separation of the 
major classes of lipid by thin-layer chro- 

matography are available, but  all require 
double development with solvent mixtures of 
widely differing polarity. In the need to find 
a simple and relatively quick method for the 
separation of plasma lipids, the thin-layer 
method of Freeman and West (J. Lipid Res. 7, 
324, 1966) has been modified with consider- 
able advantage. Their long (34 cm) plates 
have been retained, but double development 

, has been replaced by single development in a 
solvent system which completely separates into 
its individual components a mixture of phos- A 

pho l ip id ,  monoglyceride, free fatty acid, 1:2 
and 1:3 diglycerides, free cholesterol, tri- 
glyceride, and cholesterol ester. 

All chromatographic solvents were distilled 
before use since their purification with acti- B 
vated alumina and their contact with filter 
paper was found to contaminate them and thus 
confound subsequent determination of the s 
separated lipids by the dichromate-reducing 
method of Amenta  (J. Lipid Res. 5, 270, D 
1964). The purity of  individual lipid stand- 
ards was checked by thin-layer chromatogra- 
phy. E 

Thin layers (0.4 ram) of Silica gel G (E. 
Merck A.G.,  Darmstadt,  Germany)  were pre- 
pared on 34x20x0.3-cm glass plates, and the 
absorbent was activated for 30 min at 100- 
105C before use. In practice several plates 
were prepared and activated at one time, then 
stored in a nondesiccated cabinet until re- 
quired. A wide variation in the degree of F 
activation was found to have negligible effect 
on the separation of lipid classes. Oxidizable 
impurities contained in the silica gel were re- G 
moved by complete development of the blank 
plates with methanol prior to using them for H 
the separation of plasma lipids. In this way 
the impurities were eluted beyond the solvent 
front of an analytical run and any interference 
in the determination of cholesterol esters was 
avoided. 

The plates were run in a nonpresaturated S 
chamber set up in the following way. A strip 
of silica gel, 1 cm wide, was removed from the 
longest edges of two plates, and the remaining 
area of each plate was divided into three lanes 
each spaced 1 cm apart  from the other. 
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Standard mixtures and unknown samples of 
lipid were applied to the appropriate lanes, 
and the t w o  plates were clamped, with spring 
paper clips, facing each other but separated 
by a third uncoated plate which was fitted with 
a length of longitudinally split silicone rubber 
tubing 4.8 mm ID and 1.6 mm in wall thick- 
ness (Griffin and George Ltd., Wembley, 

Fig. 1. Separation of 5 mg of a standard lipid 
mixture (center lane) and of 8 mg of lipids ex- 
tracted from blood plasma of a lactating cow 
(outer lanes): A, cholesterol esters; B, triglycer- 
ides; C, 1:3 diglycerides; D, 1:2 diglycerides; E, 
free cholesterol; F, free fatty acids; G, monoglyc- 
erides; H, phospholipids. Developing solvent ben- 
zene, ether, ethyl acetate, and acetic acid in the 
proportions 80:10:10:0.2. 
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England) along each long edge to act as a 
spacer and seal between the edges of the plates. 
Rubber and other synthetic tubings proved to 
be unsuitable as they were affected by solvents. 
The top of the chamber was also sealed with 
two pieces of polyurethane foam (25x2x0.5 
cm) which were placed between the top edges 
of the three plates. The assembled plates were 
placed in a glass trough (3 cm in diameter, 28 
cm long),  and the gaps between the edges and 
ends of the trough and the plates were sealed 
by suitable longitudinally split silicone rubber 
tubing. Sealing the trough in this way reduced 
to a minimum any change in the composition 
of the developing solvent owing to differential 
evaporation to the atmosphere. The lipids 
were separated by development of the plates 
for about 21/2 hr with 50 ml of a mixture of 
benzene, ether, ethyl acetate, acetic acid (80: 
10:10:0,2)  to a distance of 26 cm from the 
origin. 

Fig. 1 shows that the various lipids were 
clearly separated from each other; the Rf val- 
ues obtained were phospholipid 0, monoglyc- 
eride 0.08, free fatty acid 0.20, free cholesterol 
0.48, 1:2 diglyceride 0.59, 1:3 diglyceride 
0.72, triglyceride 0.80, and cholesterol ester 
1.00. The lipids were separated in sharp nar- 
row bands, even when the maximum loading 

of 8 mg of total lipid was applied to the plate, 
thus facilitating their subsequent removal from 
the plate before quantitative determination. 
If  the S chamber was used without the middle 
uncoated glass plate, the developing solvent 
did not run at the same speed on both plates, 
thereby giving slightly different separations. 

Shorter runs of 15 cm on standard 20-cm 
plates by using the same chamber but the 
single solvent dichloromethane has also been 
found useful on a preparative scale for sep- 
arating triglycerides and cholesterol esters 
from other classes of lipid. With this system 
the cholesterol esters run with the solvent 
front, triglycerides approximately at three- 
quarters of this distance, and the other classes 
remain either close to or at the origin. Separa- 
tion is achieved in about 40 min. 
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LETTER TO THE EDITOR 

The Chain-Length Overlap Problem in Gas-Liquid Chromatography 
with Polyester Liquid Phases 

Sir: Some confusion may have arisen with 
readers of this Journal through the inadvertent  
use in a recent communication of "arachidon- 
ate" in lieu of "arachidate," with the implica- 
tion that 18:3~3 could coincide with both 
20:4~6 and 22:0 (shorthand notation employ- 
ed gives chain length, number of double bonds, 
and position of double bond farthest from car- 
boxyl group relative to terminal methyl group).  
It was also implied that the separation of pairs 
of fatty acids coincident on a highly polar 
diethylene glycol succinate (DEGS)  column 
could not be effected by temperature reduction 
and required a nonpolar (Apiezon) column 
for a second analysis (Nazir  et al., Lipids 1, 
453, 1966). 

These difficulties are part  of a larger prob- 
lem of "chain-length overlap" on polar liquid 
phases which, for convenience in discussion, 
may be restricted to even chain-lengths. To 
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clarify the problem it should be noted that 
many lipid workers consider the separation of 
18:0 from 18:1~9 to be the determining factor 
in polyester polarity. Supina (in "Biomedical 
Applications of Gas Chromatography," ed. H. 
A. Szymanski, Plenum Press, New York, 1964, 
p. 271) divided polyester liquid phases into 
two groups on the basis of behavior on Gas- 
Chrom P coated at 15% by weight. The highly 
polar (Group 1) materials consisted of ethyl- 
ene glycol succinate (EGS) ,  DEGS, and a 
methyl organosilicone copolymer with suc- 
cinic acid and ethylene glycol (EGSS-X).  The 
18:1~09/18:0 separation factor for Group 1 
was about 1.17. The medium polarity (Group  
2) materials were ethylene glycol adipate 
( E G A ) ,  butanediol sucOnate (BDS),  and pos- 
sibly a methyl organosilicone copolymer with 
different proportions of succinic acid and ethyl- 
ene glycol (EGSS-Y),  as well as others. The 
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Rubber and other synthetic tubings proved to 
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many lipid workers consider the separation of 
18:0 from 18:1~9 to be the determining factor 
in polyester polarity. Supina (in "Biomedical 
Applications of Gas Chromatography," ed. H. 
A. Szymanski, Plenum Press, New York, 1964, 
p. 271) divided polyester liquid phases into 
two groups on the basis of behavior on Gas- 
Chrom P coated at 15% by weight. The highly 
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ene glycol succinate (EGS) ,  DEGS, and a 
methyl organosilicone copolymer with suc- 
cinic acid and ethylene glycol (EGSS-X).  The 
18:1~09/18:0 separation factor for Group 1 
was about 1.17. The medium polarity (Group  
2) materials were ethylene glycol adipate 
( E G A ) ,  butanediol sucOnate (BDS),  and pos- 
sibly a methyl organosilicone copolymer with 
different proportions of succinic acid and ethyl- 
ene glycol (EGSS-Y),  as well as others. The 
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T A B L E  I 
Effect of  Tempera tu re  and Percentage  Polyester  on Cer ta in  Separa t ions  in Gas-Liquid  C h r o m a t o g r a p h y  

of  Methyl  Es ters  of  Fa t ty  Acids  

Liquid  phase  DEGSa ,b  E G S S - X  e 
Percentage  20% 3%d 8%e 15%e 
Tempera tu re  150 170 190 170 160 170 180 190 205 175 
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Fat ty  acids 
18:3~3 
20:4~6 
22:1 

2 0 : 0 / 1 8 : 0  
20 :1 /18 :1  
18 :1 /18 :0  
2 0 : 1 / 2 0 : 0  
2 2 : 1 / 2 2 : 0  

Equivalent  chain-lengths 
19.93 20.17 20.32 19.78 19.91 19.95 19.96 20.11 20.26 20.32 
21.68 21.96 22.33 21.58 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
22.05 22.24 22.41 22.08 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Separa t ion fac tors  
2.18 1.98 1.75 2.04 2.06 2.00 1.95 1.84 1.77 1.77 
2.06 1.90 1.75 1.95 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1.15 1.16 1.15 1.12 1.14 1.14 1.14 1.15 1.15 1.17 
1.09 1.12 1.15 1.08 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1.03 1.09 1.13 1.03 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

a On A n a k r o m  ABS. 
b A c k m a n  

c On G a s - C h r o m  P. 

d A c k m a n  and Burgher .  
e Supina.  

separation factor for 18:1`09/18:0 was about 
1.12 for these liquid phases. Supina's data 
clearly show that, with Group 1 liquid phases 
for these particular columns, 18 : 3~3 falls after 
20:0 whereas with the Group 2 phases it falls 
well before 20:0. The separation of 18:1`09 
and 18:0 is therefore related to the extent of 
chain-length overlap. 

Although for equivalent columns and operat- 
ing conditions Supina showed that the separa- 
tion for two methylene units in saturated acid 
esters (e.g., 20 :0 /18 :0 )  was slightly greater 
for Group 2 polyesters, it may be considered 
as an approximation that the separation of the 
normal saturated fatty acids wi l l  be the same 
for both high polarity and medium polarity 
phases. The extent of the chain-length over- 
lap for commonly occurring fatty acids may 
then be illustrated by analyses of methyl esters 
of the fatty acids from a marine oil (cod liver 
oil, cf. Ackman and Burgher, JAOCS 42, 38, 
1965) in "expanded" and idealized form as 
shown in Figures 1 and 2. 

In the high polarity (EGSS-X) analysis 
20:4`06 and 22:1 coincide, but 20:5,03 may 
be determined readily since correction for 
superimposed C22 dienes and trienes, unless 
indicated by the medium polarity analysis, is 
not required. The coincidence of 18:3`03 and 
20:1 is also normal on high polarity columns. 
On the medium polarity (EGSS-Y) analysis, 
20:4`06 is free of conflicting C2~ components 
but 22:1 and 20:5`03 coincide. Internal nor- 
malization through a suitable internal standard, 
such as 16:0 or 18:1`09, permits two separate 
calculations for 22:1. Usually these agree to 
5% or better, or about the same accuracy as 
for an isolated peak of the same magnitude. 

In the medium polarity (EGSS-Y) analysis, 
18:3`03, 20:1, and 20:2`06 may be determined 
without undue interference and this informa- 
tion may be used to determine 18:4~03 and 20:0 
from their coincident peaks in the high polar- 
ity (EGSS-X) analysis. 

The polarity of Group 1 polyesters is usual- 
ly quite dependent on the liquid phase per- 
centage and support, but Group 2 polyesters 
may be less affected. Craig (in "Gas Chrom- 
atography, Proc. 3rd Int. Symp. Michigan 
State," ed. N. Brenner, J. E. Callen, and M. D. 
Weiss, Academic Press, New York, 1962, p. 
37) explored this in detail and noted that, with 
BDS at all reasonable substrate/support  pro- 
portions, 18 : 3,03 preceded 20:0 on C-22 Fire- 
brick, Celite 545, and Chromosorb W. By con- 
trast EGS behaved the same way at less than 
10% on Chromosorb W or 20% on C-22 Fire- 
brick. At  higher proportions of EGS, 18 : 3`03 
followed 20:0. Supina found that with 15% 
EGSS-X at 175C 18:3`03 followed 20:0, with 
8% EGSS-X the relative positions depended 
on temperature (Table I ) ,  and with a 1% 
EGSS-X column 18 : 3~3 preceded 20:0. Ack- 
man and Burgher found that on a 3 % EGSS- 
X column at 170C 18:3o~3 also preceded 20:0. 

Other groups have confirmed these findings 
with combinations of 20% EGS on C-22 Fire- 
brick, 20% EGS on Chromosorb W (Grieco, 
Olearia 16, 122, 1962) and 20% BDS on 
Chromosorb W (Buoncristiani et al., Olearia 
16, 99, 1962) and thus demonstrated the broad 
applicability of these classifications when due 
regard is paid to the three factors of liquid 
phase, support, and ratio of these two vari- 
ables for conventional operating temperatures 
of 180-200C. 
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The aging of gas-liquid chromatographic 
columns inevitably results in losses of liquid 
phase and a reduction in chain-length over- 
lap. As shown by Craig, this should produce, 
with Group 1 materials such as EGS, the equiv- 
alent of a medium polarity column, and this 
has been illustrated by Grieco for a column of 
20% EGS on C-22 Firebrick, where the shift 
of 18:3o~3 from after to before 20:0 was ac- 
companied by a change in the 18:1o)9/18.0 
separation factor from 1.18-1.20 to 1.12-1.14. 
The aging of one DEGS column over a period 
of four weeks has been illustrated by Imaichi 
et al. (Bull. Soc. Exp. Biol. Med. 112, 1085, 
1963) and clearly shows the concurrent short- 
ening of retention times for 18:3o~3 relative 
to 20:1 and of 20:4c06 relative to 22:1. Since 
operating temperature and carrier gas pressure 
were constant while retention times in general 
decreased nearly 50%, it is evident that the 
initial 20% concentration of liquid phase (cor- 
responding to a Group 1 polarity) must have 
fallen to the 10-15% concentration range (cor- 
responding to a Group 2 polari ty) .  Bleeding 
of liquid phases is usually more pronounced 
at the inlet end of the column and results in 
a concentration gradient along the column. 
Therefore conditioning and aging do not neces- 
sarily cause changes which can be related 
linearly to the percentage of liquid phase. 

It was reported by Nazir et al. that a reduc- 
tion in operating temperature with a DEGS 
column from 180 to 165C did not affect the 
coincidence of 20:4~06 and 22:1. However a 
reduction in operating temperature of a simi- 
lar column from 190 to 170C showed a small 
degree of separation (Table I ) .  By further 
reducing the temperature to 150C, nearly com- 
plete separation of 20:4o)6 and 22:1~09 was 
achieved (Ackman,  J. Gas Chromatog. 1, No. 
6, 11, 1963). The reduction in temperature 
had thus reduced the effective polarity of the 
column slightly in terms of chain-length over- 
lap among unsaturated fatty acids. Supina has 
also demonstrated a change in polarity with 
temperature for 18:3~03 and 20:0 (Table I)  
with a column of 8% EGSS-X on 100/120 
mesh Gas Chrom-P, and similar instances are 
discussed by Buoncristiani et al. I t  is important  
to note however that the separation of methyl 
esters of saturated fatty acids (e.g., 20 :0 /18 :0 )  
is greater at lower temperatures than is separa- 
tion of the corresponding unsaturated fatty 
acids (Table I, illustrated by Ackman) .  Cor- 
respondingly the separation between 20:1 and 
20:0, and between 22:1 and 22:0 becomes 
less as temperature decreases and there is risk 
that small amounts of 20:1 and 22:1 will be 
lost under the 20:0 and 22:0 peaks at low 
temperatures. This can be a handicap in 
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FIG. 1. Schematic gas chromatogram of methyl 

esters of fatty acids from cod liver oil. Analysis 
on 14% EGSS-X organosilicone polyester on 100- 
120 mesh Gas-Chrom P. Argon carrier gas at 
14 psig, operating temperature 200C. Peak identi- 
fications give number of double bonds. With iso- 
mers the w3 isomer follows the ~o6 isomer. In 
the Cl, acids co values are 1, 4, and 7. 
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analyses on polyester columns with a low per- 
centage of liquid phase, which are usually 
operated at moderate temperatures in the range 
160-180C (compare 20% DEGS at 150C and 
3% EGSS-X at 170C). 

Achievement of improved separation among 
pairs of unsaturated esters of different chain- 
lengths by altering operating temperature does 
not necessarily improve separations between 
unsaturated and saturated materials of either 
the same or different chain-lengths. Analysis 
of the same sample on a polyester column of 
a different degree of polarity is usually prefer- 
able since each analysis can be carried out at 
optimum column efficiency. 

General principles governing retention times 
of aliphatic molecules of common chain- 
length dictate that, on all liquid phases, the 
reduction of o~ values, for fatty acids of the 
same number of double bonds, usually in- 
creases retention time (e.g., 18:3~6 and 18:3t03 
in Figs. 1 and 2). With polar liquid phases 
the addition of a methylene interrupted double 
bond normally increases retention time, and 
from the combination of the two effects there 
may be the coincidence of a few components 
of common chain-length and "normal" struc- 
tures in analyses on polar liquid phases. Pack- 
ed columns do not normally have enough ef- 
ficiency to separate 20:3o~3 from 20:4~o6 al- 

though it may be calculated that 20:3r (not 
shown in Figs. 1 and 2) would fall in the 
latter half of the 20:4o~6 peak (cf. Ackman,  
Ackman and Burgher, Ackman et al. Lipids 2, 
251, 1967). On nonpolar liquid phases, given 
the same ~o value, an additional double bond 
usually decreases retention time. Thus, from 
the two effects, pairs of fatty acids Cx:m03 and 
Cx:n-l,06 will coincide on these columns, as 
shown by Nazir  et al. The separation of com- 
mon dienoic and trienoic acids from monoenoic 
acids may also be poor. In some cases, such 
as marine oils where dienoic C2e acids are 
usually insignificant components, the C22 mono- 
ethylenic acids may be determined. The satu- 
rated fatty acids are generally conveniently 
separated from other components, and ac- 
curate determinations are permitted. 

The chief merits of nonpolar (Apiezon or 
SE-30) analyses are that there is no overlap- 
ping of the even chain-lengths. I t  is  therefore 
possible to determine total chain-length com- 
position without the necessity of hydrogenation 
(Smith and White, J. Lipid Res. 7, 327, 1966). 

R. G. ACKMAN 
Fisheries Research Board of Canada 
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