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ABSTRACT 

Incubation of linoleic acid with partially purified lipoxygenase from rice germ yielded a ratio of 9- 
to 13-hydroperoxides of linoleic acid of 97:3 as measured by high performance liquid chromatog- 
raphy. Under similar conditions, hematin gave the 9- to 13-hydroperoxides at a ratio of 51:49, and 
soybean lipoxygenase-a at 9: 91. Infrared spectral analysis revealed cis-trans configuration to predomi- 
nate in the reaction products with the rice germ enzyme as was with the soybean enzyme. 

INTRODUCTION 

Much work has been conducted on the 
positional and stereochemical features of the 
reaction catalyzed by lipoxygenases (EC 
1.13.11.12) from various sources, since the 
positional and stereochemical specificity in the 
products of soybean lipoxygenase were first 
established by Hamberg and Samuelsson (1). 
The ratio of the two positional isomers formed 
from linoleic acid, 9- to 13-hydroperoxides, 
varies to no negligible extent with pH, oxygen 
concentration, temperature and other condi- 
tions of the incubation (2,3), but much more 
crucially with sources and homogeniety of the 
enzyme used (4-11). Lipoxygenase can be 
classified into three groups according to their 
product specificity observed when linoleic acid 
is used as the substrate: enzyme selectively 
producing the 9-isomer, enzyme selectively 
producing the 13-isomer, and enzyme forming 
both isomers. The hydroperoxide isomers are 
formed in a range of tissues and converted into 
their several secondary products. Among them 
are included those volatile carbonyl compounds 
we have detected, in rice bran and cooked rice 
(12,13). The purpose of this investigation was 
to identify which hydroperoxide isomer is the 
predominant product with rice germ lipoxy- 
genase compared to soybean lipoxygenase-a and 
hematin. According to our original designation 
(14), soybean lipoxygenase used in this study is 
referred to as lipoxygenase-a, which is identical 
with lipoxygenase-1 of Christopher et al. (15). 
The term isoenzyme is avoided since we still 
lack genetic data indicating the structural 
difference among the multiple forms of lipoxy- 
genases (16). 
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MATERIALS AND METHODS 

Enzyme Purification 

Soybean lipoxygenase-a was prepared by the 
method described previously (970 mkat /kg  
protein; one katal (symbohkat) corresponds to 
the amount of activity that converts one 
mol of substrate (linoleate) per second) 
(14,17). Rice germ lipoxygenase was partially 
purified from germs of Japonica variety rice 
grains (Nipponbare) by ammonium sulfate 
fractionation, heat treatment, chromatography 
on DEAE-Sephadex A-50 column, and gel 
filtration on Sephadex G-100 column. The 
enzyme preparation had a specific activity of 
140 mkat/kg protein. Enzymatic characteristics 
of the purified enzyme will be detailed else- 
where. 

Reaction Mixture 

Fifty pmol sodium linoleate were incubated 
with rice germ lipoxygenase (100 nkat) in 10 
ml potassium phosphate buffer (0.1 M, pH 7.0) 
or with soybean lipoxygenase-a (20 nka t ) in  10 
ml sodium borate buffer (0.1 M, pH 9.0). Five 
pmol sodium linoleate were incubated with 114 
pmol hematin in 200 ml sodium borate buffer 
(0.1 M, pH 9.0). The reactions were run for 
stated times at an ambient temperature (22 + 
3C) with a steady stream of oxygen, and 
terminated by acidifying the incubation mix- 
tures to pH 3 with HC1. The reaction products 
and  unconverted substrate were extracted with 
chloroform/methanol (2: 1). The volume of the 
extracts was reduced with a stream of nitrogen. 
The product mixtures thus prepared were 
stored below -20 C as diluted solutions in 
n-hexane (2-10 mg linoleate hydroperoxides/ 
ml). 

High Performance Liquid 
Chromatography (HPLC) 

HPLC was carried out at an ambient tem- 
perature (22 + 3C) on a column of Zorbax SIL 
(2.1 mm~b x 150 mm) in Shimadzu-Dupon High 
Performance Liquid Chromatograph LC-1. 
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Eluant (n-hexane/l% absolute ethanol) was 
delivered at 1 ml/min, and the effluent was 
monitored at 234 nm. The area under the 
individual peak was determined by an inte- 
grator (Shimadzu Chromatopac-E1A). To obtain 
workable quantities of individual components, 
ca. 1 mg of the product mixture was repeatedly 
injected and the components were collected 
separately. 

Gas Chromatography-Mass 
Spectrometry (GC-MS) 

The hydroperoxides in the product mixtures 
were reduced by NaBH 4 in methanol. The 
resulting hydroxy fatty acids were recovered by 
acidifying and extracting with ethyl ether and 
were converted into their methyl esters with 
diazomethane. The methyl esters dissolved in 
methanol were hydrogenated with a platinum 
catalyst. The hydrogenated compounds were 
trimethylsilylated with TMS-BA kit (Tokyo 
Kasei Kogyo Co., Ltd.) just before the GC-MS 
analysis. GLC separation was carried out using 
He gas as carrier. The column temperature was 
programmed from 220 to 260 C at 3C per min. 
The gas chromatograph, Shimadzu GLC-9000, 
was coupled to a mass spectrometer which was 
interfaced to a computer system (Peak matcher 
MID-PM, GC-MS Pack-300DG). 

I n f r a r e d  ( I R ) Spectroscopy 

IR spectra were recorded on a Hitachi IR 
Spectrometer with micro analytical units. The 
product mixtures were analyzed as liquid films 
on sodium chloride plates. 

RESULTS 

Formation of Linoleate Hydroperoxides 

The oxygenation reaction of linoleate was 
followed by monitoring the absorbance at 234 
nm (Fig. 1). Based on a molar absorbance of 
25,000 mol- lcm -1 for the conjugated diene 
hydroperoxides (18), a maximal yield of 90% 
was attained with rice germ lipoxygenase for a 
60 min incubation, and an 80% yield with 
soybean lipoxygenase-a for a 15 min incu- 
bation, while a 60% conversion was effected 
with hematin after 150 min incubation. Since 
absorbance decreased after these times of 
incubation, these were optimal reaction times 
for the respective systems. 

I R Spectroscopy of 
Unresolved Reaction Products 

IR spectral analysis has been successfully 
employed for designating the geometric con- 
figuration of the isolated isomers of the lino- 
leate hydroperoxides, and also for approxi- 

mating the isomeric ratio in the mixtures 
(19-21). The reaction product mixtures with 
soybean lipoxygenase-a and rice germ lipoxy- 
genase represented two absorption bands 
at 943 and 977 cm -I which are characteristic of 
(Z,E)-conjugated diene configuration. Use of 
(Z) and (E) denotes cis and trans, respectively, 
as set forth by the IUPAC (22). The products 
obtained under the hematin catalysis had a 
distinct absorption band at 985 cm -1, accom- 
panied by two blurred bands around 943 and 
977 cm -1, the spectrum suggesting both (E,E) 
and (Z,E) configurations to be present (19). 

Separation of Hydroperoxide 
Isomers by HPLC 

In Figure 2 are shown typical HPLC separa- 
tions of the hydroperoxides obtained from 
incubating linoleate with rice germ lipoxy- 
genase, soybean lipoxygenase-a, and hematin. 
By referring to the results of previous investi- 
gators (4,5), we assigned the three major peaks 
appearing between 20 and 35 min of elution to 
1 3 - h y d r o p e r o x y - 9 ( Z ) , l  l(E)-octadecadienoic 
acid, 13-hydroperoxy-9(E), 1 l(E)-octadeca- 
dienoic acid, and a mixture of 9-hydro- 
peroxy-10(E),12(E) and (Z)-octadecadienoic 
acids, respectively. These assignments were 
consistent with the GC-MS analysis of the 
respective peak components obtained by 
repeated HPLC on a preparative scale. 

The distribution of the hydroperoxide 
isomers was determined by measuring the peak 
areas in the chromatograms shown in Figure 2, 
and the figures thus obtained are listed in 
Table I. Rice germ lipoxygenase at pH 7.0 
formed almost exclusively the 9-hydroperoxide 
in contrast to soybean enzyme, which catalyzed 
at pH 9.0 the conversion of linoleate into 
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Linoleate hydroperoxide production 
during incubation of linoleate with rice germ lipoxy- 
genase (o), soybean lipoxygenase-a (=) and hematin 
(o). Incubation conditions are described under 
"MATERIALS AND METHODS." 
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mainly 13-hydroperoxides. The ratio of 13- to 
9-hydroperoxides produced by the soybean 
enzyme is in substantial agreement with pub- 
lished data (6,7). Hematin yielded an equal 
mixture of 9- and 13-hydroperoxides at equal 
proportions of (E,Z) and (E,E) components. 

Posi t iona l  S p e c i f i c i t y  D e t e r m i n e d  b y  G C - M S  

HPLC analysis revealed that the 9-hydro- 
peroxide is the predominant product in the rice 
germ lipoxygenase-linoleate reaction. This posi- 
tional isomerism was further identified using 
GC-MS. GC separated the derivatives of the 
reaction mixtures into the components corre- 
sponding to the unreacted substrate, the 
reaction products and unidentified minor 
products. The second peak, which could be 
hardly separated any further by GC procedure, 
proved on MS analysis to contain both the 9- 
and 13-isomers. The peak material yielded 
fragment ions diagnostic of methyl 9-trimethyl- 
silyloxystearate at m/e 229 and 259, and those 
diagnostic of methyl 13-trimethylsilyloxy- 
stearate at 173 and 315. The mass peaks 
arising from the 13-isomer were discerned in a 
late eluting fraction, partially resolved from 
those peaks from the predominant 9-isomer 
(Fig. 3). With the assumption that both isomers 
show identical probabilities of fragmentation 
(23), the mass fragmentography allowed us to 
estimate the ratio of 9- to 13-isomers to be 
88:12, the value being different from that 
estimated by HPLC (Table I). The detected 
difference conceivably indicates that some 
isomerization 'of the hydroperoxides could have 
occurred during the derivatization procedures 
to affect the determination of the positional 
specificities. 

D I S C U S S I O N  

In Figure 1, prolonged reaction times 
resulted in decreasing absorbance at 234 nm. 
The phenomenon is indicative of hydro- 
peroxide decomposition. As enzymes catalyzing 
the isomerization and decomposition of the 
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FIG. 2. High performance liquid chromatography 
of linoleate hydroperoxide isomers produced by 
incubation of linoleate with hematin (A), rice germ 
lipoxygenase (B) and soybean lipoxygenase-a (C). Peak 
1, 13-(Z,E)-hydroperoxide: peak 2, 13-(E,E)-hydro- 
peroxide: and peak 3, a mixture of 9-(E,Z)- and 
9-(E,E)-hydroperoxides. 

hydroperoxides have been reported to occur 
widely in plants, their possible contamination 
in the lipoxygenase preparations may probably 
be responsible for the observed absorbance 
decrease. Apart from these contaminants, 
however, lipoxygenase itself can catalyze a 
homolytic degradation of the products of its 
own reactions (24,25). Therefore, the absor- 
bance decrease may also be attributable to a 
lipoxygenase-catalyzed degradation of the 
hydroperoxides, which takes place concurrently 
with the enzymatic oxygenation reaction under 
the conditions used in this study. 

TABLE I 

Percentage of 9- and 13-Hydroperoxide Isomers Derived from Linoleate a 

13-(Z,E) 13-(E,E) 9-(Z,E) & 9-(E,E) 

Rice germ lipoxygenase 2 1 97 
Soybean lipoxygenase-a 80 11 9 
Hem atin 24 25 51 

aCalculated from the chromatograms given in Figure 2. 
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The HPLC procedure used in this study, a 
modified procedure of Chan and Prescott (4) 
(without methylation of the samples), could 
resolve the 13-isomers into (E,Z) and (E,E) 
geometric components but not the 9-isomers, 
while the 9-isomers were separated from the 
resolved pair of the 13-isomers. Evidence is 
accumulating which suggests that lipoxygenase- 
linoleate reaction produces exclusively (Z,E) 
hydroperoxides, and (E,E) components are 
mostly the isomerization products of the (Z,E) 
components. This current concept leads to the 
hypothesis that the predominant geometric 
isomer of the 9-hydroperoxides formed by the 
rice germ lipoxygenase is of (E,Z) configura- 
tion, if not  entirely, as inferred by Pattee and 
Singleton (5). Support is lent for this hypothe- 
sis by its IR spectrum, which is very similar to 
that of the products obtained with soybean 
enzyme in lacking a characteristic absorption 
band at 985 cm -1 for (E,E) configuration. The 
hypothesis is strengthened by the collateral 
evidence that the rice germ enzyme activity is 
optimal at neutral pH like those enzymes 
specific for (Z,E) 9-hydroperoxide formation, 
such as corn germ (2), potato tuber (9), barley 
(10) or tomato fruit (11). 

Positional specificity of the rice germ 
enzyme seems to lack a general dependence on 
pH of the incubation mixture. HPLC analysis 
revealed that at pH 9.0 the enzyme reaction, 
while proceeding at a rate of only 4% as much 
as observed at pH 7.0, yielded the hydro- 
peroxides at a positional isomer ratio similar to 
that established at pH 7.0. Contrary to this 
finding are the results of Veldink et al. (2), and 
Singleton et al. (8) that both corn germ and 
peanut lipoxygenases show a significant pH 
dependence in product specificity of linoleate 
oxygenation. However, these observations are 
more likely to reflect a composite pH-activity 
profile of two or more enzymes with different 
pH dependence and different positional 
specificity. 

A uniform distribution of the hydroperoxide 
isomers was observed in the present study for 
the hematin oxidation of linoleate, implying 
oxygenation to occur equally at position 9 and 
13 so as to form equal proportions of the 
positional isomers and, for both positional 
isomers, equal distributions of geometric 
isomers. The result we obtained varies from the 
finding of C h a n e t  al. (26) that autoxidation as 
well as catalytic oxygenation of linoleate with 
hemo-proteins and Cu 2+ and Fe 2+ ions yield 
possibly the 13-hydroperoxide, a regio- 
selectivity that resembles that of lipoxygenase 
of a-type soybean enzyme. Assuming that 
hematin accelerates the isomerization of the 
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FIG. 3. Mass fragmentography of methyl tri- 
methylsilyloxystearates derivatized from linoleate 
hydroperoxides produced by incubation of linoleate 
with rice germ lipoxygenase. 

hydroperoxide products, then the isomeric 
distribution we observed might simply reflect 
the equilibration attained under those condi- 
tions rather than random reaction of molecular 
oxygen with linoleate. This assumption agrees 
with the evidence of Chan et al. (27) for 
thermal isomerization of the hydroperoxides. 

The 9-hydroperoxide is possibly not a 
primary direct precursor for hexanal, which is 
found as one of the characteristic components 
accumulating on storage of rice ga in .  It has 
to be established whether hexanal production 
in rice grain is due to a sequential enzyme 
system starting with lipoxygenase-oxidation of 
linoleate at carbon position 9 and ending with 
isomerization to 13-hydroperoxide and decom- 
position by a specific cleavage system. The 
evidence is yet lacking for isomerization of 9- 
to 13-hydroperoxide in rice germ. 
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ABSTRACT 

Strong perturbation of the ultraviolet spectrum of the tyrosines of porcine pancreatic colipase A is 
observed in the presence of Triton X-100 at concentration above the critical micellar concentration. 
Spectrophotometric titration of the phenolic groups of the protein shows that the apparent pKa value 
for two tyrosines is about 10.3, while the third tyrosine has a higher pKa value above 11.6. This 
residue is still protonated at pH 13 in the presence of Triton X-100. All perturbations induced by the 
nonionic detergent can be interpreted as resulting from interactions between colipase and Triton 
X-100 molecules at a hydrophobic site of the protein that includes the tyrosine residues. Results ob- 
tained in studies with Triton X-100 are similar to those already reported by Sari et al. (Eur. J. 
Biochem. 58:561 (1975)) on the interaction of colipase with taurodeoxycholate. It is likely that the 
binding of both types of detergent occurs at the same specific site on the protein molecule. Data pre- 
sented in this communication give further support to the hypothesis that a hydrophobic domain (res- 
idues 49-57), including all three tyrosines of the colipase molecule, participate to the well charac- 
terized interaction of the lipase cofactor with triglycerides at lipid-water interfaces. 

INTRODUCTION 

Colipase is a small p ro te in  ac t ing as a co- 
f ac to r  of  pancrea t ic  lipase (1-3). Pure porc ine  
and  equ ine  colipases have been  recent ly  isolated 
f rom pancrea t ic  t issue h o m o g e n i z e d  in the  
presence  of a n o n i o n i c  de te rgen t ,  T r i t on  X-100  
(4,5).  The  c o n d i t i o n s  used for  the  e x t r a c t i o n  of 
colipase were adap ted  f rom the  de te rgen t  
m e t h o d s  previously  descr ibed for  the  separa t ion  
of  lipid in te rac t ing  pro te ins .  It was f o u n d  t ha t  
add i t i on  of  the  de te rgen t  no t  on ly  resul ted  in a 
m a r k e d  increase in the  a m o u n t  of  ex t r ac t ab l e  
colipase bu t  also in the  p r o t e c t i o n  of  the  
p ro te in  against  p ro t eo l y t i c  cleavage in t h e  

a m i n o - t e r m i n a l  region of  the  p o l y p e p t i d e  chain  ; 
in par t icular ,  at t he  Args-Gly  6 bond .  The  
p ro tec t ive  effect  of the  n o n i o n i c  de t e rgen t  was 
i n t e r p r e t e d  as resu l t ing  f rom molecules  or 
aggregates o f  T r i t o n  X-100  in te rac t ing  wi th  the  
colipase molecule ,  a l t hough  there  was no  
ev idence  for  such in te rac t ion .  

It  is well d o c u m e n t e d  f rom the  r epor t s  by  
t h e  groups  of  Desnuel le  (6-8) and  Borgs t rom 
(9-11)  t ha t  colipase fo rms  s table  associa t ions  
wi th  con juga ted  bile salts (one  molecu le  of  
colipase per  micelle of  t a u r o d e o x y c h o l a t e ) .  
S p e c t r o p h o t o m e t r i c  s tudies  of  the  colipase- 
t a u r o d e o x y c h o l a t e  sys tem al lowed Sari et  al. 
(8) to p resen t  the  first e x p e r i m e n t a l  evidence 
showing  t ha t  one  or several of the  ty ros ine  
res idues  o f  colipase par t i c ipa te  in the  p ro te in -  
de t e rgen t  i n t e rac t ion .  More recent ly ,  s tudies  
carr ied ou t  on the  same sys tem by  p r o t o n  
nuc lea r  magne t i c  r e sonance  spec t ro scopy  have 
con f i rmed  and  e x t e n d e d  t he  resul ts  conce rn ing  

the  pa r t i c ipa t ion  of a roma t i c  residues in the  
i n t e r ac t i on  of  cohpase  wi th  micelles of  t aurode-  
o x y c h o l a t e  (12 ,13) .  It has been  shown  tha t  
these  res idues  are par t  of  a h y d r o p h o b i c  site of 
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FIG. 1. Triton X-100 perturbation difference 
spectrum of porcine colipase A. (a) colipase (0.22 
raM); (b) tyrosine (0.20 raM); and (c) ribonuclease 
(0.20 mM). Spectra were recorded at room tempera- 
ture (22 ~ +- 1 ~ within 10 min of mixing colipase in 50 
mM Tris HC1 pH 8.1 containing I00 mM NaCI and 
Triton X-100 at the final concentration of 0.5 mM. 
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the cofactor molecule interacting with the 
anionic detergent in the form of micelles 
(14). 

Little information is presently available on 
the interaction of colipase with nonionic 
detergents. It was established that Triton X-100 
and Brij 35 are strong inhibitors of the hydroly- 
sis of water insoluble triglycerides by pancreatic 
lipase (15,16). Complete inhibition occurred at 
concentration well below the critical micellar 
concentration. This inhibition could be reversed 
by addition of colipase only in a narrow con- 
centration range of Triton X-100, in contrast to 
the anionic taurodeoxycholate. Interpretation 
of this behavior remained difficult since no 
direct evidence of any interaction of colipase 
with nonionic detergents could be obtained in 
gel filtration experiments (16,17). 

Results presented in this communication 
show that colipase interacts with Triton X-100. 
Protein-detergent interactions are associated 
with perturbation of the aromatic side-chains 
of the tyrosines of colipase. Comparison with 
data previously obtained in studies with the 
colipase-taurodeoxycholate system suggests 
that one specific domain of  the colipase mole- 
cule interacts with detergents and participates 
in the formation of mixed micellar aggregates. 

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

Proteins and Chemicals 

All experiments were performed with 
porcine colipase A prepared as previously 
described (4). Protein concentration was 
estimated spectrophotometrically at 280 nm 
using an extinction coefficient (Al%m)  of 3.6, 
or by the colorimetric method of Lowry. 
Triton X-100 (l~-(1,1,3,3-tetramethylbutyl)- 
phenoxypolyoxyethylene glycol) with an 
average of 8.5 oxyethylene units per mole 
(molecular weight: 624 dalton), was obtained 
from Fluka. The apparent critical micellar 
concentration (CMC) of Triton X-100 in water 
(0.130 mg per ml or 0.2 mM) was determined 
by the spectral method in aqueous solutions of 
iodine (18). The concentration of aqueous 
solutions of  Triton X-100 was estimated 
spectrophotometrically at 274 nm using an 
extinction coefficient (A] mmg/ml) of 2.32 (19). 

Difference Spectral Measurements 

The procedure used to measure the dif- 
ference spectra was essentially that described 
by Herskovits (20). Ultraviolet difference 
spectra were obtained on a Cary 14 recording 
spectrophotometer having a 0-0.1 expanded 
absorbance range. Tandem cells of 1.0 cm path 
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length (0.5 cm per compartment) were used. 
The spectra were recorded at room temperature 
(21 ~ -+ I~ Stock solutions of porcine colipase 
(0.25 mM) and Triton X -100 (1% or 16 mM) 
were both prepared in 50 mM Tiffs HC1 buffer 
pH 8.1 containing 100 mM NaC1. The final 
solutions were made by mixing 1 ml of the 
protein solution with volumes of  detergent up 
to 100 ~ul. Difference spectra were recorded 10 
min after the addition of Triton X-100. All 
values were corrected for dilution. 

Titration of tyrosine 

Tyrosines were titrated as described by 
Tanford (21). Solutions of  colipase (0.10 mM 
in 0.25 M KC1) were prepared in the absence 
and in the presence of 1.5 mM Triton X-100. The 
ionic strength of  the sample was maintained at 
0.25, while the pH varied from 8 to 13, by 
adding 0.1 M NaOH in 0.15 M KC1. Difference 
absorbance of alkaline minus neutral solutions 
were determined at 295 nm 10 min after the 
addition of alkali. No significant increase in 
absorbance was observed after this period of 
time. The number of moles of  tyrosine ionized 
per molecule of protein was calculated using an 
extinction coefficient of  2300 cm -1 M -1 for the 
phenoxide ion and an average value of  11,000 
dalton for the molecular weight of colipase. 

RESULTS A N D  DISCUSSION 

Difference Spectra 

The ultraviolet difference spectrum of 
porcine colipase in the presence of Triton 
X-100 is shown in Figure 1, curve a. For 
purpose of  comparison, the difference spectrum 
of free tyrosine is also presented (curve b). The 
difference spectrum of porcine colipase shows 
two peaks in the 277-279 nm region and in the 
285-287 nm region. These difference maxima 
are indicative of the changes that occurred in 
the environment of the tyrosine residues of  the 
protein upon addition of Triton X-100 (20). 
The effect of the concentration of the nonionic 
detergent on the absorbance difference at 278 
nm is shown in Figure 2. No perturbation of 
the tyrosines could be detected below the CMC 
of Triton X-100. The absorbance dif- 
ference increased with increasing concentra- 
tions of detergent within the range 0.2 mM to 
0.6 mM. Data presented in Figure 1 and Figure 
2 are similar to those previously reported by 
Sari et al. (8) who studied the binding of 
colipase with micelles of  taurodeoxycholate.  It 
appears that colipase-Triton X-100 interactions 
bring the tyrosines of the coprotein in a more 
hydrophobic environment at proximity of the 
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apolar  heads of  the organized detergent  mole-  
cules when mixed  aggregates are being formed.  E 
F r o m  the  pr imary structure established by 
Charles et al. (22), it can be observed that all ~.0.oe 
three tyrosines of the colipase molecule  (Tyr  
53, Tyr  56 and Tyr  57) are found in a segment 
of  nine residues with a large p ropor t ion  of  
apolar  side chains (Ala49-Phe-Thr-Leu-Tyr-Gly- ~0.o4 
Val-Tyr-Tyrs 7). It is reasonable to assume that  
the  particular locat ion of the tyrosines facili- 
tates the  interact ions  of  the  aromat ic  side 
chains wi th  the hydrophob ic  moiet ies  of  o.o: 
detergent  molecules  in the  process of  comicell i-  
zat ion.  Fur thermore ,  the finding that  the  
tyrosines of  colipase are similarly altered in 
micellar solutions of  both  anionic or neutral  
detergents,  suggests that  micellar aggregation 
occurs at the same site on colipase. Al though  
no per turbat ion  could be de tec ted  spec t rophot -  
ometr ica l ly  below the CMC, the possibili ty that  
individual  molecules  or aggregates of  smaller 
size (premicelles) of  Tr i ton  X-100 cannot  be 
ruled out.  Such binding could account  for the 
failure of  colipase to activate lipase in the 
presence of  nonionic  detergent  even at concen-  
t ra t ion  below the CMC (15). Not ice  can be 
made that  bovine r ibonuclease,  a pancreat ic  
prote in  of  similar size with four  tyrosines and 
no t ryp tophan ,  shows no per turbat ion  of  the 
aromatic  chromophores  when added with  
Tr i ton  X-100 (Fig. 1, curve c). 

I o n i z a t i o n  o f  T y r o s i n e s  

The ionizat ion curve of  the phenol ic  groups 
of  porcine colipase was determined in the  
absence and in the presence of  1.5 mM Tr i ton  
X-100. Results are presented in Figure 3. I n t h e  
absence of  detergent  (curve a), the  data in the 
pH region 9 to 11.4 can be f i t ted with the  
theoret ical  curve of  the dissociation of  two 
phenolic  groups with apparent  pKa values of  ca. 
10.3 The apparent  pKa value of the third ~o., 
tyrosine should be above pH 11.6. These 
observat ions are in good accordance with the  
recent ly repor ted  results of  the t i t ra t ion of  the  
aromat ic  residues of  porcine  pancreat ic  colipase 
A by pro ton  NMR spect roscopy (14,23). In 0.2 
these studies, it was established that  two 
tyrosines  wi th  pKa values of  10.3 and 10.4 are 
readily exposed to the solvent while the third 
tyrosine t i trates with an apparent  pKa value of  
11.3 indicative of  a buried residue. In addit ion,  o 
t i t rat ion profile of  this lat ter  group could 
no t  be f i t ted with a theoret ical  Henderson-  
Hasselbach equat ion.  This likely reflects that  
conformat iona l  changes, induced by high pH, 
are required for the  unmasking of  this residue. 
A first evidence showing that  partial unfold ing  
of  the colipase molecule  occurs at high pH 
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FIG. 2. Effect of the concentration of Triton 
X-100 on the absorbance difference at 278 nm of 
porcine colipase A. Concentration of colipase: 0.22 
mM in 50 mM Tris-HC1 pH 8.1 containing 100 mM 
NaCI. 

values is given by the observed t ime-dependence  
of  the  spec t ropho tomet r i c  t i t ra t ion of  the third 
tyrosine above pH 11.3. When t i t ra t ion is 
per formed in the presence of  1.5 mM Tr i ton  
X-100, it appears that the two  tyrosines with 
pKa values ca. 10.3 remained accessible to the  
solvent (Fig. 3, curve b). In contrast ,  in the  
same condit ions,  the masked phenolic group is 
still buried to hyd roxyde  ions after 10 min 
exposure at pH 11.3, which is indicative of  a 

/ 
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FIG. 3. Titration of the phenolic groups of porcine 
colipase A in the absence (a) and in the presence (b) of 
Triton X-100. Concentration of colipase: 0.075 mM in 
0.25 M NaC1. Concentration of Triton X-100:1.5 raM. 
Absorbance was measured 10 min after the addition 
of alkali. 
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stabi l izat ion of  the  native c o n f o r m a t i o n  of  t he  
colipase in the  p ro te in -de te rgen t  comp lex .  

The results r epor ted  in this c o m m u n i c a t i o n  
are in very good accordance  wi th  those  previ- 
ously ob ta ined  by  Sari et  al. (8) and those  more  
recent ly  p resen ted  by Sad et al. (24),  who  
s tudied  the  accessibili ty of  the  ty ros ine  resi- 
dues of  colJpase to small ions and neutra l  
molecules  by solvent pe r tu rba t ion  and f luores-  
cence  quenching  in the  absence and in the  
presence  o f  micelles of  t a u r o d e o x y c h o l a t e .  The 
results  p resen ted  here suppor t  the  conclus ion  
tha t  ionic and nonionic  de te rgents  b ind to a 
h y d r o p h o b i c  site of  the  colipase molecule  
which  includes  the  ty ros ine  residues o f  the  
prote in .  However ,  in contras t  to t a u r o d e o x y -  
cholate ,  one  molecule  of  colipase does  no t  fo rm 
a stable associat ion wi th  orie micelle o f  Tr i ton  
X-100 as recent ly  shown by  Borgs t rom et al. 
(17) in gel f i l t ra t ion exper iments .  It is likely 
tha t  the  in te rac t ion  of  colipase wi th  de te rgents  
merely  ref lec ts  the  lipid aff ini ty  of  this p ro te in ,  
and it can thus  be assumed tha t  the  po ten t i a l  
de te rgen t  binding site is part  o f  a specific 
domain  of  the  colipase molecule  al lowing 
colipase to adsorb at the  t r iglycer ide-water  
interface.  
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Lipofuscin in Vitamin E Deficiency 
and the Possible Role of Retinol 
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ABSTRACT 

This study was designed to determine if the vitamin A status of rats could affect the degree of 
lipofuscin formation in vitamin E deficient rats, inasmuch as an earlier report proposed a retinoyl 
complex in human brain lipofuscin pigment. Female rates were depleted of vitamin E from weaning 
while being maintained on different intakes of vitamin A (0, 0.8 and 8.0 mg/kg diet). The amount of 
lipofuscin present in the uterus was estimated at intervals between 2 and 8 months by visual observa- 
tions, by histological fluorescence and by organic solvent extractable fluorescence. There was no 
difference in pigment deposition by any of the three criteria used, whether the animals were made 
retinol deficient and maintained on retinoic acid or were fed a low or high intake of retinol. Organic 
solvent extractable fluorescence was a poor indicator of the degree of pigment deposition in the 
uterus. It appears unlikely that retinol is a significant component oflipofuscin pigment in this tissue. 

INTRODUCTION 

Interest  in the inert  f luorescent  pigment ,  
te rmed l ipofuscin or  ceroid,  that  accumulates  in 
animal tissues with age or  at an accelerated rate 
in v i tamin E deficiency,  has recently been 
focused on its chemical  and physical propert ies .  
The p igment  is generally considered to be a 
p roduc t  of  lipid perox ida t ion  involving in part  a 
Schiff 's  base-type structure (1), but  a recent  
repor t  proposed that  human brain pigment  
conta ined  a moie ty  derived f rom vi tamin A or 
re t inol  (2). If  conf i rmed,  this would add a new 
considerat ion to the origin and structure of  the 
f luorescent  pigment.  In this report ,  we have 
investigated the possible involvement  of  v i tamin 
A in the format ion  of  the l ipofuscin p igment  
which accumulates  in the uterus of  v i tamin E 
deficient  rats. 

EXPERIMENTAL PROCEDURES 

Animals and Diets 

Weanling female rats of  the Sprague Dawley 
strain were obtained f rom Taconic  Farms 
(German town ,  NY) and placed in individual 
stainless steel suspended cages with food and 
water  provided ad l ibi tum.  Tempera ture  was 
control led  at 24 + 1 C with a fixed 12 hr 
l ight-dark cycle. The basal diet was free of  all 
forms of  vi tamin A and vi tamin E and had the 
fol lowing composi t ion  in percent :  vi tamin-free 
casein, 20.0; mineral  mix ture  with trace 
minerals (3), 3.6; v i tamin mixture  (3) with no 
A or E, 2.0; vi tamin E-stripped corn oil with 
0.02% BHT, 10.0; cellulose, 4.0; sucrose, 60.4. 
To this diet were added ret inol  as re t inyl  
palmita te  ~in the form of a stabilized powder ,  or 
re t inoic  acid in e thanol ;  control  diets had 
vi tamin E added as R R R ,  c~-tocopheryl acetate.  

The amounts  of  the various supplements  are 
indicated below. Af ter  2, 5, and 8 months,  the 
animals were sacrificed and tissues taken for 
histology or frozen at -20 C unti l  analyzed.  

Three exper iments  were carried out  wi th  
vi tamin E deficient  rats comparing the effects  
of various levels of  re t inol  or ret inoic acid on 
l ipofuscin format ion:  (1) a minimal intake 
of  ret inol,  0.8 mg/kg  diet vs. a high intake,  8.0 
mg/kg;  (2) a minimal  re t inol  level, 0.8 mg/kg vs. 
no ret inol  but  with re t inoic  acid, 4 mg/kg,  to 
maintain normal  growth and (3) a modera te  
level of  retinol,  2 mg/kg  vs. no ret inol  but  with 
ret inoic  acid, 4 mg/kg. 

Histological Fluorescence 

Tissue was fixed for 30 min at room tem- 
perature in a solut ion of  2.5% glutaraldehyde 
and 6% sucrose buffered to pH 7.2 with 50 mM 
sodium cacodylate,  then fixed for another  
30 min in 10% phosphate-buffered formalin.  
Frozen sections 10 ~um thick were prepared and 
moun ted  on slides in glycerol.  They were 
examined for autof luorescence under a Leitz 
Or thoplan  microscope equipped with a mercury  
vapor  lamp and a GB 38 heat  filter. A 2 m m  
UGI exc i ta t ion  filter (peak transmission 360 
nm) and a 460 nm barrier fil ter were used to 
localize and characterize the autof luorescence 
typical of  l ipofuscin. 

Extraction of Tissue Fluorescence 

Initially,  the procedure  of  Csallany and Ayaz  
(4) was used to quant i fy  the lipid soluble 
f luorescent  material.  In this procedure ,  a 
ch lo roform-methano l  ext rac t  of tissue (0.3-0.5 
g of  uterus) was washed with relatively large 
volumes of  water  (50 ml five times) and the 
ch loroform soluble material  chromatographed  

10 



RETINOL IN LIPOFUSCIN FORMATION 

on a column of Sephadex LH-20. Two ml 
fractions of the column effluent were collected 
and their fluorescence determined in an 
Aminco Bowman spectrophotofluorometer at 
the predetermined wavelengths for maximum 
activation (350 nm) and emission (440 nm). 
Standardization was with 0.1 /~g/ml quinine 
sulfate. Because we encountered spurious 
fluorescent peaks which were traced to the 
water used in washing the extracts, and which 
persisted even with glass-distilled or ion- 
exchange-treated distilled water, we modified 
the procedure by reducing the number of 
washings to two with one-third volume of water 
each time. This eliminated the spurious peaks 
which emerged from the Sephadex column. In 
addition to these two procedures for measuring 
lipid soluble fluorescence, the procedure of 
Flectcher et al. (5) was also used. This is similar 
to the above modified procedure but has only 
one equal volume water wash of the chloro- 
form-methanol extract. 

RESULTS 

Lipofuscin Deposition in Uterus 

At 2 months the uteri of all rats had the 
normal white appearance. After 5 months the 
uteri from vitamin E deficient animals had 
become brown, while those from controls 
remained unpigmented. Figure 1 compares one 
horn of a control uterus (center) flanked by 
uteri from rats deficient in vitamin E for 5 
months (experiment 3). Although the control 
uterus was white in visible fight (Fig. 1A) and 
non-autofluorescent in ultraviolet light (Fig. 
1B), the uteri of vitamin E deficient rats had 
accumulated pigment which appeared brown in 
visible light (Fig. 1 A) and autofluoresced bright 
yellow when excited by ultraviolet light (Fig. 
1B). No differences in pigmentation or in 
autofluorescence were seen whether the rats 
had received retinol (left uterus of Fig. 1A and 
1B) or had received retinoic acid instead (right 
uterus). Likewise, rats fed 10-fold different 
amounts of retinol (0.8 and 8.0 mg/kg of diet) 
showed no visible differences in uterine pig- 
mentation or autofluorescence even after 8 
months, when all vitamin E deficient uteri had 
become dark brown. The low dietary retinol 
content (0.8 mg/kg) provided barely enough of 
the vitamin to promote a normal growth rate 
and gave little liver storage, whereas the high 
level (8.0 mg/kg) gave very high storage (16 
/ag/g vs. 538/ag/g, respectively, for 3 rats after 8 
months). Differences in plasma retinol levels, 
however, were not so great (23 vs. 34 /ag/dl, 
respectively). 

Plasma and liver retinol in the retinoic 
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FIG. 1. Left horns of uteri from rats killed after 5 
months on a control diet (center of each micrograph), 
or on vitamin E free diets with 2.0 mg retinol/kg of 
diet (left) and no retinol but 4.0 mg retinoic acid/kg 
of diet (right), photographed under white light (Fig. 
1A), and under light of ca. 360 nm (Fig. 1B) to elicit 
autofluorescence of lipofuscin pigment. The control 
uterus appeared white to light pink in visible light and 
nonfluoreseent in the ultraviolet light. Both vitamin E 
deficient uteri appeared brown in visible light and 
bright yellow in ultraviolet light. (X1.4). 

acid-fed rats were undetectable at 5 months. It 
should be noted that retinoic acid does not 
accumulate in any tissue, including liver, and 
has a rapid turnover (6). In none of the three 
experiments was there evidence that the 
presence or absence of dietary retinol had any 
effect on the amount of lipofuscin in the 
uterus as determined by gross examination or 
by ultraviolet autofluorescence of histological 
preparations (Fig. 2). The number of lipofuscin 
granules counted in the muscle cells of the 
uterine wall corresponded to the intensity of 
fluorescence. All vitamin E deficient rats after 5 
and 8 months showed more than a 100-fold 
increase in number of lipofuscin granules over 
E-adequate rats, regardless of vitamin A status. 
Control rats receiving dietary a-tocopherol with 
low, high or no retinol (retinoic acid-supple- 
mented) had normal appearing uteri with little 
histological fluorescence and very few lipo- 
fuscin granules. 

Extractable Fluorescence in Uterus 

Initial analyses of lipid extracts of uteri (and 
other tissues) by Sephadex chromatography 
according to Csallany and Ayaz (4) gave a 
fluorescent peak, designated A, in column 
fractions 10-16 which these investigators 
attributed to lipofuscin. Several other peaks 
usually appeared in later fractions. In contrast 
to expectation, however, in the first experiment 
the primary peak A from control vitamin 
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E-adequate  uteri  was of  similar magni tude  to 
that  obta ined from vi tamin E-deficient  uteri ,  
even though the lat ter  were heavily pigmented.  
Contro l  extracts  with reagents only revealed 
that  much  of  peak A, and most  of  the later 
peaks, were artifacts f rom the large vo lume of  
water  used to wash the ch loroform-methanol .  
This water  had been distilled and passed 
through an ion exchange column.  A subsequent  
pass through activated charcoal  e l iminated most  
of  the f luorescence after fract ion 20 and greatly 
reduced the f luorescence in peak A. To fur ther  
reduce this artifactual f luorescence,  we 
modif ied  the procedure  by greatly reducing the 
vo lume  of  water  to two  washes of  6 ml each. 
With this modif ica t ion ,  only peak A appeared 
in E-deficient  tissues and ei ther  a small or no 
peak was found in E-sufficient  tissues. 

In the second exper iment ,  ret inol  and 
ret inoic  acid were fed with and wi thout  v i tamin 
E for 14-16 weeks. The uterine extracts were 
washed only twice with small volumes of 
water,  as described above, prior to being 
chromatographed  on Sephadex.  In Table I are 
shown the relative f luorescence of  the whole 
ch loroform extracts  and also of  peak A from 
the Sephadex column.  There was no significant 
difference in the extractable  f luorescence,  
e i ther  in the whole ext rac t  or  in the pr imary 
peak A, f rom uteri  of  E-deficient  rats fed 
re t inol  or markedly depleted of  re t inol  (main- 
tained on ret inoic  acid). The f luorescence of  
the total  extracts  and also of  the Sephadex 
peaks A for both E-deficient  groups were 
significantly greater than for the E-adequate 
groups (p<0 .05) .  Thus, there does not  appear 
to be any advantage in chromatographing the 
total  l ip id  extract  in order  to distinguish 
be tween  tissues deficient  or adequate  in vi tamin 
E. The except ion  may be liver, where the 
presence of  vi tamin A can give excessive 
f luorescence (4). A n o t e w o r t h y  observat ion in 
this exper iment  is that  even though counts  
f rom histological  preparat ions of  uteri  would  
indicate a 100-fold difference or more in 
l ipofuscin pigment  granules between E-deficient  
and E-adequate  animals (Fig. 2), the lipid 
soluble f luorescence indicates only a 2 - t o  
3-fold difference.  It is obvious that  only a very 
small f ract ion of  the pigment  is extractable ,  an 
observat ion in agreement  with the historical  
def ini t ion of  this material  (7). 

A small but  detectable amount  of  re t inol  
was found in rats fed ret inoic  acid with vi tamin 
E, but  no ret inol  was de tec ted  in rats withou j 
vi tamin E. This confi rms the well-kno- n 
sparing act ion of  a - tocophero l  on tissue v i t ; .n in  
A stores (Table I). 

In the third exper iment ,  uter ine extracts  

FIG. 2. Lipofuscin fluorescence of frozen transec- 
tions from the outer (longitudinal) muscle wall of the 
uteri that are shown grossly in Figure 1. Only a few 
lipofuscin deposits (arrows) are seen in the control 
tissue. (X170). 

were ext rac ted  by the procedure  of Fletcher  et 
al. (5) and the relative f luorescence of both  the 
ch loroform and water phases determined.  As 
noted by Desai et al. (8), the water phase of  
extracts  f rom vitamin E-deficient  uteri  had 
more f luorescence than the ch loroform phase 
(data not  shown).  As in exper iment  two,  there 
was no difference in relative fluorescence 
whether  the rats were fed no ret inol  (ret inoic 
acid) or adequate  retinol.  

DISCUSSION 

The pr imary purpose of  this study was to 
determine if the vi tamin A status of rats could 
affect the degree of l ipofuscin format ion in 
vitamin E-deficient  rats. The rationale was 
a report  by Wolfe et al. (2) that  the abnormal  
lipid in nerve tissue f rom a patient  with 
Bat ten 's  disease had a c o m p o n e n t  tentat ively 
identif ied as a re t inoyl  complex .  In this disease, 
nerve tissue accumulates  an autof luorescent  
pigment  with the characteristics of  l ipofuscin or 
ceroid. We selected the uterus as a mode l  
because this organ is the most  susceptible to 
l ipofuscin accumula t ion  in vi tamin E-deficient 
rats. Under  our condi t ions  of depleting 
weanling rats, the onset of  l ipofuscin, as noted  
by gross visual examinat ion  or  by histological 
autof luorescence,  began after  three to four  
months.  By these two criteria and also by 
measuring the extractable  f luorescence,  we 
found no evidence that  vi tamin A status 
affected l ipofuscin accumulat ion.  Vitamin A 
status varied widely in the different  experi-  
ments ,  f rom essentially total  deplet ion of  
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TABLE I 

Relative Fluorescence of Organic Solvent Soluble 
Fluorescent Material from Rat Uterus 

Relative fluorescence a Tissue retinol b 

No. Total Sephadex Plasma Liver 
Diet c rats extract d peak e #g/dl /~g/g 

- Vit. E, 
+retinol 8 9.7 -+ 0.81 1.5 • 0.31 26.8 • 8.2 154 • 8 
- Vit. E, 
+retinoic acid 8 10.1 -+ 2.31 1.8 -+ 0.31 0 0 
+ Vit. E, 
+retinol 6 2.0 -+ 0.52 0.7 • 0.22 40.3 • 6.1 186 • 19 
+ Vit. E, 
+retinoic acid 5 4.1 • 1.32 0.7 + 0.22 2.8 • 2.2 8.8 • 4.6 

aTissues extracted with CHCL3/MeOH and the extract washed twice with water as 
described in Methods. Values are means • SEM of relative fluorescence per g tissue after 
14-16 weeks. Values in same column with different superscript are significantly different 
(P<0.05). 

bValues are means -+ SEM. 
CSupplements to the vitamin E deficient diet were: retinol, 2 mg/kg; retinoic acid, 4 

mg/kg; c~-tocopheryl acetate, 250 mg/kg. 
dChloroform extract before chromatography. 
epeak A, fractions 10-16, from Sephadex column chromatography of the chloroform 

extract. 

ret inol  by two  m o n t h s  when ret inoic acid was 
fed,  to low and high tissue levels as de te rmined  
f rom plasma and liver analyses. The uterus  is 
no t  a storage organ for ret inol  and the very low 
con t en t  which mus t  be present  f rom circulating 
b lood  is no t  detectable  by usual analytical 
methodology~ 

After  this s tudy was begun,  Nelson and 
Halley (9) ques t ioned  the in te rp re ta t ion  of  the 
data of  Wolfe et  al. (2) and suggested that  the 
physical  evidence indicated tha t  choles terol  
ra ther  than some form of  ret inol  could have 
generated the  data. This cont roversy  has no t  
been  resolved to  date. 

Ano the r  aspect  of  our  s tudy was to deter-  
mine if the amoun t  of  organic soluble 
f luorescence ob ta ined  f rom uterus  corre la ted 
wi th  the degree of  l ipofuscin p igmen ta t ion  seen 
visually or by histological f luorescence.  
Al though normal  uteri  f rom rats fed vi tamin E 
had less ext rac table  f luorescence than  did 
E-deficient  uteri ,  within any group of  the la t ter  
there was a 10-fold range in ext rac table  
f luorescence even though  the tissues appeared  
to have similar p igmenta t ion .  Even af ter  chro-  
ma tography  on Sephadex ,  the peak repor ted  
to be l ipofuscin (4) varied 5-fold in b o t h  
normal  and E-def ic ient  tissues. As no ted  by 
Desai et  al. (8) in analyses of  E-deficient  uteri ,  
there  was more  f luorescence in the water  phase 
ob ta ined  f rom a ch lo ro fo rm-me thano l  ex t rac t  
than  in the organic phase.  Nei ther  phase,  
however ,  indica ted  the magni tude  of  the 

di f ference in p igmen ta t ion  be tween  E-adequate  
and E-deficient  uteri.  For  quant i ta t ive  studies 
of  l ipofuscin fo rma t ion  in this tissue, ext rac ts  
appear  to have l imited value. 

As a corol lary of  this work,  the fo rma t ion  of  
l ipofuscin-like granules in the p igment  epi the-  
lium of  the ret ina was examined.  In this tissue, 
the observed relat ionship be tween  vi tamins A 
and E was more  complex  than in the uterus  
(10), probably  because of  the central  role of  
ret inol  in the visual process.  
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Distribution of Phosphoinositides 
among Subfractions of Rat Brain Myelin 
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Research in Mental Retardation, 1050 Forest Hill Road, Staten Island, NY 10314 

ABSTRACT 

Rat brain myelin was separated into three subfractions, heavy, medium, and light, and the concen- 
trations of phosphatidic acids (PA), phosphatidylinositol (PI), di- (DPI), and triphosphoinositide 
(TPI) in these fractions were determined. PI was evenly distributed among the fractions, and PA, DPI, 
and TPI occurred in highest concentrations in the "light" myelin. This result indicates that these fast 
metabolizing lipids play an important role in the tightly packed central lamellae of the myelin sheath. 

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

The polyphosphoinositides, phosphatidyl- 
inositol-4-phosphate (diphosphoinositide, DPI), 
and phosphatidylinositol-4,5-bisphosphate (tri- 
phosphoinositide, TPI), are minor lipid con- 
stituents of most eukaryotic tissues. They are 
of special biochemical interest because the 
turnover rates of the monoesterified phosphates 
of the DPI and TPI are the fastest such rates 
known for any lipid, and they appear to be 
responsive to physiological stimuli applied to 
the tissues (1-5). 

Polyphosphoinositides of the brain are 
predominantly associated with the myelin 
fraction (6-8). Because of the slow turnover of 
the lipids and proteins of the myelin structure, 
it has been suggested that the highly reactive 
polyphosphoinositides, and the necessary 
enzymes, might be located in myelin appurte- 
nances such as the internal or external mesaxon 
or the membrane loops at the nodes of Ranvier, 
i.e., in the loosely packed myelin adjacent to 
glial cytoplasm, axolemma, or extracellular 
space (6,7,9,10). We have reported in vitro 
studies on the biosynthesis of polyphospho- 
inositides in three myelin subfractions 
described and characterized by other workers 
(11-13): "heavy myelin," "medium myelin," 
and "light myelin," of which the "heavy" 
fraction contains the most protein and the least 
lipid, the "light" fraction the most lipid. Heavy 
myelin consists largely of single lamellae, the 
light myelin of the typical stacked lamellae of 
myelin. Thus, the light myelin may be assumed 
to represent the tightly packed middle layers of 
the myelin sheath, while the heavy fraction 
contains much appurtenances, with the 
medium fraction intermediate in composition. 
The most active incorporation of 32p from 
7-32P-APT into DPI and TPI occurred in the 
heavy myelin fraction, indicating the associa- 
tion of kinases with the myelin appurtenant 
structures (10). However, the medium and light 

myelin also showed appreciable activity, with 
specific activities (per mg protein) only ca. 50% 
lower than those of the heavy fraction. This 
unexpected finding suggests that there is rapid 
metabolism of phosphoinositides in the core 
(the most closely packed layers) of the myelin 
sheaths, and that this region contains the 
necessary phosphorylating and dephos- 
phorylating enzymes together with their 
substrates. As part of an investigation of this 
possibility, we report here the analyses of the 
distribution of the phosphoinositides, and also 
of their rapidly metabolizing precursor, phos- 
phatidic acid, in the three subfractions of 
myelin. We have made use of new methods 
developed by Eichberg and Hauser (7) which 
have greatly enhanced recoveries of the poly- 
phosphoinositides in the subcellular fractions, 
and by Schact (14) who has recently reported a 
rapid and quantitative purification of DPI and 
TPI based on the specific affinity of neomycin 
to the polyphosphoinositides. 

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

Materials 

Rats (25-30 days old) were obtained from 
Charles River Breeding Labs (Wilmington, MA). 
Cartier-free (32p) orthophosphate was pur- 
chased from ICN (Irvine, CA). DPI and TPI 
standards, and neomycin sulfate, were from 
Sigma (Boston, MA). Glycophase-CPG was 
purchased from Pierce (Rockford, IL). 

Isolation and Subfractionation of CNS Myelin 

R a t s  were injected with 25 /ll of [32p]_ 
orthophosphate in saline (100/ICi per animal), 
into a cerebral hemisphere. Ten minutes later 
the animals were killed by decapitation and 
the brains were quickly dissected out and 
immediately homogenized in 9 vol of a medium 
containing 0.32 M sucrose in 25 mM Tris- 
buffer, pH 9.5 (7,15). The homogenates were 
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then diluted with an equal volume of the 
medium. Pure myelin (whole myelin) and the 
subfractions (light myelin, 0.32-0.5 M interface; 
medium myelin, 0.5-0.63 M interface; heavy 
myelin, 0.63-0.73 M interface; pellets, bottom 
of 0.73 M) of the myelin were then isolated by 
centrifugation as reported earlier (I0,11),  
except that all the sucrose solutions used for 
making the gradient were prepared in 25 mM 
Tris-buffer, pH 9.5, and the distilled water was 
replaced with the buffer (without sucrose) for 
the osmotic-shock step in the preparation of 
total myelin. Brain homogenates from 3 
animals were pooled for each experiment to 
prepare the myelin subfractions. 

Extraction of Phospholipids 

The washed and pelleted fractions (10) were 
homogenized in chloroform/methanol (1 : 2, v/v; 
5 ml per g original brain) with a Tekmar 
Tissuemizer (SDT-182EN, Tekmar, Cincinnati, 
OH). The lipids were then extracted after 
addition of 0.6 ml of 1 M KC1 and 0.6 ml of 
chloroform per 1 ml of the homogenates. The 
tissue cake at the interphase was re-extracted 
once with chloroform/methanol/1.2 N HC1 
(2 : t :1 ,  v/v) (16). The rest of the extraction 
procedure was as described by Schact (14). The 
extractions were carried out on the day of 
fractionation. The lipid extracts were dried 
under N 2 and stored at -20 C overnight. 

Isolation of TPI and DPI by 
Column Chromatography 

TPI and DPI were separated from the rest of 
the lipids by chromatography on immobilized 
neomycin columns with the following modifi- 
cations of the original procedure (14). Total 
lipid extracts fo the fractions were applied to 1 
ml of immobilized neomycin columns. The 
phospholipids other than polyphosphoinosi- 
tides (fraction I) were quantitatively eluted 
with 8 ml of 150 mM ammonium acetate in 
chloroform/methanol/water (3:6: I, v/v/v). DPI 
was then eluted with 8 ml of 600 mM ammo- 
nium acetate in the same solvent, and TPI with 
16 ml of chloroform/methanol/cone, ammonia 
(3: 6: 1, v/v/v). The columns were finally washed 
with chloroform]methanol/cone. HC1 (3:6:1, 
v/v/v) to assure the complete recovery of TPI. 
The last few drops of the eluates of each 
fraction were routinely monitored for [32p] 
radioactivity to check the complete resolution 
of the column fractions. After elution, the 
fractions were either used directly for the 
radioactivity, phosphorus determinations and 
thin layer chromatography, or acidified, and 
the lipids washed free of salt and dried under 
N 2 prior to storage. 

Thin Layer Chromatography 

To check their purity the lipids were dis- 
solved in chloform/methanol/H20 (75:25:2, 
v/v/v), and applied to precoated TLC plates of 
Silica Gel 60 (EM Lab., Elmsford, NY). The 
plates were developed in chloroform/methanol/ 
cone. ammonia/water (90:90:7:22,  v/v) (14). 
Phosphatidylinositol (PI) and phosphatidic acid 
(PA) present in column fraction I were 
separated by two dimensional thin layer 
chromatography on Silica Gel H magnesium 
acetate impregnated plates (17) which were 
developed in chloroform/methanol/28% 
ammonia (70:30:6,  v/v/v) in the first dimen- 
sion, and in chloroform/acetone/methanol/  
glacial acetic acid/water (5:2:1:1:0.5,  v/v) in 
the second. The lipid spots on the plate were 
located by scanning for radioactivity (Berthold 
scanner LB2760, Shandon, Sewickley, PA), and 
exposure to iodine vapors. 

Analytical 

Total phosphorus of lipid samples in column 
fractions and TLC spots was determined by the 
method of Bartlett (18) after digestion of the 
samples with acid mixture (85% sulfuric acid/ 
72% perchloric acid, 2:1, v/v). Counting of 
radioactivity and assay procedures of the 
marker enzymes were done as reported earlier 
(10). 

RESULTS AND DISCUSSION 

Table I shows the efficacy of the alkaline 
medium in regard to the protection of the 
polyphosphoinositide against breakdown during 
subcellular fractionation. The radioactive label 
served as check on the purity and also as check 
on the recoveries of the isolated polyphospho- 
inositides. Two groups of two rats each (25 
days old) were injected intracerebrally with 
32P_orthophosphate, and the brains were 
removed 10 min after the injection. The brains 
of one group were immediately frozen in liquid 
N2, the brains of the other group were rapidly 
homogenized (individually) in 10 ml of 0.32 M 
sucrose in pH 9.5 Tris-buffer, and the homo- 
genates were kept at 4 C for 4 hr (approximate 
time for brain fractionation) prior to the 
extraction, separation, and quantitation of-the 
lipids. There is good agreement between the 
two groups with respect to the recoveries of the 
radioactivity and the quantities of the phospho- 
lipids found in each of the fractions. Thus, the 
addition of alkaline Tris-buffer to the homo- 
genization medium effectively preserves DPI 
and TPI. 

Purity of the column fractions was deter- 
mined by thin layer chromatography. Radio- 
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c h r o m a t o g r a p h y  of  the  f rac t ions  as well as 
s ta in ing of  the  p la tes  wi th  p h o s p h o r u s  reagent  
showed  only  one ma jo r  spo t  in the  c o l u m n  
f rac t ions  con ta in ing  DPI and  TPI. C o l u m n  
f rac t ion  I con t a in ing  to ta l  phospho l ip id s  minus  
p o l y p h o s p h o i n o s i t i d e s  showed  one ma jo r  b r o a d  
rad ioac t iv i ty  peak  u n d e r  these  cond i t ions  of  
separa t ion .  F u r t h e r  f r ac t i ona t i on  by  two  
d imens iona l  th in  layer  c h r o m a t o g r a p h y  re- 
vealed t h a t  ca. 70% of  the  rad ioac t iv i ty  was 
associated w i th  p h o s p h a t i d i c  acid.  

The  d i s t r i bu t i on  of  m a r k e r  e n z y m e s  (Table  
II),  in close ag reemen t  wi th  pub l i shed  resul ts  of  
mye l in  f r a c t i o n a t i o n  (10 ,11) ,  show t h a t  the  
presence  of  pH 9.5 buf fe r  dur ing  the  prepara-  
t ion  of  the  mye l in  and  its sub f rac t ions  did n o t  
a l ter  the  degree o f  pur i f i ca t ion .  The  specific 

. f P . 

myel in  marke r ,  2 , 3  cychc  AMP p h o s p h o h y -  

drolase,  was en r i ched  a b o u t  4-fold (over  the  
h o m o g e n a t e )  in mye l in  and  i ts  subfrac t ions .  
Act ivi t ies  of  5 ' nuc leo t idase  and  ATPase ( tpyical  
p lasma m e m b r a n e  markers ) ,  LDH ( supe rna t an t  
marke r ) ,  N A D P H  c y t o c h r o m e - c  reductase  
(mic rosoma l  marke r ) ,  and  succinic-INT reduc-  
tase ( m i t o c h o n d r i a l  marke r )  are low in all the  
f rac t ions  (Table  II). The  recovery  of whole 
mye l in  ATPase in the  subf rac t ions  is low 
possibly  because  of removal  of  neurona l ,  
synap t i c  and  axona l  p lasma m e m b r a n e s  (wi th  
h igh  ATPase ac t iv i ty)  c o n t a m i n a t i n g  the  whole  
mye l in  f rac t ion .  LDH recover ies  may  appear  
h igh  because  some soluble cy top la sm remains  
e n t r a p p e d  in m y e l i n  vesicles dur ing  centr i fuga-  
t ions ,  and  is t h e n  released dur ing  the  assay by  
the  ac t ion of  Tr i ton-X-100 .  However ,  LDH 
act iv i ty  in whole  myel in  is on ly  1% of t ha t  of  

TABLE I 

Prevention of the Degradation of Polyphosphoinositides of 
Brain Homogenates by Alkaline Medium a 

Column Fractions 

DPI TPI 

Conditions of 
the experiment #mb cpm x 106 /~m cpm x 106 

Brains frozen 0.21 0.84 0.31 0.90 
immediately (0.17-0.25) (0.73-0.94) (0.29-0.33) (0.87-0.93) 

Brain homogenates 0.22 0.92 0.36 1.33 
in alkaline medium (0.16o0.27) (0.91-0.93) (0.24-0.48) (1.24-1.42) 
kept at 4 C for 4 hr 

aExperimental conditions as detailed in Results. Extraction, separation and quantitation 
of the lipids as described in Methods. Values are averaged from the two individual values in 
parentheses. 

b~tm - #moles and radioactivity of the lipid per g wet wt of brain. 

TABLE II 

Percent of Whole Homogenate Activities of Marker Enzymes in the Subfractions of 
Myelin Prepared with the Modified Conditions of Fractionation a 

NADPH 
2',3'-Cyclic AMP cyt.-c Succinic-INT 

Fractions phospbohydrolase* 5'-Nucleotidase ATPase LDH b reductase reductase 

Whole myelin 27.5 4.9 2.9 1.11 2.84 <0.01 
Light myelin 1.9 0.37 0.09 0.12 0.18 <0.01 
Medium myelin 10.2 1.58 0.74 0.73 0.88 <0.01 
Heavy myelin 7.5 0.93 0.11 <0.01 0.27 <0.01 
Pellet 1.6 0.43 0.06 <0.01 0.11 <0.01 

aExperimental conditions as described in "Methods." 2',3'cyclic AMP phosphohydrolase assayed according 
to Sims and Carnegie (21). 

bLactate dehydrogenase (LDH) was assayed in the presence of optimal amounts of Triton-X-100. 
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TABLE III 

Distribution of Polyphosphoinositides in the 
Myelin Subfractions, Per Gram of Wet Rat Brain a 

17 

TPL PI PA DPI TPI 

Fractions #mole #mole %b mole %b nmole %b nmole %b 

Homogenates 41.03 1.26 3.1 0.47 1.15 160 0.4 267 0.65 
Whole myelin 10.01 0.27 2.7 0.22 2.2 70 0.7 147 1.47 
Light myelin 1.39 0.049 3.53 0.067 4.8 18 1.3 24 1.73 
Medium myelin 3.11 0.096 3.09 0.061 1.96 19 0.61 41 1.32 
Heavy myelin 1.72 0.055 3.2 0.034 1.98 5 0.3 22 1.28 
Pellet 0.49 0.014 2.86 0.01 2.04 2 0.41 3 0.61 
Recoveries(%) c 67 79 --- 78 -- 63 --- 61 --- 

(61-74) (68-82) (65-85) (60-71) (59-68) 

aThe phospholipids of the fractions were extracted and separated as described in Methods. Values 
are averages of 3 to 5 fractionations. TPL -- total phospholipids; PA - phosphatidic acid; PI - phos- 
phatidylinositol; DPI - diphosphoinositide; TPI -- phosphatidylinositol-4,5-bisphosphate. 

bMole percent of total phospholipids of the fraction. 
Cpercent of whole myelin phospholipids recovered in all subfractions of myelin. Values in the 

parentheses represent the range of recoveries. 

whole  bra in .  So, c o n t a m i n a t i o n  of  myel in  
f rac t ions  b y  cy top la sm is very low. 

The  resul ts  of  the  phos pho l i p i d  analyses of  
t he  f r ac t ions  are given in Table  III. Recover ies  
of  whole  mye l in  phospho l ip id s  in  aU of  the  
sub f rac t ions  of  mye l in  t aken  t oge the r  ranged 
f rom 61 to  79% and  were in the  range of  to t a l  
p ro t e in  recover ies  (68%). The  loss of  up  to 40% 
of  p o l y p h o s p h o i n o s i t i d e s  is, t he re fo re ,  
p r o b a b l y  cause~t by  loss of  to t a l  mye l in  m e m -  
branes  dur ing  s u b f r a c t i o n a t i o n  and pur i f i ca t ion ,  
t h o u g h  ac t ion  of  hydro lases  or adso rp t ion  of  
DPI and  TPI  on  c o n t a m i n a t i n g  m e m b r a n e s  m ay  
n o t  be  comple t e ly  exc luded .  

The  c o n c e n t r a t i o n s  of  the  phospho l ip id s  in 
the  bra in  h o m o g e n a t e s  and  whole  mye l in  are in 
general  ag reemen t  wi th  values r epo r t ed  by  
o thers  (7 ,19 ,20) .  PA, DPI, and  TPI concen t r a -  
t ions  of  whole  mye l in ,  expressed as mole  
pe rcen t  of  to t a l  phospho l ip ids ,  are a b o u t  2-fold 
enr iched  over  the  h o m o g e n a t e ,  while  the  
pe rcen tages  of  PI are s imilar  in b o t h  these  
p repara t ions .  PI is also eVenly d i s t r ibu ted  over  
the  three  mye l in  subf rac t ions .  However ,  PA 
( the  p recu r so r  of  the  inosi t ides) ,  DPI and  TPI 
c o n c e n t r a t i o n s  in  l ight  mye l in  are subs tan t ia l ly  
h igher  t h a n  those  in m e d i u m  and  heavy  mye l in ;  
DPI is also more  c o n c e n t r a t e d  in m e d i u m  t h a n  
in heavy mye l in .  

These results  show tha t ,  a l t h o u g h  the  
p o l y p h o s p h o i n o s i t i d e s  are p resen t  in t h a t  
sub f r ac t i on  o f  mye l in  which  is r ich in mye l in  
appu r t enances ,  even h igher  c o n c e n t r a t i o n s  are 
f o u n d  in those  sub f r ac t i ons  t h a t  r ep resen t  the  
packed  core  of  the  mye l in  shea th .  This  dis t r ibu-  

r t , 

t i on  con t ras t s  wi th  tha t  of  2 , 3 - c y c h c  AMP 
p h o s p h o h y d r o l a s e  bu t  is paral lel  to  t ha t  of  the  
mye l in  basic p ro t e in  (13) .  In te res t ing ly ,  basic 
p r o t e in  and  p o l y p h o s p h o i n o s i t i d e s  associate  
readi ly  in v i t ro  (22) .  The  p h o s p h o h y d r o l a s e ,  
a l t hough  cons idered  a specif ic  mye l in  marke r ,  is 
more  c o n c e n t r a t e d  in the  heavier  f rac t ions  of  
mye l in  (13 ,23 ,24) ,  i.e., in the  a p p u r t e n a n t  
e l emen t s  of  m y e l i n ;  i t  has been  p roposed  t h a t  
this  e n z y m e  is involved in the  f o r m a t i o n ,  r a the r  
t h a n  the  f u n c t i o n ,  of  mye l in  (13) .  Basic pro-  
te in ,  on  the  o t h e r  h a n d ,  is u n d o u b t e d l y  a 
bu i ld ing  b lock  of  mye l in ,  and,  in te res t ing ly ,  i t  
also undergoes  rapid p h o s p h o r y l a t i o n  (25) .  We 
are c o n f r o n t e d  wi th  the  ques t ion  of  wha t  
f u n c t i o n  the  fast  me tabo l i z ing  p ro t e in  and the  
inos i to l  l ipids migh t  have in a s t ruc tu re  t h a t  is 
supposed  to  serve on ly  as an e lectr ical  insula tor .  
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Partial Synthesis of [1-14C]Phytanic Acid 
A. POULOS and E. BARONE, Department of Chemical Pathology, The Adelaide Children's 
Hospital Inc., North Adelaide, South Australia, 5006, and D.W. JOHNSON, Department of 
Obstetrics and Gynaecology, Queen Elizabeth Hospital, Woodville, South Australia, 5011 

ABSTRACT 

[ 1-14C] Phytanic acid has been prepared in good yield from the unlabeled acid. Pristanyl iodide, 
prepared from the latter by a modified Hunsdieker reaction, is converted to the corresponding [ 14C] - 
nitrile by reaction with sodium [ 14C] cyanide in dimethyl sulphoxide; hydrolysis of the [ 14C] nitrile 
yields [1-14C] phytanic acid. The labeled acid should prove to be a useful substrate for the diagnosis 
of Refsum's disease. 

INTRODUCTION 

Phytanic acid (3,7,11,15-tetramethyl hexa- 
decanoic acid), is a naturally occurring com- 
pound found in trace amounts in most animal 
tissues (1). In Refsum's disease, it accumulates 
in tissues due to an inherited deficiency in the 
mitochondrial enzyme complex, phytanic acid 
oxidase (2-4). The disorder can be diagnosed 
biochemically by demonstrating greatly 
elevated values of phytanic acid in plasma. 
Confirmation of the diagnosis can be obtained 
by measuring the activity of the oxidase in skin 
fibroblasts in culture (3,5). For this determina- 
tion, [U-t4C]phytanic acid is added to the 
culture medium, and the activity of the cells is 
assessed by measuring the release of 14CO2 
from the labeled phytanate. 

Preparation of the labeled fatty acid is 
tedious procedure as it involves growing algae in 
the presence of 14C-bicarbonate, isolating 
[UA4C]phytol  (6) and then converting it to 
[UA4C] phytanic acid chemically. Moreover, 
the yield is low (from 14C-bicarbonate), and 
because the compound is uniformly-labeled, 
data obtained may be prone to a certain degree 
of ambiguity. 

In this communication, we describe the 
partial synthesis of [1-14C]phytanic acid 
starting from the unlabeled acid. Pristanyl 
iodide, which is prepared from the latter and by 
a modified Hunsdiecker reaction, is converted 
to the corresponding [14C]nitrile. Pristanyl 
[14C]nitrile is then easily hydrolyzed in high 
yield to [ 1-14C] phytanic acid. 

MATERIALS AND METHODS 

Phytol was purchased from the Aldrich 
Chemical Co., (Milwaukee, WI). Phytanic acid 
was prepared from phytol as described by 
Jellum et al. (7). [14C]Sodium cyanide (60 
mCi/mmol) was obtained from the Radio- 
chemical Centre (Amersham, U.K.). 

Gas Ch romatography 

Analyses were performed with a Varian 

2740 gas chromatograph fitted with a 1.5 m x 2 
mm id stainless steel column of 7% EGS - 1.5% 
SE 30 on Gas Chrom Q (100/200 mesh); 
column temperature, 160 C, nitrogen flow, 20 
ml/min. 

Mass Spectrometry and Nuclear Magnetic Spectroscopy 

Electron impact-mass spectrometry (El-MS) 
was performed with a Finnigan 4021 
quadrupole instrument, using a solid probe 
inlet, or with a Hewlett Packard 5985A 
quadrupole machine. The [14C] enrichment of 
[1A4C]phytanic acid was determined on an 
AEI MS30 double focusing instrument with 
single stage jet inlet operating in the SIM mode. 
Nuclear magnetic spectrometry was performed 
on a Varian T60 instrument operating at 60 
mH. 

EXPERIMENTAL 

1-1odo-2,6,10,14-Tetramethyl Pentadecane 
(Pristanyl Iodide) 

A solution of iodine (254 mg, 1 mmol) in 5 
ml dry carbon tetrachloride was added to a 
suspension of red mercuric oxide (250 mg, 1.1 
mmol) and phytanic acid (312 mg, 1 mmol ) in  
10 ml carbon tetrachloride. The mixture was 
boiled under reflux for 1 hr under an atmos- 
phere of nitrogen, cooled, filtered and washed 
twice with 4% (w/v) aqueous sodium 
hydroxide. The carbon tetrachloride solution 
was then washed twice with water, dried with 
anhydrous sodium sulphate and evaporated to 
dryness in a rotary evaporator at 40 C. The 
residue, dissolved in 10 ml petroleum ether (bp 
40-60 C) was applied to a column of silicic acid 
(10 g, 2 cm diameter) which had been equili- 
brated with the same solvent. A small amount 
of nonpolar material was eluted with 25 ml 
petroleum ether. Elution with a further 100 ml 
petroleum ether and evaporation of the eluate 
in a rotary evaporator at 40 C yielded pristanyl 
iodide (240 mg, 61% yield) as a colorless liquid, 
bp 115-120 C (0.1 mm). IR (film) /)max 2970, 
2940, 2860, 1465, 1380, 1195 cm -1. NMR 
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FIG. 1. EI-MS of labelled and unlabelled phytanic acid. El-MS was performed 
as described in the text: (a) [1-14C]phytanic acid; (b) unlabelled phytanic acid. 

(carbon tetrachloride solution) 3.2 p.p.m. (d, 
2H, J = 4Hz, CH2I). El-MS M/z 394 (M + 0.1%), 
267 ((M - 127) + 1.3%), 57 (100%). 

1- [ 14 C ] Cyano-2,6,10,14-tetramethyl pentadecane 
(Pristanyl [14C] nitrile) 

Forty milligrams of pristanyl iodide (0.1 
mmol) and 6.8 mg sodium [14C] cyanide (0.14 
mmol, lmCi) in 5 ml dry dimethyl sulphoxide 
were heated at 70 C for 3 hr. The mixture was 
cooled, extracted three times with 5 ml with 
hexane and the combined extracts evaporated 
in a rotary evaporator at 40 C. The residue was 
dissolved in 2 ml hexane and applied to a 
column of silicic acid (10 g, 1 cm diameter) 
previously equilibrated with hexane. Unreacted 
pristanyl iodide was eluted with 10 ml hexane/ 
ether (4:1, v/v). Elution with further 10 ml 
hexane/ether (4:1, v/v) yielded pristanyl 
[14C]nitrile (24.7 mg, 84.5% yield from 
pristanyl iodide, 6.9 Ci//lmol) as a colorless 
liquid, bp 105-107 C (0.2 mm); IR (film)/"max 
2260 cm -1 (CN); EI-MS M/z 293 (M +, 3.5%), 
71 (100%). 

3,7,11,15-Tetramethyl hexadecan- 1- [ 14C] oic Acid 
([1-14Cl Phytanic Acid) 

14.8 mg pristanyl [14CJnitrile, 1.5 ml of 2 
mmol/1 aqueous sodium hydroxide and 1.5 ml 
ethanol were heated at 100 C for 16 hr. The 
mixture was cooled, acidified with aqueous 2N 
hydrochloric acid and extracted twice with 5 
ml hexane. The combined extracts were washed 
with water and the hexane removed in a rotary 
evaporator at 40 C and the residue dissolved in 
4 ml hexane. Aliquots of this solution (1.0 ml) 
were chromatographed on 0.5 mm thick Silica 

Gel H plates in hexane/ether/acetic acid 
(70:30:1, v/v). The acid was located by 
spotting the unlabeled compound on the edges 
of the plate, and spraying these sections with 
0.1% (w/v) iodine in methanol. [14C] Phytanic 
acid (13.9 mg, 88% yield from 14C-pristanyl 
nitrile) was eluted from the silica with 3 x 5 ml 
chloroform/methanol (1:2, v/v). Its thin layer 
and gas chromatographic properties were 
indistinguishable from the natural unlabeled 
compound and its specific activity was 6.9 
/ICi//~m ol. 

RESULTS AND DISCUSSION 

The method adopted to introduce a []4C] 
label at C-1 of phytanic acid involved degrada- 
tion of phytanic acid to the pristane skeleton 
followed by [ 14C] homologation. A number of 
methods have been used to convert phytanic 
acid or its derivatives to pristanic acid. Kates et 
al. (8) oxidized phytene prepared from 
phytanyl iodide; Sen Gupta and Peters (9) used 
a Barbier-Wieland degradation reaction to 
convert methyl phytanate to pristanic acid, and 
Smith and Boyack (10) prepared oxidized 
phytene produced by the pyrolysis.of dihydro- 
phytyl stearate. 

Pristanic acid is, however, a poor starting 
point for homologation so we chose instead 
pristanyl iodide. The synthesis of this com- 
pound could be achieved in one efficient step 
by a modified Hunsdiecker reaction (11). By 
analogy with the preparation of 4,8,12,16- 
tetramethylheptadecanoic acid from phytanyl 
iodide (12), we tried a Grignard reaction 
between pristanyl iodide and 14CO2, but 
without success. It was possible, however, to 

LIPIDS, VOL. 15, NO. 1 



SYNTHESIS OF [1-14C] PHYTANIC ACID 21 

conver t  the iodide to pris tanyl  [14C]ni t r i l e  
wi th  sodium [14C]cyan ide  in d imethy l  
su lphoxide  in relatively good yield. While 
vigorous condi t ions  were found  to be necessary 
to hydro lyze  the nitrile,  the yield of  
[ 1-14C] phy tan ic  acid was high. 

The iden t i ty  of  the final p roduc t  was con- 
f i rmed by thin layer ch roma tog raphy  (TLC) of  
the free acid, and by gas ch roma tog raphy  (GC) 
of  its me thy l  ester.  Based on the  la t ter  data, the 
p r o d u c t  was es t imated  to be at least 98% pure 
(chemical ly and radiochemical ly) .  EI-MS of  the 
bu ty ld imethy ls i ly l  e ther  derivative of  its 
r educ t ion  p roduc t ,  [ 14C] d i h y d r o p h y t o l ,  
indicated a 13.9% 14C] . en r i chmen t  (cf. 
Na14CN, 14.1% 14C). The El-MS spectra  of  the 
labeled and natural  me thy l  phy t ana t e  are 
shown  in Figure 1. Spectra  of  b o t h  are a lmost  
identical ,  excep t  for  the presence  of  appreciable  
amoun t s  of m/z  76, 77, 103 adn 173 in the 
spec t rum of  the labeled acid. These par t icular  
f ragments  are indicative of  the presence  of  14C. 

The evidence for the exact  local izat ion of  
the radioactive a tom in the final p r o d u c t  was 
based largely on the synthe t ic  technique  
employed .  However ,  the specific radioact ivi ty  
de te rmina t ions ,  allied with the en r i chmen t  
data,  provided fu r the r  evidence for  the  exclu- 
sive localization of  the label in the  1-carbon 
a tom.  
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Occurrence of 24(E)-Ethylidene Sterols 
in Two Solanaceae Seed Oils and Rice Bran Oil 
TOSHIHIRO ITOH, SUGURU SAKURAI ,  TOSHITAKE TAMURA,  and 
TARO MATSUMOTO, College of Science & Technology, Nihon University, 
1-8, Kanda Surugadai, Chiyoda-ku, Tokyo, 101 Japan 

ABSTRACT 

The occurrence of two 24(E)-ethylidene sterols, fucosterol and 28-isocitrostadienol, in the 
unsaponifiable matters of two Solanaceae seed oils from Datura stramonium and Capsicum annuum, 
and rice bran oil from the seeds of Oryza sativa (Gramineae) was demonstrated by their isolation or by 
gas liquid chromatography. Although Z-isomers of the above two 24-ethylidene sterols, 28-isofuco- 
sterol and citrostadienol, are a frequent occurrence in higher plant materials including some Solana- 
ceae seed oils and rice bran oil, this report might be the second instance of the unambiguous demon- 
stration of the occurrence of the 24(E)-ethylidene sterols in higher plants. 

INTRODUCTION 

Our previous studies on the sterols of some 
Solanaceae seed oils (1,2) and rice bran oil (3,4) 
showed the presence of 24-ethylidene sterols 
with the Z-configuration such as 28-isofuco- 
sterol (Scheme I,Ib; stigmasta-5,Z-24 [ 28 ] -dien- 
3/3-ol) and citrostadienol ( l ib,  4c~-methyl-5c~- 
stigmasta-7,Z-24128] -dien-3/3-ol) among a 
number of sterols. This paper describes a 
further study on the sterol constituents of two 
Solanaceae seed oils from Datura s tramonium 
L. and Capsicum annuum L., and rice bran oil 
from the seeds of Oryza sativa L. (Gramineae) 
resulting in the isolation and identification of 
the E-isomers of the above two 24-ethylidene 
sterols, fucosterol (la, stigmasta-5~E-24128]- 
dien-3/3-ol) and 28-isocitrostadienol (|Ia, 4c~- 
m e t h y 1- 5 c~ -s t i g m asta-7 ,E-24 [ 28 ] -dien-3/3-ol), 
besides the two 24(Z)-ethylidene sterols, 
Ib and IIb. 

EXPERIMENTAL 

Materials 

The 4-desmethyl- and 4-monomethyl-sterol 
fractions separated from the unsaponifiable 
matters of D. s tramonium and C. annuum 
(California chili) seed oils, prepared as de- 
scribed previously (1,2,5), were used in this 
study. Rice bran was obtained from the seeds 
of O. sativa grown in Fukushima-ken. Authen- 
tic specimens of fucosterol (Ia) from Prof. N. 
Ikekawa (Laboratory of Chemistry for Natural 
Products, Tokyo Institute of Technology, 
Nagatsuta, Midori-ku, Yokohama, 227) and 28- 
isocitrostadienol (IIa) from Prof. W. Sucrow 
(Gesamthochschule Paderborn, Westfalen, W. 
Germany), were generously supplied as gifts. 
28-Isofucosterol (Ib) (1) and citrostadienol 
(IIb) (2) were prepared in this laboratory. 

General 

Recrystallizations were performed in 

acetone/methanol. Melting points (rap) taken 
on a heat block were uncorrected. IR spectra 
were recorded in KBr on a Type IRA-2, IR 
spectrophotometer (Japan Spectroscopic Co., 
Tokyo). 1H-NMR spectra were obtained with 
a JNM-FX 100 instrument (Japan Electron 
Optics Laboratory Co., Tokyo) at 100 MHz 
in deuteriochloroform. The chemical shifts 
are given in ~ with tetramethylsilane as internal 
standard. Mass spectra (MS, 70 eV) were taken 
on a Hitachi RMU-7M mass spectrometer with a 
direct inlet system (Hitachi Ltd., Tokyo). Gas 
liquid chromatography (GLC) was performed 
with a Shimadzu GC-4CM instrument 
(Shimadzu Seisakusho Ltd., Kyoto)equipped 
with a hydrogen flame ionization detector. 
Poly 1-110 (column 270 C, carrier gas N 2 
80 ml/min, retention time of cholesterol 
acetate ca. 20 min.) and/or OV-17 (column 260 
C, carrier gas N 2 60 ml/min, retention time 
of cholesterol acetate ca. 18 min) SCOT glass 
capillary column (30 m x 0.3 mm id, Wako 
Pure Chemical Industries Ltd., Osaka) was used. 
Argentation (silver nitrate/silica gel, 1:4 w/w) 
preparative thin layer (0.5 mm thick) chroma- 
tography (TLC) was developed 4-6 times with 
methylene chloride/carbon tetrachloride (1:5, 
v/v). The RRT on GLC and approximate rela- 
tive Rf value on argentation TLC for the ace- 
tates of authentic sterols were: cholesterol, 
RRT 1.00 (OV-17), 1.00 (Poly I-110), relative 
Rf 1.00; Ia, RRT 1.72 (OV-17), 1.58 (Poly 
I-110), relative Rf 0.38; Ib, RRT 1.81 (OV-17), 
1.67 (Poly I-110), relative Rf 0.35; IIa, RRT 
2.29 (OV-17), 2.16 (Poly 1-110), relative Rf 
0.58; and IIb, RRT 2.41 (OV-17), 2.28 (Poly 
I-110), relative Rf 0.52. 

Identification of Fucosterol (la) and 
28-1sofucosterol (Ib) 

As described previously (1), the acetylated 
4-desmethylsterol mixture (820 mg) of D. 
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stramonium seed oil afforded 28-isofucosterol 
(Ib) acetate (135 mg, mp 137-138 C) on argen- 
tation TLC. The acetate, however, still con- 
tained a small amount of an undetermined 
component ("~2% by GLC). In this study, the 
lb-acetate was, therefore, subjected further to 
argentation TLC to separate a faint zone 
slightly less polar than the bulky lb acetate 
zone. The fraction recovered from this faint 
zone eventually gave a sterol acetate (3 rag, mp 
119-120 C, 93% pure by GLC) after purifica- 
tion by repeated argentation TLC. IR /)max 
cm-l:  1730, 1250 (OAc), 840, 820, 800 
() 'C=CH-) .  MS m/e (relative intensity): 394 
(M+-AcOH, 80), 379 (8), 296 (100), 281 (23), 
273 (3), 255 (6), 253 (11), 229 (3), 228 (11), 
227 (4), 213 (11), 55 (31). II-I-NMR 6 : 0 . 6 9  
(3H, s, C-18), 1.0i (3H, s~ C-19), 2.03 (3H, s, 
C-3~-OAc), 0.98 (3H, d, C-21, J=6 Hz), 0.98 
(6H, d, C-26, C-27, J=7 Hz), 1.58 (3H, d, 
C-29, 3"=6 Hz), 5.38 (1H, d, C-6, J=4 Hz), 5.19 
(1H, q, C-28, J=7 Hz), 4.58 (IH, m, C-3a, 
W�89 Hz). The sterol acetate was cochroma- 
tographed with authentic Ia acetate on argenta- 
tion TLC and GLC. Its mp and spectra were 
identical with those of authentic Ia acetate 
(mp 119-120 C). The compound was, therefore, 
identified as Ia acetate. 

The acetylated 4-desmethylsterol mixture 
(1.7 g) of C. annuum seed oil was separated 
into seven zones by argentation TLC. A frac- 
tion (159 mg) from the fifth zone from the 
solvent front eventually afforded la acetate 
(10 mg, mp 117-119 C) after repeated argenta- 
tion TLC. The identification was based on 
chromatographic mobility, IR, MS and 1H- 
NMR data. |b Acetate (42 mg, mp 137-139 C) 
also was isolated from the fraction after 
repeated argentation TLC. IR Pmax cm-1 : 
1720, 1240 (OAc); 805, 795 ( ~ = C H - ) .  MS 
m/e (re1. int.): 394 (M + - AcOH, 40), 379 
(5), 296 (100), 281 (13), 273 (2), 255 (3), 253 
(6), 229 (3), 228 (7), 227 (3), 213 (9), 55 (12). 
1H-NMR 6 : 0 . 6 8  (3H, s, C-18), 1.01 (3H, s, 
C-19), 2.03 (3H, s, C-3/3-OAc), 0.95 (3H, d, 
C-21, J=6 Hz), 0.97 (6H, d, C-26, C-27, J=7 
Hz), 1.59 (3H, d, C-29, J=6.8 Hz), 5.37 (1H, 
d, C-6, J=4.1 Hz), 5.13 (1H, q, C-28, J=7.1 
Hz), 2.83 (1H, hept., C-25, J=7 Hz), 4.58 (1H, 
m, C-3a, Wy2=22 Hz). These data were identical 
with those of authentic Ib acetate. 

Saponification of rice brain oil (:745 g), 
extracted from rice bran (3185 g) with 
methylene chloride using a Soxhlet extractor, 
afforded unsaponifiable matter (26 g) which on 
fractional recrystallization yielded a 4-des- 
methylsterol fraction. A portion of the 4- 
desmethylsterol fraction was acetylated with 
acetic anhydride-pyridine at room temperature 

R 
- A  I ~ - ' H ~ ~ ]  Side..~~chain (R) 

HO ~ v a 
I 

H-. ~ b 
HO 

IH 
I 

II 

SCHEME I. Diagram of skeletons and side chains 
(R) of sterols. 

overnight, and the resulting acetate fraction 
(200 mg) was separated into five zones by 
argentation TLC. GLC on both the Poly I-110 
and OV-17 columns of the fraction (10 rag) 
recovered from the fourth zone from the 
solvent front indicated evidence for the 
occurrence of a few percent of Ia acetate 
besides lb acetate, which constitutes the largest 
portion of the fraction. 

Identification of 28-1socitrostadienol (lla) 
and Citrostadienol (lib) 

The 4-monomethylsterol fraction (260 mg) 
of D. stramonium seed oil (5), on further TLC 
in the same way as described previously (2), 
gave one band which was then divided into 
halves to give the fraction A (62 mg) from the 
less polar half and the fraction B (117 mg) from 
the more polar half. The fraction B was 
acetylated and the resulting acetate fraction B 
(110 rag) was separated into six zones by argen- 
tation TLC. The fraction (7 rag) recovered 
from the fifth faint zone from the solvent 
front eventually afforded a 4-monomethylsterol 
acetate (~1 mg, ca. 90% pure by GLC, mp 142- 
145 C) after repeated argentation TLC. IR 
/)max c m l :  1730, 1240 (OAc), 822, 818 
()~C=CH-). MS m/e (rel. int.): 468 (M +, 10), 
453 (10), 393 (7), 370 (56), 355 (6), 327 
(100), 310 (15), 302 (8), 295 (8), 287 (6), 269 
(26), 267 (22), 243 (9), 242 (10), 241 (13), 
227 (28), 55 (73). IH-NMR 5 : 0 . 5 4  (3H, s, 
C-18), 0.84 (3H, s, C-19), 2.05 (3H, s, C-3fl- 
OAc), 0.86 (3H, d, C-30, J=7 Hz), 0.98 (6H, d, 
C-26, C-27, J=6.8 Hz), 0.99 (3H, d, C-21, 
J=5.6 Hz), 1.58 (3H, d, C-29, J=7 Hz), 5.19 
(1H, q, C-28, J=7 Hz), 2.20 (1H, hept., C-25, 
J=6.6 Hz), 4.40 (1H, m, C-3~, W1/2=25 Hz), 
5.19 (1H, m, C-7, W1A=20 Hz). Though a 
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small discrepancy in mp between the unknown 
sterol acetate and authentic IIa acetate (mp 
138-141 C; lit. [6] ,  mp 129 C)was  observed, 
the sterol acetate was cochromatographed with 
authentic l Ia  acetate on argentation TLC and 
GLC, and the spectra described above were 
found identical with those recorded for 
authentic I la  acetate. Therefore, the sterol 
acetate was identified as I la  acetate. The sixth 
zone from the solvent front on the argentation 
TLC afforded IIb acetate (27 mg, mp 149-151 
C). IR /)max c m l :  1720, 1250 (OAc), 830, 
815, 800 ( ) 'C=CH-) .  MS m/e (rel. int.): 468 
(M +, 4), 453 (4), 393 (6), 379 (48), 355 (6), 
327 (100), 310 (20), 302 (7), 295 ( I0) ,  287 
(4), 269 (15), 267 (34), 243 (6), 242 (10), 241 
(10), 227 (20), 55 (58). 1H-NMR 6 : 0 . 5 4  (3H, 
s, C-18), 0.84 (3H, s, C-19), 2.05 (3H, s, C-3t3- 
OAc), 0.85 (3H, d, C-30, J=6 Hz), 0.95 (3H, 
d, C-21, J=6.5 Hz), 0.98 (6H, d, C-26, C-27, 
3"--7 Hz), 1.59 (3H, d, C-29, J=6 Hz), 5.18 
(1H, d, C-7, J=6.6 Hz), 5.11 (1H, q, C-28, 
J=6.6 Hz), 2.83 (1H, hept., C-25, J=6.9 Hz), 
4.51 (1H, m, C-3a, Wy2=25 Hz). These data 
and the chromatographic mobil i ty data of this 
compound were identical with those of 
authentic I lb acetate. 

Fractional  recrystallization of the unsaponi- 
fiable matter  of rice bran oil mentioned above 
yielded another fraction (5 g) rich in 4-mono- 
methylsterols.  This was then subjected to TLC 
affording a purified 4-monomethylsterol  
fraction (590 mg). The fraction, on further 
TLC as described above, gave one band which 
was then divided into halves to give the fraction 
A (150 mg) from the less polar half and the 
fraction B (280 mg) from the more polar half. 
The fraction B was acetylated and the resulting 
acetate fraction B (250 mg) was fractionated 
roughly into three fractions by argentation 
TLC. The fraction rich in IIb acetate from the 
medium polar zone, on further repeated argen- 
tation TLC, eventually afforded IIa acetate (2 
mg, 91% pure by GLC, mp 141-145 C) and l ib  
acetate (30 mg, mp 148-150 C). The identifica- 
tion of these compounds was confirmed by 
argentation TLC, GLC, MS and 1H_NMR 
comparisons with those of the authentic 
specimens. 

The 4-monomethylsterol  fraction (279 mg) 
from the unsaponifiable matter  (4.4 g) of 
C. annuum seed oil was further separated into 
two fractions, A (93 mg) and B (107 rag), by 
TLC in the same way as described above. The 
presence of I lb acetate as well as a trace 
amount  of IIa acetate in the acetylated fraction 
B (100 mg) was confirmed by GLC on both the 
Poly I-110 and OV-17 columns. 

RESULTS AND DISCUSSION 

Because of the close similarity in the 
mobili ty data on argentation TLC of 24(E)- 
and 24(Z)-ethylidene sterols, and moreover, 
because the 24(E)-ethylidene sterols occur in 
very minute quantities in the sterol fractions of 
the plant materials investigated, the isolation of 
the 24(E)-ethylidene sterols could be accom- 
plished with great difficulty in this study. As 
has already been discussed closely, the 24- 
ethylidene sterols with 24(E)- and 24(Z)-con- 
figurations were distinguished either by GLC 
(7-10), IR (10-12), MS (8) or by 1H-NMR 
(6,13-17) data. Among these data, the 1H-NMR 
provided especially significant information 
about the configuration of 24-ethylidene group 
of sterols by the appearance of C-25 (1H, 
heptet)  and C-28 (1H, quartet) proton signals: 
24(E)-ethylidene sterols, Ia acetate (C-25, the 
heptet  signal which might be expected to 
appear around 8 2.20, could not  be recognized 
because of the presence of other unassigned 
proton signals around that field; C-28, 6 5.19), 
and IIa acetate (C-25, 8 2.20; C-28, 6 5.19); 
24(Z)-ethylidene sterols, Ib acetate (C-25, 
8 2.83; C-28, 5 5.13) and l ib  acetate (C-25, 
fi 2.83;C-28, fi 5.11). 

24(Z)-Ethylidene sterols such as lb, IIb and 
avenasterol (5a-stigmasta-7,Z-24128] -dien-3/3- 
ol) are now known as widely distributed sterols 
in higher plants (18-22), whereas 24(E)-ethyli- 
dene sterol, la, has been found in marine brown 
algae ( l  8,23) as the predominant  sterol consti- 
tuent and in a fungus, Phycomyces blakeleeanus 
(24), but  has never been found in higher plants 
with unambiguous evidence for its identifica- 
tion. On the other hand, l la ,  which has pre- 
viously been synthesized by Sucrow et al. (6), 
has never been found in the plant kingdom. 
Although none of the reports by previous 
authors (8,19) have indicated the co-occurrence 
of both Z and E series compounds in an 
organism, this study demonstrated unam- 
biguously the co-occurrence of 24(E)-ethyli- 
dene sterols (la and IIa) and 24(Z)-ethylidene 
sterols (Ib and l ib),  though the former two 
occur as very minute sterol constituents, in the 
sterol fractions separated from the two 
Solanaceae seed oils from D. stramonium and 
C. annuum and rice bran oil from the seeds of 
O. sativa (Gramineae). This finding might be 
significant because sterols with a 24-ethylidene 
group appear to be important  intermediates 
in the biogenesis of plant sterols (18,20,25). 

Though the possibility exists that the E- 
isomer of 24-ethylidene sterols resulted from 
isomerization of the Z-isomer during the 
extensive separation procedures by argentation 
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TLC, the 24(E)-e thyl idene sterols,  la and IIa, 
described here are regarded indeed  as the  
natural  p roduc t s  ra ther  than the ar tefacts  
p roduced  f rom Ib and l ib ,  respectively,  during 
the  separat ion procedures  because pre l iminary 
direct  GLC as the acetate  and t r imethyls i lyl  
e ther  derivatives of  the 4-desmethyl -  and 4- 
m o n o m e t h y l s t e r o l  f ract ions of  the seed oils 
examined ,  pr ior  to the subject ion on the 
argenta t ion  TLC, showed the evidence for  
the presence  of Ia and IIa, respectively,  as 
the minor  cons t i tuents .  GLC indicate  that  the 
24(E)-e thyl idene sterols,  la and l la ,  occur  
fur ther  in the seed oils of  o the r  Solanaceae 
descr ibed previously (1,2);  i.e., Nicotiana 
tabacum, Lycopersicon esculentum, Solanum 
melongena, Physalis alkekengi var. francheti 
and Lycium chinense (T. I toh ,  T. Tamura and 
T. Mat sumoto ,  unpubl i shed  results).  

Recent ly ,  a 24(E)-e thyl idene sterol,  stig- 
masta-7~E-24(28)-dien-3fl-ol, has been isolated 
f rom the roo t s  of  Bryonia dioica (Cucurbita-  
ceae) (17),  and hence ,  our  s tudy is the second 
instance for  the unambiguous  demons t r a t i on  of  
the  presence  of  24-ethyl idene sterols with the 
E-conf igura t ion  in higher plants .  
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Microsomal Phosphatidic Acid Phosphohydrolase 
of Rat Mammary Tissue: I. General Properties 
K. TANAKA andJ.E. KINSELLA, Institute of Food Science, 
Cornell University, Ithaca, NY 14853 

ABSTRACT 
The microsomal bound phosphatidic acid phosphohydrolase from lactating rat mammary tissue 

had a specific activity of six nmoles per mg protein per minute. The optimum pH was 7.0; magnesium 
at 1.3 mM was required for maximum activity, and at low substrate concentrations magnesium 
lowered the Km of the enzyme for phosphatidic acid. Diglycerides exerted little effect while digly- 
ceride ether stimulated enzyme activity. Inorganic salts, i.e., potassium phosphate and potassium 
chloride, enhanced rates of phosphatidic acid hydrolysis under standard assay conditions. 

INTRODUCTION 

Milk lipids are composed predominantly of 
trigtycerides (TG) synthesized by the terminal 
acylation of sn- l ,2  diglycerides (DG) which are 
derived from monoglycerides and diacyl sn- 
glycerol-3-phosphate or phosphatidic acid (1-6). 
Phosphatidic acid (PA) is synthesized in mam- 
mary tissue by the sequential acylation of 
glycerol phosphate, and possibly some dihy- 
droxyacetone phosphate, by microsomal acyl 
transferases (1,7,8). Some PA is converted to 
acidic phosphoglycerides via cytidine diphos- 
phodiacylglycerol (9), but most is rapidly 
dephosphorylated to diglycerides by the 
enzyme phosphatidate phosphohydrolase 
(PAPase). Little is known concerning the 
properties of this enzyme in lactating mammary 
tissue, though indirect evidence indicates that it 
is very active (2,5,10). There is some indirect 
evidence that PAPase may control TG synthesis 
in liver and adipose tissue (11-13). The possi- 
bility that PAPase may be a regulatory step in 
the synthesis of milk lipids warrants examina- 
tion. In this initial study the activity and some 
properties of the microsomal PAPase from rat 
mammary tissue are described. 

MATERIALS AND METHODS 

Materials 

The sodium salts of dipalmitoyl-sn-glycerol- 
3-phosphate and diacylglycerol-3-phosphate 
were obtained from Sigma Chemical Co. (St. 
Louis, MO). [3H] dip almit oyl-sn-glycerol-3- 
phosphate was prepared from uniformly labeled 
[3H] dipalmitoyl-sn-gly cerol-3 phosphoryl- 
choline (New England Nuclear Corp. Boston, 
MA) by phospholipase D (Calbiochem Co., Los 
Angeles, CA) according to the procedure of 
Kales and Sastry (14). Buffer materials, di- 
thiothreitol (DTT) and various reagent grade 
chemicals were purchased from Calbiochem 

Co., (Los Angeles, CA). Chromatographic 
materials were obtained from Applied Science 
(State College, PA). The buffers,N,N-bis(2 
hydroxyethyl-2-amino enthanesulfonic acid) 

�9 . t 

(BES); N - 2 - h y d r o x y e t h y l - p l p e r a z l n e - N - 2 -  
ethanesulfonic acid (HEPES); 2 [N-morpholino ] 
ethane-sulfonic acid, (MES); N,N-bis-(2-hy- 
droxyethylglycine) (BICINE); and tris-(hy- 
droxymethylaminomethane) (TRIS) were pur- 
chased from Serdary Research Co. (London, 
Ontario). An analog of PA, i.e., DL-2,3-dialk- 
oxypropyl-phosphoric acid, was obtained from 
Dr. Arthur Rosenthal (Rosenthal and Pousada, 
1 5). The purity of lipid substrates were con- 
firmed by thin layer chromatography (16). 

Preparation of Mierosomes 

Rats (Sprague-Dawley) that were lactating 
for 8-10 days were killed by cervical dislocation 
and immediate decapitation. Mammary glands 
were carefully excised to minimize contamina- 
tion with adipose, muscle, or connective tissue. 
All subsequent procedures were performed at 
4 C. The mammary tissue was washed with 0.25 
M sucrose, blotted dry with cheesecloth and 
weighed. After chopping with scissors, the 
tissue was homogenized for 30 sec at high speed 
in 5 vol of 0.25 M sucrose on a two-speed 
Waring Blendor drive unit with stainless steel 
semimicro jar and blade unit accessories (VWR 
Scientific, Rochester, NY). Tissue that associ- 
ated upon homogenization was dispersed by 
chopping with scissors and rehomogenizing for 
a further 30 sec. This crude homogenate w a s  

centrifuged at 15,000 x g for 20 rain at 4 C in a 
Sorval Superspeed RC2-B centrifuge with fixed 
angle rotor (Sorval type $8-34, ray 4.25"). The 
supernatant was decanted through four layers 
of cheesecloth and centrifuged at 44,000 x g 
for 1 hr at 4 C in a Beckman L2-65 ultracentri- 
fuge with fixed angle rotor (Beckman type 21, 
ray 9 cm). The microsomal fraction was col- 
lected after careful decantation of the high 
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speed supernatant and suspended in 0.25 M 
sucrose to 20-30 mg protein/ml using a Ten 
Broeck tissue homogenizer. After sonication for 
1 rain in a Model 8845-3 Sonicator (Cole- 
Palmer Ultrasonic Cleaner), aliquots of the 
microsomal suspension were analyzed for 
protein and assayed for phosphohydrolase 
activity as described below, or it was lyo- 
philized in a Model 10-100 Virtis Unitrap 
freeze-dryer (VWR Scientific, Rochester, NY) 
and stored at -20 C. 

Preparation of the Microsomal Suspension 

When fresh microsomes were used as the 
enzyme source, the procedure outlined above 
was employed. With lyophilized microsomes, 
appropriate amounts were homogenized at 4 C 
for 1 min in 0.25 M sucrose using a Ten Broeck 
tissue homogenizer to give a final protein 
concentration of 20-30 mg/ml. Suspended 
microsomes were then sonicated for 1 min at 4 
C and maintained at that temperature. Protein 
determination was made prior to each assay by 
the procedure of Lowry et al. (17) using 
crystalline bovine serum albumen as standard. 

Enzyme Assay 

The standard assay contained dithiothreitol 
DTT (0.6 mM), MgC12 (1.3 mM), phosphatidic 
acid, sodium salt (1.3 mM) made up to a final 
volume of 500 #1 with HEPES buffer (0.1 
M), pH 7.0' The phosphatidic acid stock 
solution was dispersed in buffer and sonicated 
for 1 min at 4 C (Cole-Palmer, Model 8845-3 
Sonicator) prior to addition to the assay tubes. 
The reaction was initiated by the addition of 
the dispersed microsomes (0.5-0.6 mg protein) 
and carried out at 35C for specified times using 
an Evapo-Mix shaker-incubator (Buchler, Fort 
Lee, NJ). Appropriate zero-time and control 
assays, i.e., substrate and enzyme blanks, were 
also run. The reaction was terminated by the 
addition of 0.4 ml 5% trichloroacetic acid. 
After cooling to 4 C, the assay tubes were 
centrifuged for 10 min at 5,000 g to sediment 
the precipitated protein. Phosphatidic acid 
phosphohydrolase activity was measured by the 
re/ease of  inorganic orthophosphate, which was 
quantified in the supernatant by the method of  
Bartlett (18). A standard curve was constructed 
using known amounts of potassium phosphate 
in assay mixtures identical to those used in 
enzyme assays except heat-denatured micro- 
somes were included. In the absence of enzyme 
or with heat-inactivated microsomes, no in- 
organic phosphate was released from the 
phosphatidic acid. 

In experiments with H3-phosphatidic acid, 
assay conditions were as described above except 
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the reaction was stopped by extracting the 
lipids by the method of Folch et al. (19). 
The lipid classes were then separated by thin 
layer chromatography (16), located with iodine 
vapor and, after evaporation of excess iodine, 
they were transferred to scintillation vials. 
The radioactivity was determined by liquid 
scintillation counting in a Packard Model 3385 
spectrometer. 

R ESU LTS 

Using sonicated dispersions of PA (sodium 
salt), most of the PAPase activity was associ- 
ated with the microsomal fraction from lactat- 
ing rat mammary tissue. The rate of release of 
Pi was linear with protein concentrations from 
0.1 to 1.5 mg per assay for up to 30 min 
incubation (Fig. 1). Above this concentration, 
the release of Pi leveled off. This may have been 
caused by binding of substrate to the protein or 
by alteration of the physical state of the 
substrate, i.e., changing from a micellar to a 
monomeric state as nonspecific binding of 
substrate to the microsomal protein increased 
(20,21). 

Maximum activity was observed around pH 
7.0 with significant activity over the broad pH 
range from 5.0 to 8.0 (Fig. 2). 

The rate of Pi release increased with PA 
concentration (Fig. 3); however, it did not 
follow a regular hyperbolic function, but 
showed a biphasic response around 0.5 mM and 
maximum velocity at 1.5 mMPA.  The break in 
the V/S curve may have reflected a phase 

II 

z 

1 

I',0 2',0 3'.0 4,~0 
MICROSO'IAL PROTEIN 

FIG. 1. The effect of protein concentration on the 
rate of release inorganic phosphate (Pi) from phos- 
phatidic acid by microsomes from rat mammary 
tissue. Standard assay as described in methods. 
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transition (monomer to micellar) as the PA 
concentration was increased. The maximum 
rates of PA hydrolysis at substrate saturation 
ranged from 4.4 to 6.1 nmoles/min/mg protein 
for mammary microsomal preparations from 
several rats, which incidentally, were signifi- 
cantly lower than the rates (11 -+ 3 nmoles) 
obtained with hepatic microsomes from the 
same animals. The activity of mammary homo- 
genate was around 0.5 nmole/min/mg of 
mammary tissue protein. 

Though the mammary microsomal PAPase 
was active in the absence of added magnesium, 
this cation was necessary and maximum activity 
was observed around concentrations of 1.5 mM 
Mg 2 +. Allowing for the binding of the Mg 2 + to 
PA [an association constant of 10,000 was used 
(22)],  the maximum rate was observed at 
" f ree"  magnesium (MgZ+)f concentrations of 
0.4 mM. (Fig. 4) At concentrations greater than 
this, progressive inhibition occurred. 

Experiments were performed to determine 
the effects of varying levels of non-PA bound, 
i.e., " f ree"  magnesium (Mg2+)f, on the activity 
of  the enzyme. Increasing levels of (Mg2+)f 
from 0.15 to 1.0 mM, at constant, but varying 
levels of substrate Mg-PA, increased the rates of 
hydrolysis, particularly at the lower concentra- 
tions of the substrate (Fig. 5A,B). The apparent 
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FIG. 2. The effect of pH on the activity of phos- 
phatidic acid phosphohydrolase of rat mammary 
tissue. Standard assay conditions were used with 
2 [N-morpholino] ethanesulfonic acid (MES) ; N,N-bis- 
(2-hydroxyethyl-2-amino ethapesulfonic acid) (BES); 
N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid 
(HEPES); tris-(hydroxymethy[aminomethane) (TRIS) 
and N,N-bis-(2-hydroxyethylglycine) (BICINE) buf- 
fers, respectively. 

V did not change, but the apparent Km de- 
creased. At higher concentrations of (Mg2+)f, 
particularly above 1.0 mM, inhibition occurred, 
especially at low substrate concentrations and 
the apparent Km was increased while the 
apparent Vmax decreased. These data suggested 
that magnesium was an enzyme ligand acting 
directly on the enzyme altering its affinity for 
the substrate (Mg-PA). However, the possibility 
of magnesium changing the physical state of the 
substrate cannot be ruled out, and at high 
concentrations magnesium may also have 
reduced the solubility of the PA substrate. 

Because significant amounts of  1,2-diglycer- 
ides (DG) are synthesized from 2-monoglycer- 
ides in lactating mammary tissue, it is possible 
that these may affect DG production from PA 
by inhibiting PAPase. However, the inclusion of 
1,2-DG in the assays at concentrations from 
0.02-1.5 mM dispersed in Tween 20, exerted 
negligible effects on PAPase. Because micro- 
somes from lactating mammary tissue contain 
lipase(s) which hydrolyze 1,2-DG to mono- 
glycerides and fatty acids, we tested the effect 
of 1,2-diglycerol ether (DGE), which is resistant 
to lipolysis, at several concentrations up to 1.5 
mM, in assays. The DGE actually enhanced the 
apparent Vmax especially at low substrate 
levels without altering the apparent Km (Fig. 
6). This effect could be attributed to the 
alteration of the aggregation state of the 
substrate whereby the DGE acted as a spacer 
molecule facilitating enzyme substrate interac- 
tion. Stimulation of PAPase by amphipathic 
molecules, e.g., phosphatidylcholine, has been 
observed by others (23). 

4,C 

~ 3,0 

~ 2 , 0  

I,Q 

I I 
04 o8 112 116 2;  

PHOSPHATIDIC ACID (MM) 

FIG. 3. The effect of substrate concentration on 
phosphatidic acid phosphohydrolase activity of rat 
mammary microsomes. Standard assay conditions as 
described in methods. 
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~ # TOTAL ~(~+ 

~ ~ ' ~'a ' 
MAGNESIUM (MM) 

FIG. 4. The effect of total magnesium concentra- 
tion on the activity of microsomal phosphatidic acid 
phosphohydrolase of rat mammary tissue. 

The inclusion of low concentrations of 
inorganic phosphate in the assay progressively 
depressed PAPase activity (Table I). However, 
at high concentrations, from 0.1 to 0.7 M, 
phosphate enhanced the rate of hydrolysis of 
PA. Labeled PA was used in these studies, and 
the products were mostly 1,2-DG and mono- 
glycerides with small quantities of labeled 
triglycerides being recovered. The preponder- 
ance of the remaining radioactivity was associ- 
ated with PA. 

Because of the influence of inorganic phos- 
phate on the activity of PA phosphohydrolase, 
we speculated that this might be attributable to 
the effects of the ionic strength of the assay 
medium on the substrate or on the enzyme p e r  

se.  Therefore. we examined varying concentra- 
tions of potassium chloride (KC1) on PAPase. 
Potassium chloride acted as a stimulator and 
inhibitor of the enzyme depending upon the 
concentration used (Fig. 7). At relatively low 

concentrations, enhancement of the hydrolysis 
occurred; whereas, at 1.6 mM, inhibition was 
observed. The KC1 reduced the apparent Km 
for the substrate Mg'PA possibly by altering its 
state of aggregation, i.e. lowering of the CMC of 
the substrate. 

D I S C U S S I O N  

The localization of PAPase in the micro- 
somal fraction of lactating mammary tissue was 
consistent with that of other tissues; e.g., 
70-90% of PAPase activity of intestine mucosal 
cells, heart, liver and kidney is associated with 
the microsomal fraction (21,23,24). Aqueous 
dispersions of PA is the preferred substrate for 
microsomal PAPase (21). However, as observed 
with PAPase from other tissues, the velocity of 
PA hydrolysis by mammary PAPase increases 
rapidly when the substrate concentration 
exceeds the CMC as indicated by the biphasic 
V/S pattern in Figure 3. 

The optimum pH, around 7, is typical of 
microsomal PAPases (21,25-27), and the rapid 
decrease above this pH indicates that this 
phosphatase activity is not due to alkaline 
phosphatase (28). 

The specific activity of microsomal PAPase 
from mammary tissue (6rim min -1 mg -1) was 
generally higher than the values of one to four 
(nmoles Pi released per min/mg microsomal 
protein) observed for tissues of other animals 
analyzed by similar methods (13,21,26,29). 
However, we observed that microsomal PAPase 
from liver of lactating rats was twice as active as 
the mammary PAPase from the same rats. This 
may reflect the active involvement of the 
liver in lipoprotein synthesis and secretion. 
These, especially the lipids associated with the 
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FIG. 5, A,B. The effects of increasing concentrations of magnesium on the kinetic characteristics of phos- 
phatidic acid phosphohydrolase of rat mammary tissue. Free magnesium indicates non-PA bound magnesium. 
Assay conditions as described in methods. 
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low density lipoproteins, are used as precursors 
of milk lipids (30). 

The active mammary PAPase may reflect the 
relatively high rate of glycerolipid synthesis in 
mammary tissue which in the case of the rat 
amounts to ca. 3 g/24 hr (3,31). There is 
some evidence tha PA-phosphohydrolase may 
be a rate-limiting enzyme in synthesis of 
triglycerides in liver and adipose (11,13,32). 
However, there are no data available for mam- 
mary tissue on this point. Some data on the 
relative activities of the other microsomal 
enzymes involved in TG synthesis in mammary 
tissue are available. The maximum observed 
rates for mammary microsomal palmityl-CoA: 
sn-glycerol,3-phosphate acyl transferase; pal- 
mityl-CoA :monoacyl-sn-glycerol-3-p ho sp h a t e 
acyl transferase and dim~,ristyl-sn-glycerol acyl 
transferase in vitro are (approximately) 2-9, 
25-30 and 10-30 nmoles acyl-CoA acyl acylated 
per mg microsomal protein/min, respectively 
(3,7,8,16). The maximum activity observed for 
the PAPase in the present study was 6-7 
nmoles/mg protein/min. These data are con- 
sistant with the latter enzyme being a possible 
rate-limiting step. However, because of the 
many variable factors which can influence 
data obtained in vitro with microsomal en- 
zymes which utilize amphiphilic substrates 
(20,23), definitive conclusions cannot be made 
until appropriate in vivo experiments are 
conducted. 

The apparent Km values obtained under the 
different assay conditions for PA, 160-700 #M, 
are within the range of 200 to 500/JM obtained 
for other microsomal PAPase preparations 
(13,23,25-26). 

Magnesium at concentrations up to 2.5 mM 
progressively stimulated mammary PAPase, 
while at concentrations above this activity was 
depressed. Though literature reports on the 
effects of Mg on PAPase are conflicting, in 
general, low concentrations of magnesium (1-3 
raM) stimulate while inhibition occurs on 
higher levels (13,29,33-34). Maximum stimula- 
tion occurred at free magnesium (Mg2+)f 
concentrations of 0.4 mM, and activity of the 
enzyme was progressively reduced at higher 
concentrations (1-4 mM) of (Mg2+)f. Coras and 
Shapiro (25) reported that purified PAPase 
from liver microsomes was slightly stimulated 
by 0.3 mM free Mg; however, the enzyme 
activity remained constant at high levels (>4 
mM) of this cation. Similar behavior was also 
noted by Jamdar and Fallon (33). Kako and 
Patterson (29) found that PAPase from dif- 
ferent organelles responded differently to 
magnesium; e.g., magnesium (1 mM) doubled 
enzyme activity in microsomal preparations 
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FIG. 6. The effects of dipalmitylglyceryl ether 
(DGE) on the phosphatidic acid phosphohydrolase 
activity of rat mammary microsomes. 

from rabbit heart, whereas, in the case of 
microsomes from hamster heart, it was inhibi- 
tory. 

Jamdar and Fallon (33) claimed that both a 
magnesium dependent and magnesium inde- 
pendent PAPase exists in adipose tissue. The 
data for mammary tissue are consistent with 
this idea because when EDTA was included in 
assays of the mammary enzyme from which 
Mg2+ was omitted, the specific activity was 
only slightly depressed. Coras and Shipiro (25) 
reported that purified rat liver microsomal 
PAPase did not require Mg 2+ and, in fact, 
Mg2+ at 1 mM was inhibitory. In our studies, 
free Mg 2+ decreased the apparent Km of the 
enzyme for the substrate from 0.25 to 0.16 

TABLEI 

The Effect of Inorganic Phosphate on the Rate of 
Hydrolysis of Phosphatidic Acid 
by Rat Mammary Mierosomes a 

Glyceride products 
(nmoles/min/mg 

protein) 
Concentration 

of phosphate mM A B 

0 6 .6  5 .3  
1 6 .6  4 .8  
2 6.1 4 .7  
5 4 . 0  3.7 

10 3 .2  3 .0  

aH3-phosphatidic acid (3,000 cpm/ nmole) at a 
concentration of 1.2 mM was incubated under 
standard conditions (see Methods) and the radioac- 
tivity recovered in the glycerides (1,2-diglycerides, 
monoglycerides and triglycerides) was measured to 
indicate the extent of dephosphorylation of PA. 
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FIG. 7. The effects of potassium chloride on the 
kinetic properties of phosphatidic acid phosphohydro- 
lase activity of rat mammary microsomes. 

mM. Jamdar  and Fallon (33) r epor ted  tha t  
Mg2+ at 1 mM decreased Km of  the  adipose 
enzyme  f rom 0.55 to  0.24 mM. 

The observa t ion  tha t  low levels o f  potass ium 
phospha te  and potass ium chloride s t imulated 
PAPase may  be a t t r ibu ted  to  the  lowering of  
the  critical micellar concen t ra t ion  of PA by  
these salts. Krag et al. (35) demons t r a t ed  tha t  
KC1 (180 mM) significantly s t imulated bac- 
terial PAPase by  decreasing Km. In our studies,  
KC1 (0.36 M ) r e d u c e d  the  apparen t  Km f rom 
0.3 to 0.1 mM and concomi tan t ly  increased 
Vmax  f rom 5.0 and 6.2 nmoles  Pi released per  
mg pro te in  per  min.  While these ions may  act 
by lowering CMC of  the  substra te ,  Coras and 
Shapiro (25) also suggested that  monova len t  
ions caused dissociat ion of  the  PAPase f rom 
membranes  wi th  c o n c o m i t a n t  increased ac- 
t ivity.  The increased activity of  m a m m a r y  
microsomal  PAPase induced  by  low concent ra-  
t ions  of  phospha t e  was in contras t  to  t he  
behavior  of  pur i f ied PAPase f rom rat liver 
which was insensitive to  inorganic phospha te  
(24). This is cons is tent  wi th  the idea tha t  the  
ions affect  the  microsomal  b o u n d  enzyme  by  
causing its dissociat ion f rom the  membrane .  

The absence  o f  any effect  fol lowing the  
addi t ion  of  diglyceride and the  slight st imula- 
t ion of m a m m a r y  PAPase by  diglycerol  e ther  
was in cont ras t  to the  inh ib i t ion  by diglyceride 
of  the  puri f ied enzyme  f rom rat  liver, and the  
m e m b r a n e  b o u n d  enzyme  f rom Bacillus subtilis 
(25,35).  The inclusion of phospha t idy lcho l ine  
in assays o f  liver microsomal  PAPase also 
s t imulated  rates  of hydrolys is  (23). It is possi- 
ble that  these amphiphi les  al tered the  physical  
state of  the  PA; e.g., by lowering CMC; by 
increasing micellar size t he reby  improving 
spacing of  the  substrate  PA molecules ,  or by  
eluting the  enzyme  f rom the  membrane .  

These data indica ted  tha t  the  proper t ies  of  
microsomal  PAPase f rom rat m a m m a r y  tissue 
are generally similar to  those  of  PAPase f rom 

o ther  mammal ian  tissues. Fu tu re  studies will 
involve moni to r ing  the  activity of  this en zy me  
in m a m m a r y  tissue during lactogenesis .  
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Carotene in Bovine Milk Fat Globules: Observations 
on Origin and High Content in Tissue Mitochondria 
STUART PATTON and JOHN J. KELLY, Department of Food Science, The Pennsylvania State 
University, University Park, Pennsylvania 16802, and THOMAS W. KEENAN, Department of Animal 
Sciences, Purdue University, West Lafayette, Indiana 47907 

ABSTRACT 

The location and origin of carotenoids in bovine milk fat globules was investigated using spectral 
absorption of lipid solutions at 461 nm to quantitate carotene. Release of membrane from globules 
as a result of churning to butter or by freezing and thawing of the globules yielded membrane 
preparations which were devoid of carotene. Globule cores from these procedures exhibited carotene 
concentrations comparable to those in total milk lipids. Fractionation of lactating bovine tissue and 
analysis of lipid extracts revealed that the intracellular fat droplets have carotene concentrations 
approximating those of secreted globules. However, intracellular membranes of the tissue, particularly 
the mitochondria, are much richer in carotenoids than formative or secreted fat ,globules. The evidence 
indicates that bovine milk fat globules acquire carotene during their formation in the cell, but that 
some minor fraction of the total carotene may be extracted from the enveloping secretory membrane. 
Mean carotene values (~g/g of lipid) for fractions from three samples of lactating tissue were: whole 
tissue 47, mitochondria 461, microsomes 69, cytosol 67, fat droplets 8, milk 9. One tissue analysis 
indicated that Golgi membranes contain somewhat more carotene than do microsomes. 

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

From 75 to 95% of  the carotenoids of  
, bovine milk are /3-carotene. It  is an impor tan t  

form (provi tamin)  of  vi tamin A in milk and 
milk products  and is responsible for the 
(natural)  ye l low color  of  but ter .  The amount  of  
carotene in milk is inf luenced by a number  of 
factors, the most  impor tan t  of  which is dietary 
intake. Within a week or  so of  being placed on 
pasture in the spring, cows produce milks with 
sharply increased carotene contents .  It  is 
notable  that  the milk fat of many species of  
ruminants  is colorless, e.g., that  of  the goat. 
Factors  inf luencing the vi tamin A and carotene 
content  of  bovine milk have been reviewed (1). 

Despite extensive biochemical  investigations 
of  the milk lipids in the past several decades, 
the locat ion of  carotene in the milk fat globule 
remains somewhat  confused.  White et al. (2) 
observed that  carotene distr ibut ion in milk fat  
globules is related to globule size with small 
globules conta ining more carotene than large 
ones. This led them to suggest a surface disposi- 
t ion for the pigment .  Thompson  et al. (3) 
repor ted  high levels of carotene in milk fat 
globule membrane  (MFGM) lipids, a l though the 
membrane  as such was no t  isolated f rom their  
bu t te rmi lk  preparations.  Pa t ton  and Fowkes  (4) 
no ted  that  the floating lipid fract ion from 
homogenates  of  lactating bovine tissue were less 
p igmented (yel low) than milk lipids obtained 
f rom the animal prior  to slaughter. They 
suggested that  the milk  fat droplet  acquires its 
carotene when enveloped by plasma membrane  
at secretion.  Keenan et al. (5) repor ted  observ- 
able levels of  carotene in plasma membrane  

preparat ions from lactating bovine tissue. 
However ,  such membrane  would no t  be derived 
exclusively f rom lactating cells or yet  more 
precisely, the apical (secretory)  membrane  of  
such cells. In dist inct ion to the lat ter  mem- 
brane, the basal membrane ,  which transports  
materials into the cell, might well contain 
carotene.  Smith et al. (6) have observed that  
membrane  removed from bovine milk fat 
globules by a detergent  ext rac t ion  process 
contained essentially no carotene.  This is 
consistent  with our  own recent  observations of  
MFGM prepared by other  methods.  Thus, we 
unde r took  fur ther  investigation of the matter .  
MFGM has been the subject of review (7,8). 

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

All samples of  milk and lactat ing tissue were 
obta ined f rom individual pastured Holstein 
cows. The four  milks used to prepare MFGM 
were gathered in July and August,  each from a 
different  animal.  The tissues and their  corre- 
sponding milk samples were secured f rom four  
addit ional  animals in July,  Sep tember  and 
November .  Carotenoid  con ten t  of milk fat 
drops rapidly in our  locale when cows are 
shifted to s tored feeds, usually in late Novem- 
ber or  early December .  

Preparation of Milk Fat Globule 
Membrane (MFGM) 

Two classical procedures  were used to 
prepare MFGM from fresh morning milk.  One 
was by churning (9) and the o ther  by freezing 
and thawing (10) of  washed milk fat globules. 
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In the former  procedure ,  approximate ly  .10 
liters of  very fresh milk was separated at 37 C 
into cream and skim milk with the aid of  a 
laboratory  scale cream separator. The cream 
(25% fat) was washed four  times by dispersion 
in 3 to 4 volumes of  0.25 M sucrose containing 
0.002 M MgCI 2 and repassage through the 
separator.  The washed cream was cooled to 12 
C and churned in a small Hobar t - type  mixer.  In 
this process, the membrane  is released from the 
fat globules which then adhere to each other  to 
form butter.  The but termi lk  containing the 
membrane  material  was centr i fuged at 49,000 x 
g for 2 hr  to yield pellets of  MFGM. In the 
freeze-thaw procedure ,  por t ions  of  the washed 
cream were placed in centrifuge tubes and spun 
at 10,000 x g for 20 rain in the cold (4 C). 
These tubes were placed in a freezing cabinet 
(-4 C) for 24 hr, then warmed slowly to 45 C 
and centr ifuged at 49,000 x g for 2 hr to 
sediment  the released membrane.  Port ions of 
the original milks and various fractions pro- 
duced in the preparat ions of MFGM; i.e., 
washed cream, washed cream but termilk,  
but ter ,  etc.,  also were saved for analyses. 

For  the purpose of comparing the caro- 
tenoid con ten t  of  MFGM with that of  the bulk 
fat phase of  the globules from which the 
membrane  was derived, butteroils  f rom the 
churning and freeze-thaw procedures were 
obtained.  For  the latter,  this simply involved 
removal  of  the oil layer at the t ime the mem- 
brane was sedimented.  For  the former,  20 g of 
but ter  was mel ted at 45 C in a 50 ml centrifuge 
tube and centr i fuged at l 0,000 x g and ambient  
tempera ture  for 40 min. The clear oil layer was 
used for analyses. But teroi l  was also prepared 
from commercia l  (uncolored)  but ter  by this 
procedure.  

Fractionation of Tissue 

Prior to slaughter of  the animals, 100 ml 
samples of  milk were collected to enable 
comparisons of  carotene contents  in milks and 
tissues. Fif ty  g of  the fresh lactating tissue was 
cut  into 0.5 cm fragments,  which were washed 
in cold tap water and placed in a Waring 
Blender containing 300 ml of  ice cold 0.25 M 
sucrose solution.  The mixture  was homogenized  
at max imum power  for  1 min. Various fractions 
were derived by centrifuging this homogena te  
in 50 ml tubes at 4 C in a Sorvall Model  RC-5B 
centrifuge as follows. An initial centrifuging at 
1000 x g for 12 min yielded three fractions:  a 
cell cream on top,  a sediment  (debris),  and an 
in termedia te  layer. The celt cream and debris 
were isolated and retained for analysis and the 
middle layer was transferred to fresh tubes and 
centr i fuged at 10,000 x g for 20 min.  A slight 

fat ty layer from this spin was removed and 
added to the first cell cream. The sedimented 
pellets were suspended in a few ml of  sucrose 
and pooled  as a crude mitochondria l  fraction 
and the supernatant  was placed in fresh tubes 
and centr i fuged at 49,000 x g for 2 hr. This 
la t ter  yielded a microsomal  fraction (pellet) and 
a supernatant  which was designated cytosol .  
These fractions including some of the original 
homogena te  were submit ted  to lipid extract ion 
and analysis as described following. The July 
sample of tissue was used to isolate Golgi 
membrane  and rough endoplasmic ret iculum 
according to the me thod  of  Keenan et al. (11). 
For  purposes of  characterizat ion,  fractions were 
fixed and viewed with an electron microscope 
using procedures  previously described (11). 

Lipid Extraction and Analysis 

Milk, milk componen t s  derived in the 
isolat ion of MFGM, and the various tissue 
fract ions were extracted to obtain lipids by the 
Roese-Got t l ieb procedure (12). Lipids in 
fractions from the July tissue (only) were 
ext rac ted  by the Folch procedure (13). For  
quant i ta t ion ,  lipids were dried to constant  
weight under  vacuum (15-20 mm Hg and 38 C). 
Spectral  propert ies  of  lipids in the visible region 
(350 to 600 nm) were determined in 19:1 (v/v) 
ch lo ro fo rm/me thano l  with a Beckman Model 
25 spec t rophotometer .  Some spectra were 
obtained with a Bausch and Lomb Spectronic 
20 ins t rument .  Carotenoids  in the milk and 
tissue extracts  were analyzed as described by 
Davis (14) using E 1% cm of 2396 (chloro- 
form).  Both authent ic  ~-carotene (Hoffmann-  
LaRoche  Inc., Nut ley,  N J) and the various 
lipids of this study exhibi ted an absorpt ion 
max imum of 461 nm. It was used as the setting 
for the carotene analyses. Efforts  were made to 
pro tec t  samples from light and to comple te  
carotenoid  analyses quickly.  However ,  amber  
glassware was no t  employed .  

Lipid phosphorus  was determined by the 
me thod  of  Rouser  et al. (15). The results were 
mult ipl ied by 25 to convert  them to the 
quant ies  of  phospholipid.  Cholesterol  was 
assayed by the procedure  of  Bachman et al. 
(16). 

RESULTS 

While there is good evidence that caro- 
tenoids are the normal  pigments  in bovine milk 
fat (1), we wished to check this fact in terms of  
our  own samples and spectroanalyt ic  methods .  
In Figure 1, absorpt ion spectra in the visible 
region are presented for authent ic  /3-carotene 
and but teroi l  prepared f rom a sample of  c o r n -  
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mercial uncolored butter. Both show the 
characteristic maximum at 460 to 465 nm and 
inflections in the regions of 493, 438 and 408 
nm. Whenever yellow color was observable in 
the various milk, fat globule and tissue lipid 
fractions of this study, these same absorption 
properties were seen with the spectrophoto- 
meter. On silicic acid column chromatography 
(17) of milk and mammary tissue lipids, the 
only pigmented band we have ever seen is that 
corresponding to carotene in the hydrocarbon 
fraction. Thus, absorption of 461 nm was used 
to quantitate carotenoids in the lipid fractions. 

The following yield data from one of the 
four preparations of MFGM by the churning 
procedure are representative: passage of 8.6 kg 
of fresh milk through the separator gave 6.6 kg 
of skim milk and 2.1 kg of cream. Following 
washing and reseparation (4 times), this cream 
yielded 250 g of butter and 1100 ml of butter- 
milk. Centrifugation of the washed cream 
buttermilk deposited 3.8 g of wet MFGM. 
Roese-Gottleib extraction (12) of the mem- 
brane suspended in 10 ml of 0.25 M sucrose 
solution produced .2937 g of total lipid. 
The phospholipid and cholesterol contents of 
this lipid were 41.0% and 4.1%, respectively. 
These latter values are in the normal range for 
this membrane. Glycerides generally make 
up from 53 to 74% of the lipids (7). In other 
studies, we have shown that MFGM made by 
these procedures has characteristic membrane 
bilayer ultrastructure (18) and marker enzy- 
matic activities (5'nucleotidase, nucleotide 
pyrophosphatase, Mg 2+ ATPase) for plasma 
membrane (19). On the basis-of lipid phos- 
phorus in the washed cream compared to 
that in the membrane lipids, the yields of 
membrane for three of the trials averaged 19%. 
In one of the trials, it was found that yield of 
membrane from the washed cream buttermilk 
was 62%. 

The lipid extracts of the four membrane 
preparations showed no visible evidence (yellow 
color) of carotenoids. A slight brownishness 
could be seen which in our experience is 
characteristic of concentrated solutions of 
phospholipids. The absence of carotenoid in all 
the MFGM preparations was confirmed spectro- 
photometrically. As shown in Figure 2, mem- 
brane lipids exhibited no absorption maximum 
for carotenoids (460-465 nm), whereas both 
the whole milk lipids and butteroil refined from 
the butter were bright yellow and showed this 
absorption. The somewhat lower level of 
carotenoid in the butteroil as compared to the 
milk lipids from which it was derived may be 
due to (oxidative) losses during the separation, 
washing, churning and rendering of the oil. 
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FIG. 1. Absorption spectra for butteroil from 
commercial butter against hexane (upper) and j3-caro- 
tene in chloroform (lower). 
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FIG. 2. Absorption spectra of lipid extracts in the 
preparation of milk fat globule membrane: e o 
whole milk lipids; o - - o  butteroil from that milk; 
X - - X  milk fat globule membrane lipids from that 
milk. 1.0 g made to 3.5 ml with chlroform/methanol, 
19:1, for the milk lipids and butteroil, 294 mg of the 
membrane lipid similarly made to 3.5 ml. 
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When  a ba t ch  of  washed  cream was split  and  
some of i t  used to p roduce  M F G M  by the  
f r eeze - thaw p rocedu re  and  the  res t  to  p r o d u c e  
the  m e m b r a n e  by  churn ing ,  ne i t he r  p r e p a r a t i o n  
y ie lded lipid ex t rac t s  wi th  observable  caro te -  
noids .  The  ex t rac t s  were relat ively colorless and  
the i r  spectra ,  Figure 3, were s loping curves 
closely resembl ing  t h a t  for  MFGM in Figure  2. 
Spec t ra  for  to ta l  l ipids of  washed cream,  
b u t t e r o i l  r endered  f rom the  b u t t e r  and  oil 
released in isolat ing m e m b r a n e  by  the  freeze- 
t h a w  p rocedu re  were near ly  super imposab le ,  
Figure 4. As in Figure 2, so lvent  e x t r a c t i o n  gave 
sl ightly b e t t e r  recovery  of  ca ro teno id  t han  did 
r ende r ing  oil f rom b u t t e r .  

Since there  appeared  to be n o  ca ro t ene  in 
the  MFGM,  it was fel t  t h a t  d i s t r i bu t ion  of  the  
p i g m e n t  in lac ta t ing  t issue should  be examined ,  
par t icu la r ly  the  a m o u n t  in a f r ac t ion  repre-  
sen t ing  milk fat  g lobules  in the  p re sec re to ry  
s tate .  The  ca ro tene  c o n c e n t r a t i o n s  in l ipids 
f rom this  f rac t ion  (cell c ream),  f rom o t h e r  
t issue f ract ions ,  and  co r r e spond ing  milks  
of  th ree  cows are given in Table I. The  cell 
c ream lipids f rom tissues of  the  th ree  an imals  
c o n t a i n e d  similar c o n c e n t r a t i o n s  of  c a ro t ene  to 
those  f o u n d  in the  co r r e spond ing  milks.  The  
da ta  also reveal t ha t  l ipids f rom all of  the  o t h e r  
t issue f rac t ions  had  h igher  c o n c e n t r a t i o n s  of 
ca ro teno ids  than  did the  mi lk  lipids. The  
par t icu la r ly  high levels in the  m i t o c h o n d r i a l  
f rac t ion  were fu r t he r  invest igated.  The  c rude  
f r ac t ion  (t issue B) was judged by  e l ec t ron  
mic roscopy  to be 50% m i t o c h o n d r i a  wi th  rough  
m i c r o s o m a l  vesicles as the  pr inc ipa l  con t ami -  
nan t .  Washing and r e sed imen t ing  the  crude  
p r e p a r a t i o n  at 10 ,000 x g increased the  caro- 
tene  c o n c c e n t r a t i o n  f rom 466  to 974  /.tg/g of  
lipid. This  exh ib i t ed  the  charac te r i s t ic  absorp-  
t ion  s p e c t r u m  (X max  461 n m )  for  p-caro tene .  
The debris  and tissue h o m o g e n a t e  values for  
ca ro tene  in Table I are s imilar  since the  debr is  
would  con ta in  u n b r o k e n  pieces of  t issue. I t  is 
suspec ted  t ha t  these values are low in t issue A 
because  of  neu t ra l  fat  a ccum ul a t i on  in the  
u d d e r  as the  an imal  was going dry. 

One e x p l a n a t i o n  of  the  absence  of  ca ro t ene  
in MFGM concerns  i ts possible exc lus ion  as a 
sec re to ry  m e m b r a n e  c o m p o n e n t  at the  level of  
the  Golgi  appara tus .  The reby ,  Golgi m e m b r a n e s  
migh t  have lower  c o n c e n t r a t i o n s  of  ca ro t ene  
t han  endop lasmic  re t i cu lum,  and  sec re to ry  
vesicles migh t  exh ib i t  still lower  c o n c e n t r a t i o n s  
t han  Golgi  m e m b r a n e .  We e x a m i n e d  this  
ques t i on  wi th  an add i t iona l  sample  of  t issue 
(July) .  The  values for  rough  endop la smic  
r e t i cu lum,  Golgi and  m i t o c h o n d r i a l  f r ac t ions  
were 100, 159 and  322  /Jg of  ca ro t ene /g  of  
lipid. Thus ,  i t  does n o t  appear  t ha t  the  Golgi  
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FIG. 3. Absorption spectra of lipid extracts in the 
preparation of milk fat globule membrane: e - - o  
lipids from membrane prepared by churning washed 
cream (65 mg of lipid in 3.5 ml of 19:1 chloroform/ 
methanol); X - - X  lipids from membrane prepared by 
freezing and thawing the same washed cream (20 mg 
of lipid in 3.5 ml of 19: I chloroform/methanol); . . . .  
spectrum of butteroil released in the freezing-thawing 
preparation of membrane. 
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FIG. 4. Absorption spectra of lipid extracts in the 
preparation of milk fat globule membrane: X - - X  
washed cream fipids; o - - o  freeze-thaw butteroil 
from the same washed cream; �9 �9 butteroil from 
the same washed cream. 1.0 g of each lipid made to 
3.5 ml with 19:1 chloroform-methanol. 

appa ra tus  is dep le ted  of  ca ro tene  or is in ter -  
media te  in value b e t w e e n  endop lasmic  re t icu-  
lure and  secre tory  m e m b r a n e .  

DISCUSSION 

It is mos t  likely t h a t  the  ca ro tene  of mi lk  fat  
globules reaches  the  m a m m a r y  gland by way of  
the  c i rcu la t ion .  All three  of  the  pr incipal  se rum 
l ipopro te ins  (very low dens i ty ,  low dens i ty  and  
high dens i ty )  of  l ac ta t ing  bov ine  b lood  carry 
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ca ro t eno ids  (B.C. Raphae l  and S. P a t t o n ,  
unpub l i shed ) .  Moreover ,  l ipids of  bov ine  serum 
l i pop ro t e in s  are pr inc ipa l  precursors  of  mi lk  
t r iglycer ides  (20 ,21) ,  and  in the  l ac ta t ing  ra t  i t  
has  been  s h o w n  t h a t  all three  of  the  foregoing  
se rum l ipopro te ins  can t rans fe r  cho les te ro l  to  
mi lk  (22) .  However ,  the  molecu la r  events  in 
m o v e m e n t  of  ca ro teno ids  i n to  the  m a m m a r y  
cell are n o t  k n o w n .  

The  da ta  of  Table  I ind ica te  t ha t  ca ro t ene  is 
associa ted wi th  the  var ious  e n d o m e m b r a n e s  of  
the  lac ta t ing  cell. F o r m a t i o n  of the  mi lk  fa t  
d rop le t  appears  to  be in i t i a t ed  in the  m a t r i x  of  
the  endop la smic  r e t i cu lum at the  base of  the  
cell ( for  review, see ref. 23 and  24). This  
l oca t ion  shou ld  be r ich  in me tabo l i t e s  en t e r ing  
the  cell f r om the  c i rcula t ion .  It m ay  be there  
t h a t  the  bu lk  of  the  ca ro tene  is t r ans fe r red  to  
fo rming  fat  drople ts .  This  would exp la in  the  
obse rva t ion  of  White  et  al. (2)  t ha t  smal ler  mi lk  
fat  g lobules  have more  ca ro teno ids  pe r  weight  
of  fa t  t h a n  larger ones.  Larger  globules  m a y  
unde rgo  grea ter  g rowth  in a more  d i lu te  caro-  
tene  e n v i r o n m e n t  in the  apex of  the  cell. 
Pe ixo to  de Menezes  and  P in to  da Silva (25) have 
p roposed  f rom freeze f rac ture  s tudies  of  
fo rming  mi lk  fa t  d rople t s  t h a t  d rop le t  g r o w t h  
occurs  by  t rans fe r  of  m e m b r a n e  l ipids at  the  
d rop le t  surface. This would be a plausible  
m e c h a n i s m  to  expla in  u p t a k e  of  ca ro t ene  f rom 
e n d o m e m b r a n e s  by  the  drople t .  

Our  f indings  are no t  cons i s t en t  wi th  the  
hypo thes i s  t h a t  ca ro tene  of mi lk  fat  g lobules  is 
acqu i red  f rom apical p lasma m e m b r a n e  at 
secre t ion .  E x a m i n a t i o n  of  MFGM prepa red  by  
two  m e t h o d s ,  chu rn ing  and  f reeze- thaw,  
revealed i t  to  be  devoid of  caro tene .  Prepara-  
t ion  of  M F G M  by  ye t  a n o t h e r  m e t h o d ,  de ter -  
gent  e x t r a c t i o n  (6) ,  also y ie lded  m e m b r a n e  free 
of  ca ro teno ids .  Ra ther ,  as in our  s tudy ,  the  core  
l ipids o f  the  globule a c c o u n t e d  for  the  p igmen t .  

I t  m a y  be reasoned  t ha t  ca ro t ene  is 
p r o m p t l y  ex t r ac t ed  f rom the  p lasma m e m b r a n e  
in to  the  fat  d rop le t  at  secre t ion ,  thus  
a c c o u n t i n g  for  the  v i r tua l  absence  of  ca ro t ene  
c o n c e n t r a t i o n  in MFGM. Assuming  a globule  of  
3 # m  d i ame te r  b o u n d  by  a m e m b r a n e  100 A 
th ick ,  the  vo lume  of  the m e m b r a n e  can be 
ca lcula ted  using the  fo rmula  for  vo lume  of  
a sphere  V = 4 /3  7r r 3. The  m e m b r a n e  vo lume  is 
a p p r o x i m a t e l y  one- f i f t i e th  of  the  globule  
vo lume,  which  indica tes  t ha t  i t  would  h a v e  to 
con t a in  50 t imes the  ca ro tene  c o n c e n t r a t i o n  
f o u n d  in mi lk  fat  to  supply  all of  the  ca ro t ene  
for  the  la t ter .  This  c o n c e n t r a t i o n  in the  m e m -  
b rane  would  be 300  to 1000/ . tg/g l ipid based  on  
the  data  of  Table  I. While i t  seems reasonable  
t ha t  the  p lasma m e m b r a n e  would  con ta in  some  
ca ro tene ,  it does no t  seem to  be a plausible  

TABLE I 

Distribution of Carotenoids in Mammary Tissue 
Fractions and Milks from Three Holstein Cows a 

A B C 
(9/27) (11/7) (11/30) 

Fraction #g carotene/g of lipid 

Mitochondria 799 466 117 
Microsomes 162 17 27 
Cytosol 127 51 22 
Debris 39 76 50 
Whole tissue 31 60 50 
Cell cream 10 10 4 
Milk 10 11 6 

aThese were three Holsteins slaughtered at the 
dates indicated. Cow A was nearly dry. B and C were 
giving about 14 kg of milk per day. 

source o f  all the  globule  ca ro tene .  The  fac t  t h a t  
the  cell cream ( in t race l lu la r  fat  d rop le t s )  
f rac t ion ,  Table  I, has  v i r tua l ly  the  same caro- 
t ene  c o n c e n t r a t i o n  as secre ted globules  also 
re fu tes  such a source.  Analys is  of  secre tory  
vesicle m e m b r a n e s  for  c a ro t ene  c o n t e n t  shou ld  
shed f u r t h e r  l ight  on this  m a t t e r  since they  
appear  to  be the  i m m e d i a t e  p r ecu r so r  of  apical  
p lasma m e m b r a n e .  T w o  add i t i ona l  possibi l i t ies  
regarding the  lack of  c a ro t ene  in M F G M  are 
de s t ruc t i on  by  oxidases  or  selective r emova l  at  
t he  t ime  of  fat  d rop le t  secre t ion .  Resul ts  f rom a 
r ecen t  freeze f rac tu re  s t u d y  (26)  of  m e m b r a n e  
events  at  secre t ion  m a y  be  i n t e r p r e t e d  to  show 
t h a t  some  p lasma m e m b r a n e  c o m p o n e n t s  are 
selectively r e t a ined  by  the  cell. 
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The Effect of Oral Contraceptives on Mononuclear Cell 
Cholesteryl Ester Hydrolase Activity 
F.C. HAGEMENAS, F.M. YATSU and L.C. MANAUGH, University of Oregon Health Sciences Center, 
Department of Neurology, 3181 S. W. Sam Jackson Park Road, Portland, OR 97201 

ABSTRACT 

The influence of sex steroids on mononuclear cell cholesteryl ester hydrolase (CEH) activity in 
premenopausal women and women on combined estrogen-progestin oral contraceptives has been 
studied. In addition, plasma and mononuclear cell cholesterol and esters were measured along with 
plasma estrogen and progesterone levels. Mononuclear cell CEH activity in control women is highest 
on Day 20 of their menstrual cycle. The control women had significantly higher CEH activities than 
women on oral contraceptives. Plasma esters were higher in the oral contraceptive group. However, 
in mononuclear cells, free cholesterol but not cholesteryl esters were higher in women on oral contra- 
ceptives. 

INTRODUCTION 

Atherosclerosis remains the most prominent 
disease numerically in the United States, since 
it accounts for the first and third causes of 
death and disability among Americans due to 
coronary heart disease and strokes. One of the 
features of atherosclerosis is the accumulation 
and deposition of  cholesterol and its esters in 
the arterial wall. This accumulation may, in 
part, be due to a deficiency of lysosomal 
cholesteryl ester hydrolase (CEH) (1-4). Two 
human diseases, namely, Wolman's and Choles- 
teryl Ester Storage Disease (CESD), are charac- 
terized by pronounced tissue accumulation of 
cholesteryl esters and by profoundly depressed 
CEH activity (5-7). In Wolman's disease, 
Cortner and coworkers have shown the com- 
plete absence of a lysosomal acid lipase in 
cultured fibroblasts (6) and in mononuclear 
cells (7). Data from our laboratory have shown 
that individuals with symptomatic atherosclero- 
sis have significantly lower mononuclear cell 
CEH levels than those who are asymptomatic 
(unpublished observations). These studies sug- 
gest a role of reduced CEH in atherogenesis. 
However ,  the factors that modulate CEH 
activity in atherosclerosis are not known. One 
of the factors that may play a role in athero- 
genesis is hormones, since it has been demon- 
strated that women taking oral contraceptives 
can develop accelerated atherosclerosis and 
have an increased incidence of coronary heart 
disease (8-10). The clinical recognition of 
atherosclerosis in women before menopause is 
uncommon and rare in the absence of  hyper- 
tension, diabetes, anemia, or myxedema. If 
CEH and plasma lipids are involved in the 
pathogenesis of the disease and, as women are 
relatively immune before menopause, further 
information obtained by studies of mono- 
nuclear cell CEH and plasma lipids during the 
normal menstrual cycle and in women on oral 

contraceptives is of considerable clinical im- 
portance. 

PROCEDURES 

Subjects 

Premenopausal women were selected from 
the staff of the Medical Center to form an 
approximately homogeneous group with re- 
spect to height, weight and age. The mean age 
was 26 (range: 19-30 years); the mean height 
was 5 '5"  (range: 5 '1"-5 '9") ;  and none of the 
women was overweight. All subjects were 
healthy according to their history. Subjects 
with hyperlipidemia or abnormal routine 
laboratory tests of renal and hepatic functions 
were excluded from the study. None of the 
women was receiving any form of medical or 
vitamin therapy. Only those women taking oral 
contraceptives for contraception were studied, 
as opposed to those regulating their menstrual 
cycles. Nine of the ten women on oral contra- 
ceptives were receiving Ortho Novum 1/50; the 
tenth person was receiving Norlestrin 1/50. 

Collection of Blood Samples 

Samples of  venous blood (20 ml) were taken 
from each unfasted subject in a uniform man- 
ner. All samples were obtained between 8:30 
a.m. and 9:30 a.m. Samples of venous blood 
were taken at days 5, 10, 15, 20 and 25 of 
control women's menstrual cycle. The day of 
the cycle in each woman was determined from 
day 1 of menses. Women on oral contraceptives 
were sampled on days 5, 10, 15 and 20 after 
their last pill. The samples were assayed im- 
mediately for mononuclear cell CEH activity 
and aliquots of plasma and mononuclear cells 
were processed for cholesterol and cholesteryl 
ester determinations. Aliquots of plasma were 
quick frozen for  hormone measurements by 
radioimmunoassay. 
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Biochemical Analysis 

The acid CEH activi ty of  the mononuc lea r  
cells was measured as previously reported (11) 
but  will be described in brief. Op t imum assay 
condi t ions  for mononuc lea r  cell CEH were 
determined for pH (4.5) and substrate concen- 
t ra t ion (3-4 nmoles).  Hydrolysis  was linear with 
incubat ion  t ime (up to 90 min) and with 
protein concent ra t ion  (40-120 /~g/incubation). 
Each 10 ml of  b lood was diluted with 30 ml 
normal  saline and carefully layered upon 10 ml 
Lymphoprep  (sodium metr izoa te /Ficol l ) .  The 
samples were then centr i fuged for 30 min at 20 
C, at 400 x g (measured at the interface be- 
tween blood and Lymphoprep) .  The middle 
band,  containing the mononuc lea r  cells, was 
removed  and centr ifuged again to pellet the 
cells. The mononuc lea r  cells were then washed 
several t imes with saline. Af te r  the  final wash, 
the cell suspension was transferred to a 2.5 ml 
Dounce  homogenizer .  The cell suspensions were 
uni formly  homogenized  in saline 30 t imes prior 
to adding them to the CEH assay system. 
Disrupt ion o f  the ceils by more  vigorous means 
failed to show any increased CEH activity in 
this assay system. Rout ine ly  1-1.5 x 106 cells 
are added to the  incubat ion  medium.  The assay 
medium contains 1.3 ml 0.2 M acetate buffer ,  
pH 4.5, 0.1-0.2 ml mononuc lea r  cells 
and 3-4 nmoles 14C_l.cholestery 1 oleate (SA 55 
mCi /mmole ,  New England Nuclear) injected in 
20 /~1 acetone.  In control  samples, p-chloro- 
mercur iphenyl  sulfonic acid (PCMPS) was 
added to inhibit  the enzyme.  At  3.3 x 10 -3 M 
concent ra t ion  the  PCMPS comple te ly  inhibi ted 
the CEH activity.  Af te r  incubat ion  of  the  
samples for 1 hr  at 37 C, the samples were 
extracted with 3.0 ml benzene / ch lo ro fo rm/  
methanol ,  1:0.5:1.2,  0.6 ml of  0.3 M NaOH, 
was then  added,  stirred and centrifuged.  A 0.5 
ml al iquot  of  the upper  phase (containing free 
oleic acid) was added to  a to luene-10% Beck- 
man Biosolv scinti l lation cocktai l  and the 
radioact ivi ty  determined.  

Plasma and mononuc lea r  cell cholesterol  and 
ester levels were measured in each subject. A 
0.100 ml a l iquot  of  plasma and a 0.250 ml 
al iquot  of  the  mononuc lea r  cell preparat ion was 
ext rac ted  2x with 5 ml CHCL3/MeOH,  2:1. 
The samples were then evaporated to dryness, 
derivatized wi th  TMS-Sil Prep (Applied Science 
Laboratories)  and assayed on a 5830-A Hew- 
lett-Packard gas chromatograph  (3% SE-30 on 
10% Gas Chrom,  Applied Science Laboratories)  
to obtain free cholesterol  levels. The samples 
were then  saponified,  ext rac ted  and again 
derivit ized to obtain the to ta l  cholesterol  
concent ra t ion .  The samples were correc ted  for 
procedural  losses by including 14C-cholesterol 

and 14C_4_cholestery 1 oleate standards in each 
assay. The recoveries for each compound  were 
greater than 90% (range: 90-99%). The values 
for cholesterol  and its ester are 10-15% lower 
than standard clinical co lorometr ic  methods.  
Protein concent ra t ion  in each mononuclear  cell 
sample was determined by the  method  of  
Lowry et al. (12). The statistical significance of  
mean differences was determined using Stu- 
dent 's  t-test. 

Plasma levels of  estrogens and progesterone 
were de termined  for control  women  at each 
test period by radioimmunoassay.  The assays 
were per fo rmed  at the Oregon Regional  Primate 
Research Center .  The procedures,  specificity, 
precision and accuracy of  the method  are well 
documented  (13,14).  The estrogen values 
represent  the sum of estradiol and estrone. At 
each test period,  correlat ion coefficients 
be tween  progesterone and CEH and estrogens 
and CEH were calculated to disclose a possible 
relat ionship be tween  sex steroid level and CEH 
activity. 

The lysosomal  marker  enzymes  r 
dase and ~-D-N-acetylglucosaminidase were 
assayed in the mononuc lea r  ceils of cont ro l  
women during each test period as previously 
described (15,16).  

RESULTS 

The Effect of Oral Contraceptives on CEH (Table I) 

The mononuc lea r  cell CEH levels in c o n t r o l  
and in w o m e n  or oral contracept ives  are shown 
in Table I. Normally  menstruat ing women  
showed a significant rise in CEH levels on day 
20 of  the menstrual  cycle, p<0 .05 .  The enzyme 
activity in w o m e n  on oral contracept ives was 
significantly lower than cont ro l  women  in three 
o f  four  test periods. 

TABLE I 

The Effect of Oral Contraceptives 
on Mononuclear Cell CEH Activity a 

Oral 
Day of Control contraceptive 
cycle (C) (OC) P 

5 1383 • 257 842 • 168 <.05 
10 1570• 222 896 • 108 <.01 
15 1318 • 225 1083 • 237 NS 
20 1950 • 202 958 • 179 <.005 
25 1530 • 352 . . . . . .  

aValues are expressed as pmoles/mg P/h, Mean • 
SE; n = 9 controls and 10 oral contraceptive. 

Plasma Levels of Cholesterol and Esters (Table I I) 

The free cholesterol  levels in normal  cycling 
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w o m e n  a n d  in t h e  ora l  c o n t r a c e p t i v e  g r o u p  d id  
n o t  v a r y  s i g n i f i c a n t l y  d u r i n g  t h e  c y c l e  n o r  
b e t w e e n  t h e  t w o  g r o u p s .  H o w e v e r ,  t h e  w o m e n  
o n  oral  c o n t r a c e p t i v e s  h a d  s i g n i f i c a n t l y  h i g h e r  
ester levels  t h a n  t h e  c o n t r o l  w o m e n  in t h r e e  o f  
t h e  t e s t  p e r i o d s .  

TABLE II 

The Effect of  Oral Contraceptives 
on Plasma Cholesterol and Ester Levels (mg/100 ml) a 

Oral 
Day of  Control contraceptive 
cycle (C) (OC) P 

Free Cholesterol 

5 47 • 2 52 -+ 3 NS 
10 49 -+ 3 47 • 3 NS 
15 49 -+ 2 48 -+ 2 NS 
20 41 -+ 2 47 • 3 NS 

Cholesteryl esters 

5 86-+ 8 113-+ 12 <.05 
10 95-+ 13 104 • 11 NS 
15 76 + 4 117 + 13 <.005 
20 77 + 4 133-+ 17 <.005 

Cholesterol/ester ratio 

(paired data) 

5 0.53 -+ .04 0.49 +- .06 NS 
10 0.58 -+ .05 0.49 +- .03 <.05 
15 0.60 _+ .05 0.43 + .04 <.01 
20 0.54 -+ .03 0.36 • .03 <.005 

aValues are Mean • SE; n = 9 controls and 10 oral 
contraceptive. 

f o r  n o r m a l  p r e m e n o p a u s a l  w o m e n .  D u e  to  t h e  
f ac t  t h a t  b l o o d  s a m p l e s  we re  o n l y  o b t a i n e d  
e v e r y  f ive d a y s ,  it was  n o t  p o s s i b l e  t o  d e t e c t  t h e  
m i d c y c l e  e s t r o g e n  p e a k  in  all c a se s ;  h o w e v e r ,  
t h e  e l e v a t e d  p r o g e s t e r o n e  c o n c e n t r a t i o n  c h a r a c -  
t e r i z i n g  t h e  l u t e a l  p h a s e  was  p r e s e n t  in  all 
cyc les .  T h e r e  was  n o  s i g n i f i c a n t  c o r r e l a t i o n  
b e t w e e n  p l a s m a  e s t r o g e n  levels  a n d  C E H  
a c t i v i t y  d u r i n g  a n y  o f  t h e  f ive s a m p l e  p e r i o d s .  
In  t h e  case  o f  p r o g e s t e r o n e  vs. C E H ,  a p o s i t i v e  
c o r r e l a t i o n  o f  0 . 8 0  (p  < 0 . 0 1 )  e x i s t s  o n  d a y  5 
o f  t h e  c y c l e  a n d  a n e g a t i v e  o n e  o f - 0 . 8 1  o n  d a y  
25 (p  < 0 . 0 1 ) .  

Lysosomal Marker Enzymes (Table V) 

M o n o n u c l e a r  cell l y s o s o m a l  e n z y m e s  fl-glu- 
c u r o n i d a s e  a n d  N - a c e t y l g l u c o s a m i n i d a s e  d id  n o t  
v a r y  s i g n i f i c a n t l y  w i t h  s t age s  o f  t h e  m e n s t r u a l  
cyc l e  in n o r m a l  p r e m e n o p a u s a l  w o m e n .  

DISCUSSION 

It  h a s  b e e n  p r o p o s e d  t h a t  f e m a l e  s ex  h o r -  
m o n e s  p r o t e c t  p r e m e n o p a u s a l  w o m e n  f r o m  
d e v e l o p i n g  c o r o n a r y  h e a r t  d i s e a s e  ( 1 7 - 1 9 ) .  
H o r m o n e s ,  p a r t i c u l a r l y  e s t r o g e n s ,  e x e r t  m u l t i -  
p le  m e t a b o l i c  e f f e c t s  a n d ,  a t  p r e s e n t ,  it  is n o t  
p o s s i b l e  t o  d e t e r m i n e  w h i c h  o n e s  are  p r inc i -  
pa l ly  r e s p o n s i b l e  fo r  t h e  p r o t e c t i v e  e f f ec t ( s ) .  
Sex  s t e r o i d  h o r m o n e s  a p p e a r  t o  h a v e  a m a j o r  

Mononuelear Cell Cholesterol and Esters (Table III) 

C h o l e s t e r o l  levels  in w o m e n  o n  ora l  c o n t r a -  
c e p t i v e s  we re  s i g n i f i c a n t l y  h i g h e r  in e a c h  t e s t  Day of  
p e r i o d  t h a n  c o n t r o l  w o m e n .  H o w e v e r ,  t h e  cycle 
e s t e r s  we re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  in t h r e e  
o f  t h e  f o u r  t e s t  p e r i o d s .  O n  d a y  5 c o n t r o l  
w o m e n  h a d  h i g h e r  e s t e r  levels  t h a n  t h e  ora l  

5 
c o n t r a c e p t i v e  g r o u p .  10 

15 
Ratios of Cholesterol to Cholesteryl Esters 20 

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

5 c o n t r o l  a n d  ora l  c o n t r a c e p t i v e  g r o u p s ,  t h e  r a t io  10 
o f  f r e e / e s t e r i f i e d  w a s  s i g n i f i c a n t l y  h i g h e r  in  t h e  15 
c o n t r o l  g r o u p  in t h r e e  o f  f o u r  t e s t  p e r i o d s  20 
( T a b l e  II). In  m o n o n u c l e a r  cells ,  o n  t h e  o t h e r  
h a n d ,  t h e  c h o l e s t e r o l / c h o l e s t e r y l  e s t e r  r a t i o  was  
s i g n i f i c a n t l y  lower  in t h e  c o n t r o l  g r o u p  d u r i n g  
t h e  f o u r  t e s t  p e r i o d s  ( T a b l e  III) .  15 

15 
Estrogen and Progesterone Concentrations in Plasma 20 
(Table IV) 

V a l u e s  fo r  p l a s m a  c o n c e n t r a t i o n s  o f  e s t r o -  
g e n s  a n d  p r o g e s t e r o n e  fal l  in  t h e  e x p e c t e d  r a n g e  

TABLE III 

The Effect of  Oral Contraceptives 
on Mononuclear  Cell 

Cholesterol and Ester Levels (#g/rag p)a 

Oral 
Co ntro l  contraceptive 

(C) (OC) 

Free Cholesterol 

15.9 • 4 .0  27.2 -+ 2.5 <.025 
17.2 -+ 3.2 29.7 + 2.7 <.005 
14.9 -+ 2.8 29.4 -+ 2.7 <.005 
14.1 + 2.6 33.0 + 3.6 <.005 

< 
Esters 

9.3 • 1.9 4.4 -+ 1.0. <.0.25 
9.8 -+ 2.0 12.0 -+ 4.4 NS 

11.2 • 3.1 9.7 + 2.1 NS 
14.8 • 3.1 9.0 -+ 2.6 < .10  

CholesterOl/ester ratio  
(paired data) 

2.3 • 0.65 13.9 + 4.4 <.01 
1.8 -+ 0.40 6.3 -+ 1.9 <.025 
2.8 • 1.10 5.2 + 1.3 < .10  
1.5 • 0.50 5.3 • 1.3 <.01 

aValues are Mean +- SE; n = 9 controls and 10 oral 
contraceptive. 
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TABLE IV 

Plasma Progesterone and Estrogen Levels in Control Women a 

Hormone Day 5 Day 10 Day 15 Day 20 Day 25 

Progesterone 0.91 + 0.04 0.95 -+ 0.14 3.50-+ 1.69 14.50-+ 2.17 8.79 + 1.81 
Estrogens 83.5 -+ 4.1 164.9 -+ 20.2 251.8 + 42.4 189.5 -+ 27.4 141.8 -+ 22.8 

aValues are Mean -+ SE; progesterone values are nanograms/ml; estrogen values are picograms/ml; N = 9 
controls. 

TABLE V 

Mononuclear Lysosomal Hydrolases 

Enzyme b Day 5 Day 10 Day 15 Day 20 Day 25 

Beta-D-glucuronidase 554-+ 33 683 + 85 661 +- 89 590-+ 48 665 -+ 63 
Beta-D-N- acetyl-glucosaminidase : 
Total 2571 +- 253 2887 -+ 396 2606-+ 257 2488-+ 390 2628-+ 255 
Heatstable 1162+ 110 1306-+196 1137-+ 131 1109-  + 82 1180-+144 
Heat labile c 1409-+ 146 1581 + 203 1468-+ 138 1380-+ 83 1448-+ 122 

aValues are Mean -+ SE. 
b Units are nanomoles of artificial substrate hydrolyzed/mg protein/hr at 37 C. 
CHeat labile of total activity. 

inf luence on serum l ipopro te in  dis t r ibut ion.  
For  example ,  p remenopausa l  w o m e n  have 
lower  concen t ra t ions  of  very low densi ty  
l ipopro te ins  and higher concen t r a t ions  of  HDL2 
than  men  in similar age-matched groups (20). 

The widespread use of  oral cont racept ives  
during the  last 15 years has shown tha t  exogen-  
ous  sex steroids and their  analogs can also cause 
substant ia l  changes in serum l ipopro te in  levels 
(21). Studies of  w o m e n  on oral cont racept ives  
have thus  provided material  to examine  several 
parameters  associated wi th  atherosclerosis .  
Triglyceride concen t ra t ions  increase,  along wi th  
low levels o f  very low densi ty  l ipopro te ins  
(22-24). Concen t ra t ions  of  choles terol  and low 
densi ty  and high dens i ty  l ipopro te ins  may also 
increase,  bu t  the changes are variable and 
appear  to depend  on the  relative amounts  of  
es t rogen and progest in  in the  prepara t ion  (8). 
Recent  evidence has shown  for  the  first t ime 
tha t  es t rogen also significantly inhibits  choles-  
te ro l  syn the tase  activity and st imulates cho- 
lesteryl  ester  hydrolys is  (25). 

Based on  these findings,  we began investiga- 
t ions  on the  inf luence of  sex s teroids on 
choles terol  metabol i sm in m o n o n u c l e a r  cells in 
p remenopausa l  w o m e n  and w o m e n  on com- 
bined es t rogen-progest in  oral contracept ives .  
In our  studies of  9 p remenopausa l  women ,  the  
levels o f  mononuc l ea r  cell CEH were signif- 
icantly higher  on day 20 than  on day 5 or day 
15 of  their  mens t rua l  cycles. In fact,  6 of  8 

w o m e n  showed  a 50.7 + 10.7% (mean -+ SE) 
rise in CEH activi ty on day 20 compared  to  day 
15. However ,  the 10 w o m e n  on oral cont racep-  
tives did no t  show any significant f luctuat ions  
during the  similar test periods.  More impor tan t ,  
the  oral cont racept ive  group had significantly 
lower  mononuc l ea r  CEH levels than  the  cont ro l  
w o m e n  (Table I). In addi t ion,  the  levels o f  the  
lysosomal  marker  enzymes/3-glucuronidase  and 
N-acetyl  /3-D-glucosaminidase in controls  did 
no t  vary significantly during the  test per iods 
(Table V). 

In each subject ,  plasma cholesterol  and 
choles teryl  ester  levels were measured.  The 
plasma cholesterol  levels did not  significantly 
change dur ing  the test  per iod in any group 
(Table II). Also, the plasma cholesterol  levels 
did not  vary significantly b e t w e e n  the groups.  
Al though  the  plasma choles teryl  ester levels did 
not  significantly f luc tuate  in each group dur ing  
the  test  per iod,  the  levels b e t w e e n  the groups 
were significantly d i f ferent  (Table II). 

In three  of  four  test  per iods ,  the plasma 
choles teryl  ester  levels were significantly lower  
in con t ro l  w o m e n  than w o m e n  on oral contra-  
ceptives. When paired choles te ry l /choles te ry l  
ester  ratio de te rmina t ions  were made,  the  
d i f ferences  b e t w e e n  the groups were significant 
(Table II). In three  of  four  test  periods,  the  
cont ro l  w o m e n  have significantly higher plasma 
choles te ro l /cho les te ry l  es ter  rat io than the oral 
cont racept ive  group. The elevated ratio ref lects  
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lower  levels of  ester  in  the  con t ro l  group.  
A l t h o u g h  l ec i th in /cho les t e ry l  acyl t rans fe rase  
(LCAT)  r eac t ion  in p lasma is t h o u g h t  to  be  the  
ma in  source  of  cho les te ry l  esters in plasma,  
r ecen t  evidence has  failed to  show a sex dif- 
fe rence  in this  e n z y m e  (26 ,27)  no r  b e t w e e n  
n o r m a l l y  cycling w o m e n  and  those  on  oral  
con t racep t ives .  T h e y  did, however ,  f ind t he  
mola r  LCAT ra te  in w o m e n  s ignif icant ly  lower  
on  day 10 t han  on  day 23 of the  m e n s t r u a l  
cycle.  O t h e r  fac tors  in add i t ion  to LCAT m ay  
also be ac t ing to cause elevated plasma ester  
levels in t he  oral  con t r acep t ive  group.  

In add i t ion ,  in each  subjec t  we measured  
m o n o n u c l e a r  cell cho les te ro l  and es ter  levels. 
The  m o n o n u c l e a r  cell choles tero l  levels did no t  
s ignif icant ly  vary during the  tes t  per iods  in each 
group.  However ,  t he  levels of  cho les te ro l  
between the  two  groups  was s igni f icant ly  
d i f fe ren t  (Table  III). In  each test  per iod ,  the  
level of  choles te ro l  was h igher  in the  oral  
con t r acep t ive  subjects .  The  ester  levels did no t  
vary s ignif icant ly  in th ree  of  four  tes t  per iods  
b e t w e e n  the  two groups.  The  cho les te ro l /  
cho les te ry l  ester  ra t io  was s ignif icant ly  h igher  
in w o m e n  tak ing  oral con t racep t ives ;  t he  
e levated ra t io  reflects  the  h igher  free cho-  
les terol  levels in the  oral  con t racep t ive  group 
(Table  III). I t  is in te res t ing  to  no te  t he  h igher  
cho le s t e ro l / cho le s t e ry l  ester  ra t ios  p resen t  in 
m o n o n u c l e a r  cells t h a n  in plasma.  

Our  p re l iminary  s tudies  of  ten  w o m e n  on  
oral  con t racep t ives ,  showing  s ignif icant ly  lower  
m o n o n u c l e a r  CEH levels t h a n  con t ro l  p remen-  
opausa l  w o m e n ,  are also s u p p o r t e d  b y  earl ier  
s tudies.  Since the  h y p o p h y s e a l  sys tem in the  
oral  con t r acep t ive  w o m e n  was suppressed,  the  
lower  CEH levels observed suggests t ha t  CEH 
act iv i ty  is m o d u l a t e d  by  h y p o p h y s e a l  hor-  
mones .  It  has been  s h o w n  tha t  h y p o p h y s e c -  
t o m y  reduces  the  specific activity of  CEH in 
s te ro idogen ic  t issues (28)  and  resul ts  in a 
s ignif icant  a c c u m u l a t i o n  of  t issue cho les te ry l  
esters  (29,30) .  F u r t h e r m o r e ,  the  ra tes  of  b o t h  
cho les te ro l  es te r i f ica t ion  and  hydro lys i s  are 
increased in early p r egnancy  and  these  changes  
may  be  med ia t ed  by  p i tu i t a ry  and  chor ion ic  
g o n a d o t r o p i n s  (31-33) .  In add i t ion ,  lu te in iz ing  
h o r m o n e  induces  dep le t ion  of  cho les te ry l  esters  
in s te ro idogenic  t issues (34,35) .  Pro lac t in  or 
ACTH can also m a i n t a i n  CEH act ivi ty  compara -  
ble to  t h a t  in animals  wi th  an  in tac t  p i tu i t a ry ,  
ind ica t ing  ac t ion  similar to  the  ac t ion  of  
lu te in iz ing  h o r m o n e  (28).  Recen t  data  ind ica te  
t h a t  c o r t i c o t r o p h i n  ac t ivates  adrena l  esterase b y  
a cAMP-dependen t  p ro te in  kinase (36) .  These  
f indings  in expe r imen t a l  animals  and  h u m a n s  
ind ica te  an associa t ion  b e t w e e n  CEH and  
female  sex steroids.  

The  d e m o n s t r a t i o n  of  p r o f o u n d l y  depressed  
CEH levels in Wolman ' s  and  Choles te ry l  Ester  
Storage diseases (5-7),  t he  la t te r  wi th  d e m o n -  
s t ra ted  a theroscleros is ,  and  our  o w n  data  t h a t  
individuals  wi th  s y m p t o m a t i c  a therosc leros is  
have s ignif icant ly  lower  m o n o n u c l e a r  cell CEH 
act ivi ty ( u n p u b l i s h e d  o b s e r v a t i o n s ) s t r e n g t h e n  
the  t h e o r y  which  pos tu la t e s  a role  of  depressed 
CEH levels in a therosc leros is  (1-4).  We found  
t ha t  w o m e n  tak ing  oral  con t racep t ives ,  k n o w n  
to have an  increased inc idence  of  early a the ro -  
sclerosis (8-10),  display changes  in cho les te ro l  
and  its es ter  in plasma and  in m o n o n u c l e a r  cells 
wi th  r e d u c t i o n s  in the i r  m o n o n u c l e a r  cell CEH 
act ivi ty.  These f indings  suggest an associa t ion  
b e t w e e n  exogenous  sex s te ro ids  or r educed  
e n d o g e n o u s  sex s te ro ids  and CEH act ivi ty.  
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Identification of Lipoxygenase-Linoleate Decomposition 
Products by Direct Gas Chromatography-Mass Spectrometry 
A.J. ST. ANGELO, M.G. LEGENDRE, and H.P. DUPUY, Southern Regional 
Research Center, New Orleans, Louisiana 701791 

ABSTRACT 

Lipoxygenase, prepared from Virginia-type peanuts, was used to catalyze the oxidation of linoleic 
acid and methyl linoleate to form the C-9 and C-13 hydroperoxides. These reactions were moni tored  
by rapid unconventional direct gas chromatography-mass spectroscopy. An aliquot of the enzymatic 
reaction mixture, without prior extraction or chemical modification, was secured directly into the 
heated (40-70 C) or nonheated (room temperature) injection system. When the reaction mixture was 
analyzed at room temperature, only hexanal was found. At elevated temperatures, five major and 
several minor components were identified. The predominant compounds identified were pentane, 
hexanal, 2-pentylfuran, trans-2,cis-4-decadienal, and trans-2,trans-4-decadienal. These products origi- 
nate from decomposition of either the C-9 or C-13 hydroperoxides generated by peanut lipoxygenase. 

INTRODUCTION 

Peanut lipoxygenase can react with linoleic 
acid or its methyl ester to form the C-9 and 
C-13 hydroperoxides (1). Once these products 
are formed, they can be further oxidized 
to secondary products, such as alcohols, acids, 
ketones, and aldehydes that can affect flavor 
and react with amino acids or protein to lower 
the nutritive value of the peanuts. 

In 1971, Dupuy and associates (2) reported 
a simple, rapid, highly sensitive (ppb) method 
for the analysis of volatiles from vegetable oils. 
Essentially, this method consisted of placing an 
oil sample directly into a heated injection port, 
sweeping the volatiles onto the head of a warm 
(40-70 C) column, and resolving the volatiles by 
temperature-programmed gas chromatography 
(3-6). The method was used to analyze the 
volatiles from raw and roasted peanuts (3), 
peanut butter (7), salad oils and shortenings 
(5), and vegetable oils (6,8,9). This method was 
also used to study the products from the action 
of peanut lipoxygenase on linoleic acid. That 
report suggests that the C-13 position was the 
only point of attack by the enzyme (10). 

Since that communication Dupuy and 
colleagues have made several improvements on 
the original method and have used this revised 
technique for determining flavor and flavor 
stability of fats, oils, seafoods, and cereal grains 
(11-15). These improvements were (1) a change 
in the absorbent material used in the column, 
(2) an external heated inlet-condenser 
assembly, equipped with a six-port rotary valve, 
which offers greater flexibility in the working 

IUse of a company of product name by the 
Department does not imply approval or recommenda- 
tion of the product to the exclusion of others, which 
may also be suitable. 

conditions, and (3) a mass spectrometer inter- 
faced with a computer. This system allows for 
gas chromatographic (GC) analysis and identifi- 
cation by combined direct GC and mass spec- 
trometry (GC-MS) of volatiles produced from 
fatty acid oxidation without any preparation or 
chemical modification of samples. 

In this paper, we discuss results obtained 
with the improved direct GC and combined 
direct GC-MS procedures on the analysis of 
products derived from linoleate oxidation 
catalyzed by peanut lipoxygenase under varying 
conditions. This work was initiated to under- 
stand better the action of lipoxygenase on 
linoleic acid in peanuts and is part of our 
continued research on origin of flavors in 
peanut and peanut products. 

EXPERIMENTAL PROCEDURES 

Materials 

Peanuts (Virginia 56-R) were obtained 
from a commercial seed supplier in Holland, 
VA. Linoleic acid was purchased from Calbio- 
chem, San Diego, CA, methyl linoleate from 
three different commercial suppliers, and Tenax 
GC, 60-80 mesh (2,5-diphenyl-paraphenoxylene 
oxide), and Poly MPE (poly-metaphenoxylene) 
from Applied Science Laboratories, State 
College, PA. 

Substrata Preparation 

One gram of linoleic acid or the methyl ester 
was added to 200 ml of a solution containing 
sodium phosphate buffer, pH 6.2, 0.1 M, and 
0.4 ml Tween-20. The mixture was sonicated 
for several seconds into a one-phase suspension, 
separated into 20-ml portions, flushed with 
nitrogen, stoppered, and stored at -20 C until 
used. 
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Enzyme Preparation 

Lipoxygenase was prepared from raw 
peanuts as previously described (16). Briefly, 
the peanuts were hand-blanched, then homo- 
genized with deionized water (5 ml/g) with an 
Omnimixer with 3-15 second alternating 
high-speed revolutions at 0 C. The homogenate 
was strained through 8 layers of cheesecloth 
and then centrifuged twice at 17,000 x g for 
15 min and at 4 C. The supernatant was used as 
the source of enzyme. 

Enzyme Assay 

Before tests with linoleic acid were begun, 
enzyme preparations were monitored for 
lipoxygenase activity by measuring oxygen 
uptake as previously described (17). The initial 
dissolved oxygen concentration was taken as 
240 nmoles/ml at 25 C. For GC-MS assay, the 
enzyme reaction medium consisted of 20 ml of 
substrate suspension and 4 ml of  the enzyme 
preparation (28 mg protein/ml). Reactions were 
stirred up to 1 hr at 25 C in an open system 
with constant oxygen bubbling or in a closed 
system with no added oxygen. In the latter 
case, the oxygen content was ca. 6 gmoles/24 
ml of reaction medium. At a given interval, 
samples were withdrawn (0.2 ml) and injected 
directly into the glass liner of the external inlet 
attached to the GC-MS instrument. Controls, 
consisting of the substrate medium or an 
enzyme-buffer solution, were also run through 
the direct inlet GC-MS system. Protein was 
determined by the Lowry method (18). 

Instrumentation 

A Tracor model 222-GC interfaced with a 
Hewlett-Packard (Quadrapole) mass spectro- 
meter, model 5930A, was used to determine 
the volatiles from reaction mixtures. The 
ionization potential of the mass spectrometer 
was 70 eV and the scan range was from 33-450 
A.M.U. Data processing was accomplished with 
an INCOS 2000 mass spectrometer data system. 
Except for temperature programing, the com- 
bined GC-MS and closed external assembly inlet 
system used were as described by Legendre et 
al. (12). The inlet temperature was generally 
120 C, detector was at 250 C, and column oven 
was maintained at 30 C during the initial 
20-min hold period. After removal of inlet 
liner, the column was heated to 100 C within 2 
min and programmed for 5 C/min for 24 rain. 
Final hold was at 220 C for 15 min. 

RESULTS A N D  DISCUSSION 

Although direct GC and combined direct 
GC-MS offer no special advantage over conven- 
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tional methods for headspace analysis they 
offer a practical approach for the analysis 
and identification of volatile components found 
in the solvent phase of enzymatic reaction 
mixtures, as shown in Figure 1. In the closed 
system (1A), several components were observed 
with pentane and hexanal being predominent 
(ca. 35% and 30%, respectively). Other major 
volatiles produced in sufficient quantities for 
identification by mass spectrometry were 
2-pentylfuran and two 2,4-decadienals. Upon 
examination of 10 ml of the headspace from 
the closed system, only 2 components were 
observed, pentane and hexanal. These results 
confirmed the findings of Pattee et al. (19), 
who showed pentane and hexanal to be the 
major volatile end-products found in the 
headspace of a peanut lipoxygenase-linoleate 
model system. 

When the open system (1B) was examined 
(continuous purging for 1 hr with oxygen), the 
concentration of the volatiles observed in the 
closed system were greatly increased. Addi- 
tionally, other volatiles were also observed: 
pentanal, pentanol, and 2-heptanone. Whereas 
maintaining an inlet temperature of 120 C is 
sufficient to produce volatiles, raising the inlet 
temperature to 140 C or to 160 C increased the 
quantities of the volatiles eluted. Each of  these 
volatile components has been previously 
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FIG. 1. Direct GC profile of volatiles observed in 
aqueous phase from linoleic acid-lipoxygenase reaction 
mixture. A represents those found in the closed 
system; B, volatiles from reaction run in the open 
system with constant oxygen purging. 1, pentane; 2, 
pentanal; 3, pentanol; 4, hexanal; 5, 2-heptanone; 6, 
2-pentylfuran; 7, trans-2,cis-4-decadienal; 8, trans- 
2,trans-4-decadienal. 
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identified as a product from lipid oxidation of  
various plant materials by different laboratories 
using time-consuming conventional methods 
such as solvent extraction, distillation, and 
chemical modification (19-28). 

In conventional GC procedures, the volatile 
extracts are normally injected into a heated 
injection port and flushed through the column 
with a carrier gas. The closed external inlet- 
condenser assembly offers greater flexibility in 
the analysis of a total aqueous reaction mix- 
ture. The results of an experiment demon- 
strating another advantage is shown in Figure 2. 
The aqueous reaction medium from a closed 
system was analyzed by sweeping the sample 
through the external inlet port at a temperature 
of 25 C throughout the 20 rain sweeping 
period. After depositing any volatiles onto the 
column, the inlet is isolated from the GC by 
the 6-port valve, and the column is then tem- 
perature programmed. By this procedure, only 
hexanal was positively identified as a product; 
no other volatile compounds were identified. 
The small volatiles that were eluted prior to 
hexanal were in such small concentrations (less 
than 0.05 ppm) that they were not identified 
by MS. 

While the volatiles were being run through 
the GC-MS, the condenser is being heated to 
drive off any moisture collected. After the run 
was completed and the entire system was 
cooled to room temperature, the spent sample 
was placed back into the inlet port, the tem- 
perature was increased to 120 C, the volatiles 
were then swept from the inlet onto the 
column, and finally, the GC was again tempera- 
ture programmed. Figure 2B shows a chroma- 
togram of the volatiles eluted at the elevated 
temperatures. This chromatogram was similar 
to results found in the reaction medium shown 
in Figure 1A, except that the trans, cis-deca- 
dienal was eluted at a low concentration. 

Because hexanal was the only volatile 
component found in the room temperature 
system (noting that the enzymatic reaction was 
run at room temperature and that the reaction 
medium was analyzed with the inlet port never 
exceeding room temperature), these results 
suggest that the other volatile components 
observed in chromatogram 2B resulted from 
thermal decomposition of the hydroperoxides 
formed. These data support the work of Evans 
et al. (29), who showed that pentane is ob- 
tained from thermal decomposition of purified 
13-hydroperoxyoctadeca-9,11-dienoic acid. 
They further concluded that pentane is the 
single major hydrocarbon component derived 
from thermal breakdown of the polar- 
polymeric product that results from lipid 

IO( 

8( 

2( 

~c 

O 4 J  

2 

_S . . - - - -L~ L 
O 10 

ii I 12 

20 30 40 50 60 70 
RETENTION TIME, (MINUTES) 

FIG. 2. Direct GC profile of volatiles observed in 
aqueous phase from linoleic acid-lipoxygenase reaction 
mixture run in closed system. Chromatogram A 
represents volatiles eluted from a sample with the inlet 
port at a temperature of 25 C, Chromatogram B, inlet 
port temperature was 120 C. 1, pentane; 2, hexanal; 3, 
2-pentylfuran; 4, trans-2,trans-4-decadienal. 

oxidation. Using the direct GC-MS method, we 
have now shown that other compounds are also 
derived in a similar manner. By only the head- 
space analysis and similar GC methodology, 
which included a heated inlet, pentane was 
proposed to be lipoxygenase mediated in soy 
and peanuts (19,30). Our data were obtained 
from aqueous samples injected into a cold (25 
C) closed external assembly inlet system. The 
volatiles were swept from the sample and 
deposited on the head of the GC column, where 
they were resolved. Pentane, not observed from 
analysis of the aqueous phase before heating, 
seems to have resulted from thermal decompo- 
sition. 

Other experiments were conducted as 
controls. Hexanal (1 ppm) was injected directly 
into the external inlet and analyzed with the 
inlet temperature at 25 C.  Only hexanal was 
eluted; pentane was not observed. When the 
spent sample was placed back into the inlet 
port and the temperature raised to 120 C, no 
products were eluted, suggesting that all the 
hexanal was stripped from the sample tube at 
25 C. Hexanal was next injected into the 
external inlet and analyzed at 120 C. Again, 
only hexanal was eluted; pentane was not. 
When a linoleic acid control was analyzed with 
the inlet set at 120 C, no products were eluted. 
These results suggest that in the aqueous 
reaction mixtures, pentane was not a product 
of thermal decomposition of hexanal or of 
linoleic acid, but of the hydroperoxide (as 
shown in Fig. 2). 

To test the possibility that the enzyme could 
react with hexanal to form pentane, hexanal 
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was incubated  with peanut  l ipoxygenase for 1 
hr with cons tant  oxygen purging. When a 
por t ion  of  the react ion mixture  was injected 
in to  the external  inlet set at 120 C, only 
hexanal  was eluted.  Again, no pen tane  was 
observed.  These controls  showed tha t  the 
enzym e  does not ,  as expec ted ,  react  with 
hexanal  to form pen tane ,  nor  is pen tane  formed 
f rom the thermal  decompos i t ion  of  hexanal  at 
the lower tempera tures  used in these tests. 

The aqueous react ion med ium f rom a closed 
sys tem with me thy l  l inoleate as substrate  was 
also examined  with the inlet por t  at room 
tempera ture  (Fig. 3A). Hexanal  was again 
the only volatile c o m p o u n d  that  could be 
a t t r ibu ted  direct ly to the enzymat ic  react ion in 
the aqueous phase.  The o ther  volatile compo-  
nen t s  eluted be tween  30 and 35 min were 
ident i f ied as ace tone  and ch lo ro form,  probably  
minor  con taminan t s  retained during the pre- 
para t ion  of  the me thy l  l inoleate.  Fu r the rmore ,  
the me thy l  ester  cont ro ls  (no enzyme)  yielded 
only acetone  and ch lo ro fo rm volatile compo-  
nents  when run at room tempera ture .  No 
pen tane  was observed. Samples of methyl  
l inoleate  from three commercia l  prepara t ions  
were analyzed,  and some minor  con taminan t s  
were found  in each. 

Upon  comple t ion  of  the volatile analysis at 
r o o m  tempera ture ,  the spent  sample f rom 3A 
was flushed through the co lumn and reex- 
amined at 120 C. Results (3B) show that  in 
addi t ion  to hexanal  o ther  volatiles are 
observed:  pen tane ,  2-pentyl furan,  me thy l  
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FIG. 3. Direct GC profile of volatiles observed in 
aqueous phase from methyl linoleate-lipoxygenase 
reaction mixture. Conditions were same as in Figure 2. 
1, pentane; 2, hexanal; 3, 2-pentylfuran; 4, methyl 
octanoates; 5, trans-2,cis-4-decadienal ; 6, trans-2,trans- 
4-decadienal. 

oc tanoa te ,  and the 2,4-decadienals.  
To propose  the possible origin of  the identi-  

fied decompos i t ion  p roduc t s  ob ta ined  f rom 
ei ther  the C-13 or C-9 hydrope rox ides  of 
l inoleic acid or the me thy l  ester,  the fol lowing 
schemes are offered (cleavage at poin ts  A, B, C, 
and so for th ,  p roduces  the p roduc t  listed): 

t 

t 

t 

t 

1. C H 3 - ( C H 2 ) 4 - C H ( O O H ) - C H = C H - C H = C H - ( C H 2 ) 7 - C O O R *  
A B C 

A.  P e n t a n e ,  p e n t a n a l ,  p e n t a n o l .  
B. H e x a n a l  
C. 2 - H e p t a n o n e .  

t 

t 

t 
t i 

2. C H 3 - ( C H 2 ) 4 - C H = C H - C H = C H - C H ( O O H ) - ( C H 2 ) 7 - C O O R *  
D E 

D. 2 - P e n t y l f u r a n .  
E. t , t - 2 , 4 - D e c a d i e n a l ,  t , c - 2 , 4 - d e c a d i e n a l ,  m e t h y l  

octanoate. 
*R, either H or CH 3. 
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Sterol Composition of Nystatin and Amphotericin B 
Resistant Tobacco Calluses 
PEI-LU CHIU, P.J. BOTTINO and G.W. PATTERSON, Department of Botany, 
University of Maryland, College Park, MD 20742 

ABSTRACT 

The objective of this study was to select and characterize tobacco cell lines resistant to the polyene 
antibiotics Amphotericin B and Nystatin. Suspension culture cells of tobacco (Nicotiana tabacum L. 
'Wisconsin 38') were treated with 0.0253 ethyl methane sulfonate (EMS) and suspended in melted 
agar medium containing 0.005 mg/ml Amphotericin B. Cells were also irradiated with UV from a 
germicidal lamp and plated in the melted agar plating medium. After 6-10 days gowth,  the cultures 
were overplated with medium containing 750 u/ml Nystatin. All cultures were gown at 26 C in the 
dark. After three weeks, a single callus was isolated from the Amphotericin B treatment. Tiffs callus 
was subcultured, and would grow at concentrations of the antibiotic as high as 0.1 mg/ml (a 20-fold 
increase over the selection concentration). Six callus lines were isolated from the Nystatin treatment. 
After subculture and transfer to media containing higher concentrations of Nystatin, only two calli 
survived and would grow at 1250 u/uml. Gas liquid chromatographic analysis of the resistant and 
control callus lines revealed similar sterol content among all the lines. However, when comparing total 
sterols produced, all three polyene resistant calluses contained significantly more sterols than the 
control. The Amphotericin B resistant calli produced about three times as much sterol as the controls, 
and the Nystatin resistant caUi produced about 1.5 times as much sterol as the control. Both Nystatin 
resistant lines showed significant increases in stigmasterol. It appears that resistance of the three 
tobacco cell lines to these polyene antibiotics is due principally to varied amounts of overproduction 
of sterols rather than qualitative differences in sterols. 

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

The po lyene  an t ib io t ics ,  A m p h o t e r i c i n  B 
and  Nysta t in ,  are widely used for  the  t r e a t m e n t  
of fungal infec t ion ,  t t owever ,  an imal  and p lan t  
cells, in add i t i on  to fungi,  are also found  to be 
sensi t ive to these drugs ( i -3 ) .  The i nh ib i t o ry  
e f fec t  of  the  po lyene  an t ib io t i cs  is bel ieved to 
resul t  f rom the f o r m a t i o n  of complexes  with 
s terols  in the  cell m e m b r a n e .  Tile resul t  of this 
i n t e r ac t i on  is a l tered m e m b r a n e  pe rmeab i l i ty  
and  eventua l  dea th  of  the  cells (4). Artif icial  
m e m b r a n e  studies ind ica te  tha t  the  rate of 
associa t ion and in t e r ac t i on  be tween  po lyenes  
and m e m b r a n e  sterols  closely relates to the 
ra t io  of  p h o s p h o l i p i d / c h o l e s t e r o l  (5-8),  and 
f u r t h e r m o r e ,  the  degree of b inding  depends  on 
b o t h  the  absolu te  c o n c e n t r a t i o n  of choles tero l  
and on  the  tool % of  cho les te ro l  in the  bi layer  
(9).  Polyene  an t ib io t i cs  are also r epo r t ed  to be 
i n h i b i t o r y  to p h o t o s y s t e m  1 act ivi ty by 
changing  the ch lorop las t  m e m b r a n e  perme- 
abi l i ty  and releasing p las tocyan in  f rom its site 
in the  p h o t o s y n t h e t i c  e lec t ron  t rans fe r  chain 
(5). 

I nduced  m u t a t i o n  in p lan t  cells has been 
reviewed by Maliga (10) .  So far, m u t a n t s  
res i s tan t  to po lyene  an t ib io t ics  have been 
r epo r t ed  in many  organisms  (11-1 5), bu t  no t  in 
h igher  vascular  p lants .  Most c o m m o n l y ,  resis- 
t an t  s t ra ins  con ta in  r ep l acem en t  s terols  which 
have less af f in i ty  for  the  po lyene  t han  wild type  
m e m b r a n e  sterols.  

In this  paper ,  an a t t e m p t  has been made  to 
isolate dark-grown tobacco  tissue cul ture  cell 
l ines res is tant  to Nys ta t in  and A m p h o t e r i c i n  B. 
Since all of  the  sterols  which  are s t ructura l  
c o m p o n e n t s  in the  cy top lasmic  m e m b r a n e  are 
free sterols,  an inves t igat ion of the  free sterol  
c o m p o s i t i o n  and  its cor re la t ion  with resis tance 
to po lyene  an t ib io t ics  is repor ted .  

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

Tobocco Tissue Cultures 

Callus derived f rom p i t h  exp lan t s  was used 
to  ini t ia te  suspens ion cul tures  of t obacco  
(Nicot iana tabacum L. 'Wisconsin 38 ' ) .  The 
suspens ion  cul tures  were ma in t a ined  as 100 ml 
cul tures ,  in 250 ml E r l e n m e y e r  flasks on a 
gyro ta ry  shaker  at 120 rpm in the  dark  at 25 C. 
The  cells were subcu l tu red  twice weekly.  The 
m e d i u m  of Murashige and Skoog (16)  at 
pH 5.7 with 0.5 mg/1 2 ,4 -d ich lo rophenoxy-  
acet ic  acid was used to  ma in t a in  the cell suspen-  
sions. 

Determination of Inhibitory Concentrations 
of Amphotericin B and Nystatin 

Cells f rom a cul ture  two days af ter  sub- 
cu l tu r ing  were harves ted  by f i l t ra t ion t h rough  
one layer  of cheese c lo th .  The f i l t rate was 
cen t r i fuged  at 100 rpm for  5 rain.  Af te r  centr i -  
fuga t ion ,  the  s u p e r n a t a n t  was poured  off  the  
the  cells r esuspended  in 30 ml of  mel ted  p la t ing  
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medium containing various concentrations of 
one of the polyene antibiotics. The plating 
medium consisted of the salts, iron chelate, agar 
and organic compounds of Murashige and 
Skoog (16) with 30 g/1 sucrose, 2 mg/1 
naphthalene acetic acid, and 0.65 rag/1 kinetin 
at pH 5.6. The contents of the tube were 
divided between I0 cm petri dishes. After the 
agar had solidified, the petri dishes were 
wrapped with aluminum foil and placed in an 
incubator at 26 C in the dark. The concentra- 
tion series of the antibiotics used were: a 
five-fold dilution of Amphotericin B from 
0.00005 mg/ml to 1 mg/ml, and two-fold 
dilutions from Nystatin from 375 u/ml to 3000 
u/ml. Two to three weeks after plating, growth 
of the ceils was observ.ed. The lowest drug 
concentration at which complete inhibition of 
growth occurred was used as the concentration 
for selection of resistant cell lines. 

Isolation of Resistant Lines -- 
Amphotericin B Resistance 

Cells were filtered and centrifuged as above. 
Twenty ml of the MS medium containing 0.05 
ml of ethyl methane sulfonate (EMS) giving a 
final EMS concentration of 0.025% was added 
to the pellet of cells. This concentration of 
EMS had been previously shown to produce 
50% cell survival. The cells were treated with 
EMS on a shaker at 120 rpm for 2.5 hr. At the 
end of the mutagen treatment, the cells were 
washed three times in fresh MS medium. After 
the third wash, the cells were suspended in 
melted plating medium containing 0.005 mg/ml 
Amphotericin B. This concentration was the 
lowest giving 100% cell mortality. The melted 
agar-cell suspension was poured into petri 
dishes. After the agar had solidified, the cells 
were placed in an incubator in the dark at 26 C. 

Nystatin Resistance 

Fifteen ml of filtered tobacco cells were 
placed in a 10 cm petri dish and exposed to two 
15 W germicidal lamps 10 cm above the dishes 
for 1.5 min. The cell suspension was constantly 
stirred with a magnetic stirrer to insure a 
uniform exposure. This treatment had been 
shown to reduce cell survival of 37%. 

After UV treatment, the cells were returned 
to a flask, and placed on the shaker (120 rpm) 
for 6 days. The cells were then collected by 
centrifugation as before, suspended in the 
melted agar plating medium and poured into 
petri dishes. The cultures were placed in an 
incubator in the dark at 26 C for 6-10 days. At 
this point, the cultures were over-plated with 
20 lnl of the plating medium containing 750 
u/ml Nystatin (the lowest concentration found 

to give 100% cell killing). The cultures were 
again returned to the incubator in the dark at 
26 C. 

Sterol Analysis of Resistant Calluses 

The resistant calluses were collected, frozen, 
and freeze dried. Dry calluses were ground into 
powder, and the lipid extracted with methanol/  
chloroform (1:2) in a Soxhlet for 24 hr. The 
extracting solvent was evaporated and the lipid 
redissolved in a small amount of chloroform. 
The chloroform soluble fraction was filtered, 
the filtrate was evaporated and the total lipid 
obtained. The total lipid was then chromato- 
graphed on Silica Gel G thin layer plates with 
hexane/diethylether/acetic acid (80:20:1) as 
the developing solvent. The separated compo- 
nents were detected after spraying 0.1% Dichloro- 
fluorescein under a UV lamp. The free des- 
methyl sterol band was separated visually from 
other components by comparing the Rf with a 
cholesterol standard. The free desmethyl sterols 
were scraped from the plate, eluted with 
chloroform and recovered by evaporation of 
the solvent at room temperature in a stream of 
nitroge n . 

The sterol mixture was analyzed on a Varian 
Model 3700 gas liquid chromatograph with a 
Varian CDS 111 and Model 9176 recorder, glass 
column packed with 1% SE-30, and using the 
following conditions: column, 225 C; injector, 
250 C; flame ionization detector, 300 C; flow 
rate of carrier gas, 30 ml/min. 

RESULTS AND DISCUSSION 

After a three-week growth period, a single 
callus (FGI) was isolated from the Amphoteri- 
cin B treatment. The isolated callus was trans- 
ferred to the surface of solidified plating 
medium for growth. Over succeeding transfers, 
the calli were subjected to increasing concentra- 
tions of Amphotericin B. After several trans- 
fers, the callus showed resistance to Ampho- 
tericin B at concentrations of 0.1 mg/ml which 
is a 20-fold increase over the original selection 
medium. 

Six callus lines resistant to Nystatin (NY1, 
NY2, NY3, NY4, NY5, NY6)were  isolated 
from the UV-irradiated cells. After transfer of 
resistant calli to increasing concentrations 
of Nystatin containing plating medium, four 
failed to grow on 1250 u/ml Nystatin. Only 
two calli continued their growth on this highly 
concentrated Nystatin medium. They were 
subdivided and propagated continuously on 
Nystatin. The two resistant calli (NY3, NY4) 
were originally the first to emerge from the 
selection medium. It is very: likely that the 
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four which emerged later were grown in selec- 
tion medium where the Nystatin had decom- 
posed due to the long period of incubation, 
since polyene antibiotics are light- and heat- 
sensitive compounds. Since it takes about two 
weeks to observe callus growing on the plating 
medium when using suspension cells, the 
concentration of polyene that is used for 
selection is much higher than that used in other 
reported experiments on fungi (12). Also, the 
high concentration of drug required in the 
selection medium could be due to the fact that 
the presence of the plant cell wall might some- 
how protect the plant cell membrane (3). 

Gas liquid chromatographic analysis of the 
sterol contents of FGI, NY3, NY4, and control 
callus was obtained. The chromatographs (Fig. 
1) indicate a similar sterol content among the 
resistant lines. When the percentage of each 
sterol is calculated (Table I), FGI has a sterol 
content very similar to the control callus, in 
which the predominant sterols are sitosterol 
and campesterol with a very small amount of 
cholesterol and stigmasterol. In NY4, 15.59% 
of the total desmethyl sterol fraction is stig- 
masterol, in comparison with the control which 
has only very small amounts of stigmasterol. 
NY4 was the first resistant callus to emerge 
from the Nystatin selection medium and always 
showed comparatively a more rapid growth rate 
than NY3 on drug medium. 

When comparing the amount of total sterol 
produced (Table II), all three polyene resistant 
calluses contain significantly more sterols than 
the control. The EMS-treated Amphotericin B 
(FGI) resistant callus is the most notable, 
producing about three times the amount of 
sterols as the control. The other two resistant 
calluses also produce almost 1.5 times as much 
sterol as the control. 

In previous studies, polyene antibiotic- 
resistant mutants have been isolated from 
Cryptococcus neo formans (13), Sacharom yces 
cerevisiae (11,14,17-19), Candida albicans 

o -~ '  4 6 8 ~ ,~ ,:4 ~ ,~ ~ ~ 
RETENTION TIME (M/N.) 

FIG. 1. Gas chromatograms of sterols from con- 
trol, FG-1, NY-3, NY4-calti. The retention times of 
cholesterol, campesterol, stigmasterol and sitosterol 
are 11.1, 14.5, 15.9, and 18.5 minutes, respectively. 

TABLE I 

Percentages of Isolated Sterols in Control and 
Polyene Resistant Tobacco Calluses 

Ste ro l  

Res i s t an t  
line C h o l e s t e r o l  C a m p e s t e r o l  S t i g m a s t e r o l  S i tos te ro l  

C o n t r o l  1 .18  3 6 . 3 7  7 .07  5 1 . 8 6  
FG1  2 .72  3 4 . 3 7  6 .16  5 0 . 4 0  
N Y 3  0 . 5 9  3 6 . 5 5  15 .82  4 1 . 3 6  
N Y 4  1 .64  3 6 . 2 9  1 5 . 5 9  3 9 . 1 6  
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TABLE II 

Comparison of  Total Free Sterol Isolated from Drug 
Resistant and Control  Calluses 

Resistant Dry wt. Total free Sterol/D.W. 
line (g) sterol (mg) (%) 

Control 1.6 2.6 O. 16 
FGI 0.7 3.5 0.50 
NY3 0.8 2.2 0.27 
NY4 1.8 4.1 0.23 

(20 ,21)  Candida tropicalis (15) ,  and  Neuro- 
spora crassa (12 ,22) .  All of  the  above organisms  
con ta in  e rgos te ro l  in the i r  wild t ype  myce l i um.  
The  s te ro l  c o m p o s i t i o n  of  the  m u t a n t  s t ra ins  
usually falls in to  one of  the  fo l lowing 
categories:  (a) Ergos tero l  was p resen t  in a 
reduced  a m o u n t ;  (b)  one  or  more  s terol  inter-  
med ia tes  have replaced ergos terol  and b e c o m e  
the  p r e d o m i n a n t  s terol ;  (c) s terol  syn thes i s  has  
been  c o m p l e t e l y  i nh ib i t ed  and the  m u t a n t  
s t ra in  requi res  exogenous  s terol  or f a t ty  acid 
for  g r o w t h ;  and  (d)  the  a l tered s terol  p a t t e r n s  
con ta in  s igni f icant ly  more  s terol  than  did the  
sensit ive pa ren t  strain.  The  changes  ind ica te  
t ha t  the  sensi t ivi ty  of  cells con ta in ing  d i f f e ren t  
s terols  vary  in the i r  sensi t ivi ty  to  an t ib io t i c s  
in the  fo l lowing  order :  A 5 , 7 > ,  A 7 > ,  A8(9)_ 
sterol.  

In t obacco ,  there  is no  ergos terol  or any  
A5,7-s terol  present .  The  two  majo r  sterols ,  
s i tos tero l  and  campes te ro l ,  are AS-sterols.  
Based on  e x p e r i m e n t a l  data ,  there  is no  indica-  
t ion  of  which  par t i cu la r  s terol  more  effect ively  
b inds  wi th  A m p h o t e r i c i n  B in t obacco  cells. 
The  b ind ing  of  A m p h o t e r i c i n  B to  the  s terols  

may  be  evenly  effect ive ,  so the  res is tance  is 
due to o v e r p r o d u c t i o n  r a t h e r  t han  qual i ta t ive  
d i f ferences  in sterols.  Mu t an t s  isola ted f rom C. 
neoformans also exh ib i t  h igh  res is tance  to  
A m p h o t e r i c i n  B, b u t  have a s terol  c o m p o s i t i o n  
ident ica l  to  tha t  of  the  wild type .  In some 
cases, t he  m u t a n t s  lacking ergos terol  are still 
sensit ive to  A m p h o t e r i c i n  B (13) .  

W h e t h e r  Nys ta t in  res is tance  is due to the  
same m e c h a n i s m  as A m p h o t e r i c i n  B, res is tance  
is very d i f f icul t  to  conc lude  based  on  the  da ta  
here.  However ,  A m p h o t e r i c i n  B res i s tan t  
m u t a n t s  have been  d e m o n s t r a t e d  which  are still 
sensit ive to  Nys ta t in  (13) .  Nys t a t in  was sug- 
gested to be the  m o s t  effect ive  po lyene  ant i-  
b io t ic  to  select  the  greates t  var ie ty  and  h ighes t  
p r o p o r t i o n  of  s terol  m u t a n t s  (21)  due to  the  
fact  t h a t  i t  ef fect ively  b inds  to ergos terol  (13) .  
In add i t ion ,  the  less effect ive b ind ing  of  
Nys ta t in  to  A7,22-ergostadien-3~3-ol was sug- 
gested (13) .  

The  Nys t a t i n  res i s tan t  calluses, NY3 and  
NY4 showed  s ignif icant  a l t e ra t ion  of  s terol  
c o m p o s i t i o n  by  the i r  increased  s t igmasterol .  
This  may  suggest t ha t  s t igmas tero l  provides  
a s tabi l iz ing e f fec t  on  m e m b r a n e s  due to  i ts  less 
effect ive  b ind ing  to  Nys ta t in .  

I t  t he re fo re  appears  t h a t  res is tance  of  the  
th ree  t o b a c c o  cell l ines to  the  p o l y e n e  ant i -  
b i o t i c s  is due pr inc ipa l ly  to  varies a m o u n t s  of  
o v e r - p r o d u c t i o n  o f  sterols ,  r a t h e r  t h a n  qual i ta-  
tive d i f fe rences  in s terols  b e t w e e n  sensi t ive a n d  
res i s tan t  lines. Since we have  n o t  r egenera ted  
p lan t s  f rom any  of  the  res i s tan t  caUi and  
es tab l i shed  the  genet ic  n a t u r e  o f  the  res is tance,  
the  var ian ts  c a n n o t  be classified as t rue  mu ta -  
t ions .  Only  ind i r ec t  ev idence  of  the  a l te red  level 
o f  s terols  in the  res i s tan t  l ines is available so far. 
This  is very similar  to  l ines of  t o b a c c o  and  
ca r ro t  res i s tan t  to amino  acid analogs (23) .  
Res is tance  is a t t r i b u t e d  to o v e r p r o d u c t i o n  of  
the  n o r m a l  a m i n o  acid due  to a l te red  f eedback  
sens i t iv i ty  of  an e n z y m e  in the  p a t h w a y  for  
a m i n o  acid synthes is .  P re sumab ly ,  in the  
po lyene  an t ib io t i c  res i s tan t  l ines,  excess s terol  
would  b ind  the  an t ib io t i c  and  t h e r e b y  p reven t  
i t  f rom b ind ing  wi th  m e m b r a n e  sterols.  
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Reduction of Essential Fatty Acid Deficiency 
in Rats Fed a Low Iron Fat Free Diet 
G. ANANDA RAO, MARCIA M A N I X  and EDWARD C. LARKIN,  Hematology Research Laboratory, 
Veterans Administration Medical Center, Martinez, California 94553 

ABSTRACT 

Young male rats were fed ad libitum for 8 weeks a low iron fat-free (FF-Fe) diet or a fat-free diet 
supplemented with iron (FF+Fe). The relative levels of 16:1 to 16:0 and 18:1 to 18:0 in the total 
fatty acids of liver and other tissues (plasma, erythrocytes and intestinal mucosa) were considerably 
decreased because of a lack of dietary iron. In rats fed the FF-Fe diet, the levels of essential fatty acids 
(18:2~6 + 20:4~6) in tissues were 2- to 3-fold greater than in the corresponding tissues of rats fed 
the FF+Fe diet. Eicosatrienoic acid (20:3~9)  levels in tissue lipids from rats fed the FF+Fe diet were 
high (8-16%), whereas they were low (2-5%) in the case of animals fed the FF-Fe diet. The proportion 
of 20:4 in total fatty acids of tissues was 2- to 3-fold greater in rats fed the FF-Fe diet than when they 
were fed the FF+Fe diet. Therefore, the relative levels of 20 :3~9/20 :4~6  varied from 1-2.9 in tissue 
lipids of rats fed the FF+Fe diet, while it varied only from 0.2-0.3 in animals fed the FF-Fe diet. 
These results suggest that a lack of dietary iron may reduce the synthesis of 16:1, 18:1, 20:3 and 20:4 
and the metabolism of 20:4. 

INTRODUCTION 

Stearoyl  CoA desaturase  e n z y m e  com pl ex  
consis ts  of  N A D H - c y t o c h r o m e  b 5 reductase ,  
c y t o c h r o m e  b s ,  l ipids and  the  t e rmina l  desatu-  
rase e n z y m e  which  is a n o n - h e m e  i ron  p ro te in  
(1-3). N u m e r o u s  inves t igat ions  have deal t  w i th  
the  changes  in the  t issue desaturase  act ivi ty  due  
to d ie ta ry  fac tors  such as fat  (4-11) ,  cyc lopro-  
pene  f a t t y  acids (12-14)  or to  pa tho log ic  
cond i t i ons  such as d iabetes  (15 ,16) ,  obes i ty  
(17) ,  p h e n y l  ke tonu r i a  (18)  and  neoplas ia  
(8-11 ,19 ,20) .  However ,  to our  knowledge ,  
s tudies  have no t  b e e n  carr ied ou t  to  d e t e r m i n e  
the  role of  a lack of  d ie ta ry  i ron o n  t he  de- 
sa turase  act ivi ty.  In the  p resen t  s tudy ,  we 
m a i n t a i n e d  rats on  a fat-free diet ,  wh ich  is 
k n o w n  to  s t imula te  t issue desaturase  act ivi t ies  
in animals  (4-11).  The  fat-free diet  was e i the r  
def ic ien t  in i ron  or  s u p p l e m e n t e d  wi th  i ron.  We 
ana lyzed  t he  f a t t y  acid com pos i t i ons  of  var ious  
t issue lipids of  rats  fed these  two fat-free diets  
to  d e t e r m i n e  w h e t h e r  these  would ind ica te  a 
decrease in the  t issue desaturase  act ivi ty  
s t e m m i n g  f rom a lack of  d ie tary  iron.  Our  
resul ts  show t h a t  the  desa turase  act ivi t ies  
involved in the  synthes is  of m o n o -  and  poly-  
enoic  acids m a y  be  depressed by  feeding a diet  
def ic ien t  in i ron.  A pre l iminary  repor t  of  th is  
s t udy  has  a l ready appeared  (2 I). 

MATERIALS AND METHODS 

Y o u n g  male  Sprague Dawley rats  weighing 
50 g were pu rchased  f rom Hil l top Animal  
Supplier ,  Cha t swor th ,  CA. A group of  4 rats  
were fed a fat-free diet  con ta in ing  7 5 / a g  Fe /g  
diet  ad l i b i t um for  8 weeks. A n o t h e r  g roup  of  4 
ra ts  were fed a fat-free diet  having a low i ron  
c o n t e n t  (10  ~g Fe/g  diet) .  Rats  were k e p t  in 
plast ic  cages having plastic ven t i l a ted  covers. 

They  had  free access to  disti l led wate r  fed 
t h r o u g h  glass s ipper  tubes .  Sawdus t  bedd ing  in 
t he  cages was changed  twice  a week.  Diets were 
ob t a ined  f rom ICN Nut r i t i ona l  Biochemicals ,  
Cleveland,  OH. Fat- f ree  diet  is a s t anda rd  
catalog i t em whose  c o m p o s i t i o n  is given in the  
ICN diets  manual .  The  l o w  i ron fat-free d ie t  
was c u s t o m  made  wi th  regular  d ie ta ry  c o m p o n -  
ents  and  e l imina t ion  of  the  fe r rous  a m m o n i u m  
ci t ra te  f rom the  U.S.P. salt m i x t u r e  XIV. The  
i ron c o n t e n t  of  the  d ie t  was d e t e r m i n e d  
s p e c t r o p h o t o m e t r i c a l l y  (22)  using Fer ro  Zine  
(3-[ 2 pyr idyl ]  -5 ,6 -b i s [4 -pheny l  sul fonic  acid l-  
1 ,2 ,4- t r iazine)  wi th  FeSO 4 as a s t andard .  Fer ro  
Zine  was o b t a i n e d  as i ron  color  reagen t  (Tech-  
n i con  No. T 0 1 - 0 5 1 5 )  f rom T e c h n i c o n  Ins t ru-  
m e n t s  Corpo ra t i on ,  T a r r y t o w n ,  NY. 

Rats  were anes the t i zed  by  an  i n t r ape r i t onea l  
in j ec t ion  of  sod ium p e n t o b a r b i t a l  (50  
m g / m l / 3 0 0  g ra t )  and  exsangu ina t ed  using 
hepar in -washed  syringes and  needles .  Whole  
b l o o d  was t r ans fe r red  w i t h o u t  pressure  i n to  
hepa r in i zed  vacu ta ine r  tubes .  Blood was centr i -  
fuged at ca. 22 C at 2500  rpm for  7 min  and  
plasma and  b u f f y  layer  were removed .  Red cells 
were washed  th ree  t imes  by  suspens ion  in 
s t anda rd  i n c u b a t i o n  media  (23) .  H e m o g l o b i n  
d e t e r m i n a t i o n s  were carr ied o u t  us ing t he  
c y a n m e t h e m o g l o b i n  m e t h o d .  T h e " p a c k e d  red 
cell vo lumes  were measu red  using a Phillips- 
Drucke r  h e m a t o c r i t  cen t r i fuge  and  read on  an  
IEC microcapi l la ry  reader.  

Immed ia t e ly  af te r  t he  r emova l  of  b lood ,  
livers were excised,  b l o t t e d  and  washed  wi th  ice 
cold saline. The  uppe r  hal f  of  the  in tes t ine  was 
r emoved  and  freed f rom mesen t r i c  tissue. Using 
a syringe,  ice cold saline was forced  t h r o u g h  the  
in te s t ine  several t imes  to r emove  the  in tes t ina l  
con t en t s .  The  in tes t ine  was slit open  o n  a glass 
pla te  kep t  over  ice a n d  the  mucosa  was re- 
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m o v e d  b y  gent ly  scraping  w i th  a spatula .  
T o t a l  l ipids of  e r y t h r o c y t e s  were ex t r ac t ed  

as descr ibed  b y  Rose  and  Ok lande r  (24) .  F r o m  
liver, p lasma,  and  in te s t ina l  mucosa ,  l ipids were 
e x t r a c t e d  by  t he  m e t h o d  of  F o l c h  et  al. (25).  
Phospho l ip id  and  t r ig lycer ide  f r ac t ions  were 
i so la ted  f rom the  t o t a l  l ipids b y  t h in  layer  
c h r o m a t o g r a p h y  us ing  t he  developing  solvent  
sys tems  descr ibed by  B r o w n  and  J o h n s t o n  (26)  
and  Mangold (27) ,  respect ively .  

F a t t y  acid m e t h y l  esters were p repa red  f rom 
t o t a l  lipids, p h o s p h o l i p i d s  and  t r ig lycer ides  and  
ana lyzed  b y  gas l iquid c h r o m a t o g r a p h y  as 
descr ibed  earl ier  (23) .  

RESULTS A N D  DISCUSSION 

The  effec t  of  r e d u c i n g  t he  d ie ta ry  in take  of  
i ron  on  the  c o m p o s i t i o n  of  f a t ty  acids was 
e x a m i n e d  b y  ana lyz ing  t he  l ipids in liver, in 
c i rcu la t ion  (p lasma and  e r y t h r o c y t e s )  and  in 
cells t h a t  have  a rapid t u rn  over ( in tes t ina l  
musoca )  (Tables  I-IV). A s ignif icant  decrease  in 
t he  relat ive levels o f  16:1 to 16 :0  and  of  18:1 
to  18 :0  was observed  in the  l ipids of  t issues 
f r o m  rats  fed t he  low i ron  diet .  S tearoyl  CoA 
desa turase ,  wh ich  p roduces  18 : 1 f rom 18:0,  is 
also a b o u t  equal ly  active in the  p r o d u c t i o n  of  
16:1 f rom 16:0  (28) .  Hence,  the  r e d u c t i o n  in 
the  relat ive levels of  16:1 and 18:1 can be  
re la ted  to the  decrease in the  s tea roy l  CoA 
desaturase  act ivi ty  in t he  t issues of  rats  fed a 
low i ron  diet.  

When  rats  were fed t he  FF-Fe  die t ,  levels of  
2 0 : 3 w 9  in to ta l  f a t ty  acids of  t issue l ipids were 
low as c o m p a r e d  to the  levels in ra ts  fed the  
i r o n - s u p p l e m e n t e d  diet  (Tables  I-IV). This  m ay  
be due  to a r e d u c t i o n  of the  level of  the  pre- 
cursor  acid (18:16o9) ,  and  of  the  act ivi t ies  for  
cha in  e longa t ion  and  de s a t u r a t i on  requ i red  for  
the  synthes is  of  20:3 .  

Relat ive  levels of  essent ia l  fa t ty  acids (18 :2  
606 + 20:4606) in the  t o t a l  f a t ty  acids of  rat  
t issues was 2- to  3-fold grea ter  w h e n  t h e  FF-Fe  
diet  was fed. Increased levels of  18:2 may  be 
due  to a decreased level o f  the  chain  e longa t ion  
and  desa turase  act ivi t ies  necessary  for the  
synthes is  of  20:4 .  On the  o t h e r  h a n d ,  e n h a n c e d  
levels of  20 :4  could be  due to a decreased 
m e t a b o l s i m  of  th is  t e t r aeno ic  acid in ra ts  fed a 
low i ron diet .  For  example ,  a r ach idon ic  acid is 
t he  essential  subs t ra t e  for  the  p r o d u c t i o n  of 
e n d o p e r o x i d e s  and  t h r o m b o x a n e s .  I ron  or h e m e  
is an  essential  co fac to r  for  the  peroxidase ,  
l ipoxygenase  and  cyc lo-oxygenase  enzymes  
involved  in the  f o r m a t i o n  of  these  c o m p o u n d s  
(29).  

The  ra t io  of  t he  levels of  20:3009 to 20:4006 
in t issue lipids serves as a measure  of  essential  
f a t t y  acid def ic iency  in an  an imal  (30) .  A 

t r i e n e / t e t r a e n e  ra t io  of  less t h a n  0.4 ind ica tes  
t h a t  t he  min ima l  essent ia l  fa t ty  acid require-  
m e n t  of  t h e  an imal  has  b e e n  met .  In  the  present  
inves t iga t ion ,  a l t h o u g h  two  groups  of  ra ts  were 
fed a fat-free diet  for  an  ident ica l  pe r iod  (8 
weeks) ,  t he  relat ive levels o f  20:3609 to 20:4606 
in t issue l ipids varied f r o m  1-2.9 in an imals  fed 
t he  i r o n - s u p p l e m e n t e d  diet  while  t hey  varied 
f r o m  on ly  0.2 to  0.3 in  those  fed t he  low i ron  
diet .  Thus ,  a sa t i s fac tory  supply  of  essential  
f a t t y  acids was avai lable to  ra ts  even w h e n  they  
were fed a fat-free diet  for  8 weeks w h e n  the  
i ron  c o n t e n t  of  the  diet  was r educed  (Tables  
I-IV). 

I ron  def ic iency  is expressed b y  the  r e d u c t i o n  
of  packed  red cell v o l u m e  and  h e m o g l o b i n  
c o n t e n t  of  b lood.  However ,  in the  present  
s tudy ,  a l t h o u g h  rats  were fed the  fat-free diet  
con t a in ing  a low a m o u n t  of i ron,  the  hema-  
toc r i t  and  h e m o g l o b i n  c o n t e n t  of  b lood  were 
no t  s ignif icant ly  reduced .  The  h e m o g l o b i n  
c o n t e n t  of  b lood  in ra ts  fed the  F F + F e  diet  was 
15.8  g%, while  in those  fed the  FF-Fe  diet ,  it 
was 15 .0  g%. Packed red cell vo lume  of  b lood  
in ra ts  fed  the  F F + F e  or  FF-Fe  diets  were 
45 .0% and  43.5%, respect ively.  Thus ,  i t  would  
appear  t h a t  even w h e n  desa turase  levels could 
have reduced  by  feeding FF-Fe  diet ,  t he  syn- 

TABLE III 

Changes in the Fatty Acid Composition of 
Erythrocyte Lipids Due to the Reduction of the 

Iron Content of Fat-Free Diet Fed to Rats a 

Total lipid 
Fatty acid FF+Fe FF-Fe 

16:0 22.7 -+ 0.4 25.5 • 0.2 
16:1eo7 4.4 • 0.2 2.7 • 0.2 
18:0 13.5 • 0.2 15.1 • 0.6 
18:1((.o9+(.o7) 20.2 • 0.3 15.4 -+ 0.6 
18:2co6 1.7 -+ 0.1 5.5 -+ 0.6 
18:3to3 T T 
20:3(.o9 14.8 • 0.2 3.9 • 0.3 
20:4~o6 15.5 • 0.5 24.1 • 1.1 
22:4to6 b 5.7 -+ 0.3 6.6 • 0.3 
22:6603 1.1 • 0.1 1.5 -+ 0.2 
16:1 16:-"~ 0.19 + 0.01 0.11 + 0.01 

18:1 1.5 -+ 0.04 1.02 + 0.05 18:0 
18:1+20:3 2.59 -+ 0.06 1.3 + 0.04 18:0 
20:3(.o9 0.96 -+ 0.03 0.16 + 0.003 20:4606 

18:2+20:4 c 17.2 -+ 0.6 29.5 -+ 0.8 

apercent of total fatty acids given as Mean -+ SE of 
separate analysis with erythrocytes from four rats 
fed either FF+Fe or FF-Fe diets for 8 weeks. Values 
0.5% or less are given as T. Values. for 14:0 were 
not obtained. Methyl ester of this acid eluted with 
BHT during GLC. 

blncludes 24:0 and 24:1. 
Cpercent of total fatty acids. 
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thesis  of  red cells was unaf fec ted .  Whe t he r  the  
c o n t e n t s  of  var ious i ron -con ta in ing  e n z y m e s  or 
p ro t e in s  in  t issues of  ra ts  fed the  FF-Fe  diet  
have  decreased  remains  to  be inves t igated .  

In a s tudy  parallel  to  the  present  one ,  we 
also fed a group of  young  ra t s  (50  g) for  8 
weeks  e i the r  a 15% corn  oil d ie t  c o n t a i n i n g 8 1  
/,tg Fe /g  diet  (Co+Fe)  or  a 15% corn  oil diet  
hav ing  on ly  12#g Fe /g  d ie t  (Co-Fe) .  The  
presence  of  fat and  a low i ron  c o n t e n t  in the  
d ie t  depressed the  g r o w t h  of  ra ts  s ignif icant ly.  
The  f inal  b o d y  weights  o f  animals  fed the  
F F + F e  diet  ( 370  g) were on ly  sl ightly grea ter  
t h a n  o f  those  fed the  FF-Fe  diet  (333  g). 
However ,  w h e n  an imals  were m a i n t a i n e d  on  the  
Co-Fe die t ,  t he i r  weights  were cons ide rab ly  
lower  (258  g) as c o m p a r e d  to  those  o n  Co+Fe  
diet  ( 414  g). 

Unl ike  the  case of  FF-Fe  diet,  w h e n  ra ts  
were fed the  Co-Fe diet ,  i ron  def ic iency was 
ev ident  f rom the  e x a m i n a t i o n  of  b lood.  The  
b l o o d  h e m a t o c r i t  values of  ra ts  fed Co+Fe  and  
Co-Fe diets  were 47 .0% and 24.5%, respec- 
t ively.  The  h e m o g l o b i n  c o n t e n t  of  b lood  in ra ts  
in  t he  Co+Fe  diet  g roup  was 16.0 g% while  in  
those  of. t he  Co-Fe group,  it was 8.7 g%. Mech- 
an isms by  which  i ron  def ic iency  is p r o d u c e d  by  
t he  presence  of  corn  oil in a low i ron  diet  are 
n o t  k n o w n  at present .  The  t u r n o v e r  of i ron  in 
t issues m a y  be  enhanced  by  feeding the  po lyun-  
sa tu ra ted  fat.  F u r t h e r m o r e ,  the  in tes t ina l  
a b s o r p t i o n  of  i ron  f rom the  low i ron diets  m ay  
be  more  eff ic ient  w h e n  t he  diet  is free of  fat .  

I t  is k n o w n  t h a t  t he  t issue levels o f  de- 
sa turase  are reduced  when  animals  are fed a 
corn  oil d ie t  (11).  When  rats  were fed the  Co-Fe 
diet ,  a fu r the r  r e d u c t i o n  of  desaturase  act iv i ty  
could have  occurred.  This  was suggested b y  a 
decrease  of  the  relat ive levels of  16:1 to 16 :0  in 
t issue l ipids of ra ts  fed t he  Co-Fe diet  as com- 
pared  to those  in rats  fed Co+Fe diets.  Since 
corn  oil con t a ined  apprec iab le  a m o u n t s  of  oleic 
acid (25% of  t o t a l  FA)  and  l inoleic acid (62%),  
these  acids were p resen t  in large a m o u n t s  in tis- 
sue lipids. As would  be expec ted ,  t issues did 
no t  con t a in  20 :3  w h e n  rats  were fed the  15% 
Co diets.  

I t  was shown  recen t ly  t h a t  the  r educed  
s tearoyl -CoA desaturase  act iv i ty  in d iabe t ic  
an imals  is due to decreased levels of  t he  
t e rmina l  desaturase  e n z y m e  (16) .  On the  o the r  
hand ,  the  lack of  desa turase  act ivi ty  o f  
Nov ikof f  h e p a t o m a  is due to the  absence  of  
b o t h  c y t o c h r o m e  b 5 and  t e rmina l  desaturase  
e n z y m e  (20) .  The  data  p resen ted  in th is  paper  
suggest t h a t  the  desa turase  activi t ies m a y  be 
r educed  by  feeding the  low i ron  FF  diet .  Fur-  
t he r  expe r imen t s  on  the  d e t e r m i n a t i o n  of  
desaturase  act ivi t ies  of  t issues and  the  quan t i -  

t a t i o n  of  the  va r ious  c o m p o n e n t s  of  the  
e n z y m e  complex  (1 1,20) are needed  to eluci- 
da te  t he  role  of  d ie ta ry  i ron  in the  p r o d u c t i o n  
of  m o n o  and  po lyeno ic  f a t t y  acids. 
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METHODS 

Improved Separation of Phospholipids 
in Thin Layer Chromatography 
JOSEPH C. TOUCHSTONE, JOHN C. CHEN and KATHLEEN M. BEAVER, 
School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The mobile phases described permit separation of the six major phospholipids of amniotic fluid 
in one dimension with either conventional or high performance thin layer chromatography. An 
example of this separation with an extract of amniotic fluid is given. 

INTRODUCTION 

Recent renewed interest in the separation of 
the phospholipids has accrued from its utility in 
the assessment of fetal lung maturity (1). 
Methodology in use at present for separation of 
the phospholipids in amniotic fluid, for com- 
plete separation of the six major components, 
involves two dimensional thin layer chromatog- 
raphy (1,2). We recently reported the separa- 
tion of these compounds in one dimensional 
thin layer chromatography (TLC) which 
included complete separation of phosphatidyl- 
glycerol (PG) (3). Since phosphatidylglycerol 
traveled close to some of the other phospho- 
lipids, an investigation of the use of other 
mobile phases and the use of high performance 
thin layer chromatography (HPTLC) was 
carried out. This report describes the develop- 
ment of improved mobile phases to increase the 
separation of PG and also the more rapid 
separation accomplished-by HPTLC. Manipu- 
lation of the mobile phase was necessary since 
the mobile phase used with conventional layers 
did not separate PG from phosphatidylethanol- 
amine (PE) when used with HPTLC. 

MATERIALS AND METHODS 

Thin layer plates, LK5 (silica gel) (20 x 20 
cm) and LHPK (HPTLC) (10 x 10 cm), were 
obtained from Whatman, Inc., Clifton, NJ. 
These were washed by development to the 
top of the layer using the mobile phase. The 
layers were then heated in an oven at 150 C for 
10 min in order to reactivate. All solvents were 
of analytical grade distilled in glass. 

The samples, 200 ng each, were applied to 
the pre-absorbant layer with Drummond 
Microcaps. The chromatograms were developed 
in unlined tanks which were allowed to saturate 
with mobile phase for 10 rain before the plates 
were placed in them. 

For visualization, the chromatograms were 
allowed to dry in air until the solvent had 
evaporated, then dried in an oven at 180 C for 
5 min for complete evaporation of solvent, 
particularly the triethylamine. The chromato- 
grams are then sprayed with a solution of 3% 
cupric acetate in 8% phosphoric acid (4) until 
completely wet. Charring was accomplished by 
heating in an oven at 180 C for 10 rain. 

After charring, the chromatograms were 
scanned on a Kontes Chromaflex Densitometer 
K-495000 (Kontes, Vineland, NJ) using the 
transmission mode and visible light. 

The phospholipids were all obtained from 
Avanti Biochemicals, Birmingham, Alabama, 
and included the following: sphingomyelin (S), 
phosphatidylcholine (L), phosphatidylserine 
(PS), phosphatidylinositol (PI), phosphatidyl- 
ethanolamine (PE), and phosphatidylglycerol 
(PG). These were dissolved in 10% methanol in 
chloroform to give a concentration of 100 
ng/~l. Two to 5 /~1 was applied to the starting 
point of the chromatogram. 

RESULTS AND DISCUSSION 

The mobile phases listed in Table I all give 
separation of the six phospholipids, since they 
all are based on the method originally published 
(3). The modifications served the purpose of 
obtaining wider separation in most cases of the 
lipids. It should be noted that substitution of 
triethylamine for ethyl acetate and the use of 
smaller proportions of methanol or aqueous 
phase resulted in two-fold better separation 
between PE and PG (see Table I). Figure I 
shows the separation of the phospholipids from 
an extract of amniotic fluid prepared by the 
Gluck method (5) using system B. The separa- 
tion of the phospholipids on the HPTLC layers 
using system A resulted in PG and PE moving 
together. However, using mobile phase B 
containing triethylamine, the results on the 
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TABLE I 

Mobility of Phospholipids in Various Systems a 

Mobile Phase 
Phospholipid 

Conventional HPTLC 

A B A B C D E F 

S 0.29 0.19 0.30 0.17 0.14 0.18 0.16 0.13 
L 0.35 0.26 0.35 0.23 0.20 0.23 0.21 0.17 
PS 0.41 0.40 0.46 0.37 0.31 0.36 0.32 0.29 
PI 0.48 0.49 0.52 0.46 0.36 0.43 0.38 0.44 
PE 0.59 0.55 0.64 0.51 0.42 0.48 0.45 0.57 
PG 0.65 0.70 0.64 0.71 0.60 0.66 0.62 0.68 

Mobile Phase (in ml) 

A B C D E F 

Chloroform 25 
Methanol 13 
1-Propanol 25 
2-Propanol 
Ethanol 
Potassium Chloride 
0.25% 9 
Water 
Ethyl Acetate 25 
Triethylamine 

30 30 30 30 30 
9 9 9 

25 25 27 
34 34 

6 
7 8 7 8 

18 25 25 35 35 

aMobility expressed as Rf. 

) 

P6 

/ 

) 

PE 

PI 

F 

FIG. 1. The phospholipids separated from a term 
amniotic fluid using system B on a LK5 conventional 
TLC plate, as described in the text. (SL = Starting 
Line) See text for key to abbreviations. The amount 
represents 0.1 ml of amniotic fluid. 

H P T L C  layers  were  the  same as t hose  ob t a ined  
on  the 20 x 20 cm c o n v e n t i o n a l  LK5 layers.  

The  advan tage  o f  us ing  H P T L C  lies in fas ter  
d e v e l o p m e n t  (35 min  vs. 100 min ) ,  as well as 
the  smal le r  s ample  r equ i red .  The  H P T L C  can be 
scanned  by  d e n s i t o m e t r y  wi th  equiva len t  
resul ts .  This  ind ica tes  t ha t  use o f  the  pr inc ip les  
o f  so lven t  select ivi ty  in th in  layer  c h r o m a t o g -  
r a p h y  ( t r i e t h y l a m i n e  has the  same  solvent  
s t r e n g t h  as e thy l  ace ta te ,  bu t  d i f fe ren t  selec- 
t iv i ty)  can resul t  in effect ive change  in separa-  
t ion  charac te r i s t ics  and i m p r o v e  the quan t i t a t ive  
capabi l i t ies  (6).  I t  s h o u l d  be n o t e d  t h a t  the Rf 
values  were general ly  the same on b o t h  the 
c o n v e n t i o n a l  TLC and  HP TLC,  w h e n  the same 
m o b i l e  phase  is used .  
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Desaturation of Isomeric cis 18:1 Acids 
M. MAHFOUZ AND R.T. HOLMAN, The Horrnel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

The desaturation of positional cis 18:1 isomers (2x4 through A11) was studied, using essential 
fatty acid deficient rat liver microsomes. The cis A4, A5, 2x6 and 2x7 isomers were not desaturated. 
The cis 2x10 and AI 1 isomers were desaturated at a very low rate. The maximum desaturation was ob- 
tained for A8 and A9 isomers. The cis 48 and 2xl 1 isomers were desaturated by A5 desaturase; the cis 
zX9 isomer was desaturated by A6 desaturase; and the eis 2x10 isomer was desaturated to A7,10 and 
5,10-18:2 acids. 

INTRODUCTION 

In the study of the effect of double bond 
position in fatty acids upon biochemical 
phenomena, each biochemical reaction or 
biological response has shown a unique pattern 
of response relative to the position of the 
double bonds (1-7). Each biological system was 
unique in discriminating between locations of 
cis double bonds, and in many cases the dis- 
placement of the double bond system one 
carbon atom along the chain caused drastic 
difference in acceptability of the fatty acid as 
substrate. 

The hydrolysis by pancreatic lipase of a 
series of  triglycerides each containing one 
positional isomer of cis 18:1 revealed that when 
the double bond was near theca rboxy l  group, 
pancreatic lipase was inhibited (7). The cis 18:1 
isomers were incorporated at different rates in 
the cholesteryl ester (CE), triglyceride (TG) and 
phospholipid (PL) fractions by rat liver mito- 
chondria, and at different positions of these TG 
and PL fractions according to their double 
bond position (8). The cis 6-18:1 acid was more 
extensively metabolized than the cis 9-18:1 
acid in Novikoff hepatoma cells (9). We investi- 
gated the desaturation of the isomeric cis 18:1 
acids by liver microsomes from rats deficient in 
essential fatty acids (EFA) to see how the 
position of  the double bond affects the rate as 
well as the site of desaturation of these isomers. 

MATERIALS AND METHODS 

The labeled positional isomers of cis 18:1 
acids were prepared in this laboratory. Some 
of the unlabeled isomers were obtained from 
Dr. F.D. Gunstone. The purity of the labeled and 
unlabeled isomers was checked by thin layer 
chromatography (TLC) and gas chromatog- 

raphy (GC). The purity of all the labeled and 
unlabeled acids was more than 90%. The double 
bond position was determined by ozonolysis of 
the methyl esters and reduction of the ozo- 
ozonides as described by Privett and Nickell (10). 
The chain length of the labeled aldehyde ester, 
which indicates the position of the double 
bond, was determined by preparative GC using 
unlabeled carriers of aldehyde esters with chain 
lengths from C3 to C 17. 

The optimal concentrations of the substrate, 
microsomal protein and the time of incubation 
used for the desaturation of oleic acid were 
used as reported in a previous study (11). 

Each substrate acid was incubated in a 
concentration of 120 nmoles per ml as Na salt- 
complex of  bovine serum albumin. The sub- 
strate contained an amount of 1-14C labeled 
acid equivalent to 0.1 ~Ci. Each incubation in 1 
ml of a 0.15 M KC1-0.25 M sucrose solution 
contained in /~moles: ATP, 5; CoA, 0.25; 
NADH, 1.0; magnesium chloride, 5; gluta- 
thione, 1.5; NaF, 45: nicotinamide, 0.5; phos- 
phate buffer (pH 7.0), 100; and 2 mg protein of 
a microsomal suspension. The microsomes were 
separated according to the procedure of Marcel 
et al. (12) by centrifugation at 105,000 x g for 
2 hr. Microsomes from EFA deficient rats were 
used because desaturase activity has been 
shown to increase in EFA deficiency (12). 
After 20 min incubation in 02 at 37 C, the 
reaction was stopped by adding 1 ml of 5% 
HC1 in methanol, and the lipids were extracted 
with chloroform/methanol (2:1). The lipids of 
the extract were dried under nitrogen and 
transesterified with 10% HC 1 in methanol at 80 
C for 2 hr. The extracts were evaporated to 
dryness under nitrogen, petroleum ether and 
unlabeled carriers of 18:0, 18:1 and 18:2 
methyl esters were added, and the esters were 
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separa ted  on  10% AgNO 3 TLC plates  wi th  
p e t r o l e u m  e ther  (40-60  C) /d i e thy l  e ther  
( 85 :15 ,  v/v).  The  quan t i t a t i ve  d i s t r i bu t ion  of  
the  rad ioac t iv i ty  b e t w e e n  the  subs t ra te  and 
p r o d u c t  as well as the  pe rcen t  convers ion  and 
nmoles  of  p r o d u c t / r a g  p ro t e in / r a in  were 
ca lcula ted  as descr ibed be fo re  (13).  T h e  re- 
covery  of  t he  rad ioac t iv i ty  was more  t h a n  90%. 

The  s t ruc tu re  of  t he  d ienoic  acid esters 
isola ted by  TLC was iden t i f i ed  by  using pre- 
para t ive  radio  gas c h r o m a t o g r a p h y .  All the  
labeled d iene  esters were f o u n d  in the  f r ac t ion  
co r r e spond ing  to t he  18:2 m e t h y l  ester  peak.  
The  doub le  b o n d  pos i t ion  was d e t e r m i n e d  as 
descr ibed b y  Pr ivet t  and  Nickell  (10) ,  b y  par t ia l  
r e d u c t i o n  of  the  d ienoic  acids wi th  h y d r a z i n e  
hyd r a t e  in m e t h a n o l  to  give a m i x t u r e  of  
m o n o e n o i c  and  sa tu ra t ed  f a t t y  acids. The  
e x t e n t  o f  the  r eac t ion  was m o n i t o r e d  us ing gas 
c h r o m a t o g r a p h y .  When  the  dienoic  esters had  
jus t  d isappeared ,  the  m i x t u r e  was separa ted  
in to  sa tu ra ted  and  m o n o e n o i c  esters by  AgNO 3 
TLC, us ing the  solvent  sys tem of  l ight pe t ro-  
l eum e t h e r / d i e t h y l  e the r  (95 :5 ,  v/v).  The  
isola ted m o n o e n e s  were ozonized ,  and the  
ozonides  were reduced  to a ldehyde  and alde- 
hyde  esters by  Lindla r ' s  catalyst  (10) .  The  
chain  l eng th  of  the  labeled a ldehyde  esters was 
iden t i f i ed  by  prepara t ive  GC using un labe led  
carriers of  a ldehyde  esters wi th  chain  lengths  
f rom C3 to  C17. 

RESULTS A N D  DISCUSSION 

Table  I shows t ha t  the  cis 18:1 i somers  wi th  
the  doub le  b o n d  at ca rbons  4 t h r o u g h  7 were 
no t  desa tu ra t ed  at measurab le  rates  by  E F A  
def ic ien t  rat  liver microsomes .  The i r  pe rcen t  
convers ion  to 18:2 ranged f rom 0.48% for  A4 
to 0 .76% for  A6 18:1 acids. The  m a x i m u m  
convers ion  to 18:2 was ob t a ined  for  cis A8 and  
A9 isomers  which  gave 3.4 and  3.9%, respec- 

t ively.  The  ra te  of de sa tu r a t i on  of  oleic acid to 
6 ,9 -oc tadecad ienoa te  was 0 .118 n m o l e s / m i n /  
mg p ro te in ,  wh ich  is comparab l e  to t h a t  ob- 
t a ined  by  Cas tuma  et al. (14)  (0 .128  + 0 .002  
n m o l e s / m g  p r o t e i n / m i n ) .  The  cis AIO and  A11 
isomers  gave ca. 1.5% convers ion  to  the  18:2 
acid. 

These  resul ts  show t h a t  the  cis 18:1 acids 
wi th  doub le  b o n d  pos i t ion  b e t w e e n  ca rbons  4 
and  11 f rom the  ca rboxy l  group are poo r  
subs t ra tes  for  the  desa tu ra t ion ,  excep t  t he  cis 
A8 and  A9 isomers  were desa tu ra ted  at  rela- 
t ively h igher  rates  to  the  18:2  acid. The  cis A12 
18:1 i somer  was no t  desa tu ra ted  by  ra t  liver 
mic rosomes  as r epo r t ed  by  Gurr  et al. (15) .  

The  da ta  in the  p resen t  s tudy  show t h a t  t he  
pos i t ion  of  t he  doub le  b o n d  in a cis 18:1 acid is 
a d e t e r m i n a n t  fac tor  for  the  desaturase  which  
acts o n  it. The  eis A9 18 : 1 acid was desa tu ra ted  
by  A6 desaturase ,  in ag reemen t  wi th  the  
prev ious  r epor t s  (16-18) .  The  site of  desatura-  
t i on  was similar for  e icosa-9 ,12,15- t r ienoic ,  
e icosa-9,12-dienoic  (19) ,  hep tadeca-9 ,12-  
dienoic  (20) ,  and hexadeca-9-enoic  (18)  acids 
which  have d i f fe rent  chain  lengths  and n u m b e r  
of doub le  bonds .  All of t h e m  have the  first 
doub le  b o n d  at the  9-posi t ion f rom the  car- 
b o x y l  group.  The  cis A8 and  A11-18:1  i somers  
were desa tu ra t ed  by  A5 desaturase as are 
e icosa-8 ,11-dienoic  (14) ,  e icosa-8 ,11,14- t r ienoic  
(18) ,  e icosa-11-enoic  and  e icosa-11,14-dienoic  
(21)  acids, which  also have the  first double  
b o n d  at the  8- or l l - p o s i t i o n s  f rom the  car- 
b o x y l  group.  The  desa tu ra t i on  of  the  cis A11 
18:1 i somers  to 5 ,11-18 :2  acid (no t  to  8,11) 
con f i rms  t he  absence  of  A8 desaturase  f rom the  
rat  liver mic rosomes  as r epo r t ed  by  Ul lman  and  
Sprecher  (21) .  

The  cis A I 0  18:1 isomers  gave 1.57% 
convers ion  to  the  18:2  acid wi th  ca. 70% (1.1% 
convers ion)  of  the  doub le  b o n d s  at A7,10  and  

TABLE I 

Desaturation of cis- 18 : 1 Isomers to 18:2 by EFA Deficient Rat Liver 
Microsomes Expressed as Percent Conversion and nmoles of 18:2 

Produced/mg Protein/rain. Values are Means • SD, n=24 

cis-Isomers 

Position of 
nmoles of 18:2/ double bond 

% Conversion min/mg protein of 18:2 Desaturase 

cis-A4-18:l 0,48 • 0,47 0.014 • 0.014 
A5 0.47 -+ 0,9 0.014 • 0.027 
A6 0.76 • 0,72 0.023 -+ 0.022 
A7 0.58 • 0,32 0.017 + 0.009 
A8 3.44 + 0.69 0.103 • 0.021 A5,A8 
A9 3.92 • 0,32 0.118 • 0.009 A6,A9 
A10 1.57 • 0,34 0.047 • 0.010 A5,A10 + AT,A10 
All  1.50 • 0.25 0,045 • 0,007 A5,Al l  

A5 
A6 
A5 + A7 
AS 
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30% (0.47% conversion)  as the  A5,10 18:2 
acid. Berne t t  and Sprecher  (18) found  tha t  the  
eicosa- 10,13-dienoic acid p roduced  th rough  the  
pa lmi to lea te  sequence was conver ted  in vitro by 
rat liver mic rosomes  to 7 ,10,13-20:3 at a very 
slow rate of  only  0.8 nmoles  in the  3 min 
incuba t ion  period.  The rate of  desa tura t ion  of  
cis A10 18:1 isomer  to  7,10-18:2 was only ca. 
0.05 n m o l e / m i n / m g  pro te in  which is lower  than  
tha t  r epo r t ed  for 10,13-20:2 acid (18). 

The  mos t  abundan t  cis 18:1 isomers in the  
h y d r o g e n a t e d  soybean  oil were r epo r t ed  to  be 
the  cis A9 18:1 (76%), and cis A l  l 18:1 (10%) 
(22). The cis 18:1 isomers which were found  in 
the  present  s tudy no t  to be desa tura ted  by  rat 
liver mic rosomes  (A4 ~ A7) were present  in less 
than  1% o f  the  to ta l  cis 18:1 acids (22). The 
major  cis-18:l acids present  in hyd rogena t ed  
oils are t hus  po ten t ia l ly  metabol izable  to  
cis, cis-18:2 acids which,  in turn,  may be con- 
verted to  higher po lyunsa tu ra ted  acids and 
prostaglandin-l ike compounds .  
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Identification of Chondrillasterol in Two Cucurbitaceae Seed 
Oils by Proton Nuclear Magnetic Resonance Spectroscopy 
T. IIDA, College of Engineering, Nihon University, Koriyama, Fukushima-ken, 963 Japan, 
T.M. JEONG, Department of Agricultural Chemistry, Gyeongsang University, Jinju, 620 Korea, 
and T. TAMURA, and T. MATSUMOTO, College of Science and Technology, 
Nihon University, Chiyoda-ku, Tokyo, 101 Japan 

ABSTRACT 

The absolute configuration at C-24 of C-24 epimeric 24-ethyl-5c~-cholesta-7,E-22-dien-33-ols I-IV 
previously isolated from tea seed oil, shea fat, and gourd and sponge cucumber seed oils, respectively, 
was studied by proton nuclear magnetic resonance spectroscopy. The results showed that the sterols 
I and II are identical with spinasterol (24S/c~-ethyl group), whereas the sterols III and IV are identified 
as its 24R/3-epimer, chondrillasterol. This study has thus for the first time properly documented the 
presence in tracheophytes of a 243-ethylsterot in which A25(27).bond is reduced. 

INTRODUCTION 

In previous studies (1,2),  we isolated C29 
A7,22-sterols I-IV from tea seed oil f rom Thee 
sinensis L., shea fat f rom the kernels of  Buty- 
rospermum parkii, gourd seed oil f rom 
Lagenaria siceraria S., and sponge cucumber  
seed oil f rom Luffa cylindrica R., respect ively,  
and determined that their  structures are iden- 
tical with spinasterol [(24S)-24-ethyl-5a- 
cholesta-7,E-22-dien-3/3-ol]. The de terminat ion  
was based essentially on melt ing points  (mp),  
gas l iquid chromatography  (GLC), and infrared 
(IR), mass (MS) and 60 MHz p ro ton  nuclear  
magnet ic  resonance ( 1 H - N M R ) s p e c t r o s c o p i c  
analyses and also on l i terature data (3,4) on 
higher plant  s~erols. However ,  these methods  
were usually unable to distinguish be tween  
epimeric  sterols differing only in the absolute  
conf igurat ion at C-24 alkyl groups. In this 
s tudy,  the conf igurat ion at C-24 was symbo-  
lized by combined  use of  the (R,S)- and (843) 
nomencla tures  for the sake of ready corn- 

parison. Recent  studies have demonst ra ted  that  
the C-24 epimeric sterols can be different iated 
from each other  by 220 or 270 MHz high 
resolut ion 1H_NMR (5-7). In addit ion,  the use 
of  a lanthanide shift reagent  (LSR) such as a 
t r i s  [ 1 , 1 , 1 , 2 , 2 , 3 , 3 - h e  ptafl iaoro-7,7-dimethyl- 
oc tane-4 ,6 -d iona to ]y t t e rb ium,  Yb(fod)3,  in 
1 H-NMR has provided fur ther  excel lent  results, 
thus permit t ing  the reliable determinat ion 
of the conf igurat ion at C-24 of  an unknown  
sterol (8). 

To determine the absolute configurat ion at 
C-24 of  the C29 AT ,2 2-sterols 1-IV isolated 
from the four  kinds of  vegetable oils and fats, 
we u n d e r t o o k  a re-examinat ion of  the sterols 
by 1H.NMR. Surprisingly, the sterols III ( f rom 
gourd) and IV (from sponge cucumber)  were 
ident i f ied as C-24 epimer  of  spinasterol, i.e., 
chondri l lasterol  [(24 R)-24-ethyl-  5~-cholesta- 
7,E-22-dien-3/3-ol], which is unusual in higher 
plants and has h i ther to  been found only in 
several species of  green algae (Chlorophyta) (9). 

TABLE I 

270 MHz IH-NMR Data for Methyl Protons of C29 A7,22-Sterols a 

Chemical shifts (6-ppm) 

Sterol I Sterol III 
Methyl protons (from tea seed oil) (from gourd seed oil) Spinasterol b Chondrillasterol b 

C-18 (s) 0.55 0.55 0.55 0.54 
C-19 (s) 0.80 0.80 0.81 0.81 
C-21 (d) 1.03 (6.6) 1.03 (6.6) 1.03 (6.6) 1.03 (6.5) 
C-26 (d) 0.85 (6.4) 0.84 (6.3) 0.85 (6.5) 0.84 (6.5) 
C-27 (d) 0.80 (5.7) 0.79 (6.1) 0.80 (ca. 7) 0.79 (ca. 7) 
C-29 (t) 0.81 (7.4) 0.82 (7.3) 0.81 (6.5) 0.81 (7.2) 

aln CDCI3; abbreviations, s=singlet, d=doublet, t=triplet; the values in parentheses refer to  the 
coupling constnats (J, in Hz). 

bData recorded by Sucrow et el. (7). 
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FIG. 1. 270 MHB 1H-NMR spectra of the C-26, 
C-27, and C-29 methyl proton region of the sterol I 
(a; from tea seed oil) and III (b; from gourd seed oil). 

The present report deals wi th  the occurrence o f  
spinasterol and its 24R//3-epimer, chondril-  
lasterol, in some seed-bearing plants. 

MATERIALS AND METHODS 

The isolation of the four C29 AT ,2 2-sterols 
I-IV examined in this study were reported 
previously (1,2). An authentic specimen of 
spinasterol was a gift from Dr. L.J. Goad 
(University of Liverpool, England); chondril- 
lasterol was a gift from Dr. G.W. Patterson 
(University of Maryland, MD). The LSR, 
Yb(fod) 3 was available from E. Merck (Darm- 
stadt, Germany). 

The I H-NMR spectra were recorded at 90 
and 270 MHz with Hitachi R-22 and Bruker 
WH 270 NMR spectrometers, respectively, 
using CDC13 as solvent and TMS as an internal 
reference standard (TMS, ~ = 0 ppm). 
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RESULTS AND DISCUSSION 

Melting points, GLC retention times and 
spectral data (IR, MS, and 60 MHz 1H-NMR) of 
the four C29 AT,22-stero]s I-IV were consistent 
with the literature values of C-24 epimeric 
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spinasterol (24S/t~-ethyl group) and chondril-  
lasterol (24R/~-ethyl  group),  as previously 
reported,  and were basically similar to one 
another.  

However,  several significant differences in 
the 1H-NMR spectra of  the C-26, C-27, and 
C-29 methy l  p ro ton  region at ca. 6 0.78-0.86 
were observed between the sterol I and III 
when the spectra were measured at 270 MHz, as 
shown in Table | and Figure 1. In the sterol III, 
the double t  due to the C-26 and C-27 methy l  
pro tons  resonated at higher field (by 6 0.01) 
than the corresponding pro tons  of  the sterol I. 
FurthermGre,  the triplet  arising from the C-29 
methy l  p ro ton  occurred at lower field (by 6 
0.01) in the sterol III than in the sterol I. The 
remaining parts of  the 270 MHz spectra o ther  
than the 6 0.78-0.86 region in the two sterols 
were very similar. These 270 MHz data of  the 
sterols I and III closely resembled those of  
synthet ic  C-24 epimers of  spinasterol and 
chondril lasterol,  respectively,  repor ted  by 
Sucrow et al. (7), and also strongly suggest that  
the former  has the 24-ethyl  group in the 
c~-orientation, while the conf igurat ion at C-24 
of the lat ter  is/3-orientated (4,5). 

In order to further  conf i rm the absolute 
conf igurat ion at C-24, Yb(fod)3- induced shift 
spectra (at 90 MHz) were then measured for the 
sterols I and III as well as the sterols II and IV 
by the m e t h o d  previously repor ted  (8). As for 
the result, there was minor  but consistent  
difference in the Yb(fod)3- induced shifts for 
the side chain methyl  pro tons  between the 
sterol I-II and III-IV (Table II). 

Thus, in the sterols I and II, the signals of  
the C-27 me thy l  p ro ton  moved  somewhat  faster 
on al iquot  addi t ion of  the LSR than did the 
C-26 and C-29 methy l  signals which are shifted 
to the same extent .  In the sterols III and IV, on 
the o ther  hand,  the C-26 me thy l  signal moved  
somewhat  slower than did bo th  the C-27 and 
C-29 methy l  protons  upon  addi t ion of  the LSR. 
The Yb(fod)3- induced shift  spectral  pat terns of  
the sterols I-II and III-IV were in good agree- 
ment  with those of  au thent ic  spinasterol and 
chondri l lasterol ,  respectively.  

In view of  the above findings, it was con- 
cluded that  the sterols I and II isolated, respec- 
tively, f rom tea seed oil and shea fat are 
identical  with spinasterol,  which is usual in 
higher plants,  whereas the corresponding sterols 
III and IV isolated, respect ively,  f rom gourd 

and sponge cucumber  seed oils are identical  
with chondri l lasterol .  Therefore ,  the previous 
ident i f icat ion of the sterols III and IV as 
spinasterol should be corrected.  The occurrence 
of  chondri l lasterol  in gourd and sponge cucum- 
ber seed oils f rom Cucurbi taceae plants is 
quite unique,  since when a 24-ethyl-A7,22- 
sterol lacking a A25 (27)_bond has been isolated 
from t racheophytes ,  the configurat ion at C-24 
has always been c~ in the past, though 24-ethyl- 
sterols with the A25(27)-bond,  isolated f rom 
some species of  t racheophytes ,  had H-ethyl 
group at C-24 (3, 4, 10). According to the 
considerat ion proposed by Nes et al. (4,11), the 
biosynthet ic  pa thway of 24/3-ethyl-A22-sterols 
is thought  to proceed through 24/3-ethylsterols 
with the A25(27)_bond as intermediates.  Our 
previous findings that 24-ethyl-A25(27)-sterol  
and its 22,23-dehydro analog together  with 
chondri l lasterol ,  tentat ively recognized as 
spinasterol before  the present s tudy,  are present 
in gourd and sponge cucumber  seed oils (2) 
may be an example  in suppor t  of  the above 
considerat ion.  
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Sterols of Scallop. II I. Characterization of Some C-24 Epimeric 
Sterols by High Resolution (220 MHz) Nuclear Magnetic 
Resonance Spectroscopy 1 

M.W. KHALIL and D.R. IDLER, Marine Sciences Research Laboratory, Memorial University of 
Newfoundland, St. John's, Newfoundland, Canada, and G.W. PATTERSON, Department of 
Botany, University of Maryland, College Park, MD, U.S.A. 

ABSTRACT 

Alkyl sterols epimeric at C-24 isolated from the Atlantic scallop, Placopecten magellanieus, were 
analyzed by high resolution (220 MHz) nuclear magnetic resonance spectrometry, and their spectra 
compared with authentic samples. This technique was used to assign absolute stereochemistry in epi- 
meric mixtures of 24 R and S 24-methylcholest-5-en-3t3-ol, (22E)-24-methylcholesta-5,22-dien-3#-ol 
and 24-ethylcholest-5-en-3#-ol. It also allowed a semiquantitative estimate of the R/S isomers present 
in the mixture. 

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

Marine inver tebra tes  have been shown to 
conta in  complex  sterol  mixtures ,  and a l though 
many  new sterols were discovered (1) the  
analytical  p rocedures  available at that  t ime 
were unable  to resolve these complex  mix tures  
comple te ly .  More recent  invest igat ions in to  the  
sterols of  marine inver tebra tes  have been  
reviewed (2). We recent ly  re-examined the  
sterol  mix ture  of  the scallop Placopec t en  
rnagellanicus and isolated several minor  sterols 
as well as several epimeric  24-alkycholesterols  
(3). High resolut ion 1H NMR has been used to 
evaluate the  s te reochemis t ry  of  sterols epimeric  
at C-24 (4-6), and we have repor ted  on the  
util i ty of  13C NMR for de te rmin ing  stereo- 

1M.S.R.L. Contribution Number 242. 

chemis t ry  at C-24 (7). However ,  the  smaller 
amoun t s  of  samples required and the  ready 
availability o f  1H NMR p r o m p t e d  us to  use this 
m e t h o d ,  and to  compare  the findings wi th  
those  o f  t he  1 3 C NMR study.  

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

The NMR spectra  were recorded  at 220 MHz 
on a Varian spec t romete r ,  using CDC13 solvent 
and TMS as internal  s tandard.  Spectra  were 
recorded  at a sweep wid th  of  100 Hz. Peak 
p o s i t i o n s  in the  spectra are given in Hz and 
were conver ted  to ppm (Tables I and II) by 
dividing the  values by 220 for the  220 MHz 
spectra.  Epimeric  ratios were  es t imated  by 
p lan ime t ry  of  peak heights .  

24-Alkyl  sterols were isolated f rom scallop 
in a previous s tudy  (3). One sample of  campe-  

TABLE I 

Methyl Group Chemical Shifts of 24-Methyl and 24-Methyl-A22-Sterols in CDC 13 

Sterol C-24 Config. C-18 a C-19 a C-21 b C-26 b C-27 b C-28 b 

Mixture ia and lb  (scallop) S//3 0.679 c 1.007 0.919 0.856 0.783 0.775 
R/c~ 0.911 0.852 0.704 

Mixture la and lb  (synthetic) S//3 0.682 1.012 0.923 0.860 0.785 0.780 
R/a 0.915 0.814 

Mixture ]a and l b  (nutritional Sift 0.685 1.013 0.923 0.856 0.787 0.778 
biochem.) R/~ 0.916 0.808 

Campesterol (appl. sci.) l b  R/c~ 0.687 1.012 0.915 0.857 0.81}8 0.779 

(22E,24~)-24-Methylcholesta- 
5,22-dien-3/3-ol 3a and 3b S/o~ 0.698 1.012 1.007 0.841 0.823 0.915 
(scallop) R/13 1.015 0.934 

(22E,24S)-24-Methylcholesta- 
5,22-dien-3~3-ol 3a (synthetic) S/ce 0.700 i .013 1.006 0.841 0.823 0.915 

22E,24S)-24-Methylcholesta- 
5,22-dien-313-ol 3a (diatom) S/c~ 0.699 1.015 1.009 0.842 0.824 0.916 

asinglet. 
bDoublet. 
CAll values given in ppm. 
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T A B L E  II 

M e t h y l  G r o u p  C h e m i c a l  Sh i f t s  o f  2 4 - E t h y l  a n d  2 4 - E t h y l - A 2 2 - S t e r o l s  in C D C 1 3  

S te ro l  C-24 Conf ig .  C-18 C-19 C-21 C-26  C-27 C-28  

C l i o n a s t e r o l  2a S/~ 0 . 6 8 3  a 1 .011 0 . 9 2 8  0 . 8 3 4  0 . 8 1 4  0 , 8 5 5  
S i t o s t e r o l 2 b  R/c~ 0 . 6 8 4  1 .011 0 . 9 2 5  0 . 8 3 9  0 . 8 1 5  0 . 8 4 2  

Mix tu r e  o f  2a and  2b ( sca l lop)  S//3 0 . 6 8 3  1 . 0 0 6  0 . 9 2 5  0 . 8 3 9  0 . 8 1 6  0 . 8 4 8  
R/cx 

0,880 Poriferasterol 4b R//3 0.699 1.009 1.025 0.845 0.793 0.812 
Mixture of 4a and 4b (scallop S/r 0.701 1.014 1.028 0.848 0 . 7 9 5  0.814 

R/# 
S t i g m a s t e r o l  ( 2 4 S )  4a S/e~ 0 . 7 0 3  1 .012  1 .026  0 . 8 4 9  0 . 7 9 9  0 . 8 0 8  

aAll va lues  given in p p m .  

sterol lb was purchased from Applied Science 
Laboratories, State College, PA, while a second 
sample of "campesterol" lb from soybean was 
obtained from Nutritional Biochemicals, Cleve- 
land, OH, and contained approximately one- 
third 22, 23-dihydrobrassicasterol la. Clion- 
sterol (24S)-24-ethylcholest-5-en-3~-ol 2a was 
isolated from Nitella (8) while sitosterol (24R)- 
24-ethylcholest-5-en-3/3-ol 2b was isolated from 
soybean. 22-Dehydrocampesterol (22E, 24R)- 
24-methylcholesta-5,22-dien-3/3-ol, 3a, was iso- 
lated from the diatom Phaeodactylurn tri- 
cornuturn. Dr. M.J. Thompson (USDA, Belts- 
ville, MD) provided synthetic samples of 3a 
(epibrassicasterol) and la (dihydrobrassica- 
sterol), and the latter was shown to contain 
approximately one-third campesterol lb. Stig- 
masterol (22 E,24 S)-24-ethycholesta-5,22-dien-3~- 
ol), 4a, was purchased from Applied Science 
Labs, while poriferasterol, the 24R epimer was 
obtained from Spirogyra, a fresh water alga. 

R 

I a "''~ 

_ 

2 a'"~ 

R 

" , o , , ~  2b 

RESULTS AND DISCUSSION 

(24R)-24-Methylcholest-5-en-3/3-ol lb  and (24S)-24- 
Methylcholest-5-en-3~-ol la 

The methyl group chemical shifts of four 
samples of 24-methylcholesterol are listed in 
Table I, and the spectra are illustrated in 
Figures 1-4; these are scallop sterol (Fig. 1), a 
synthetic sample of "22,23-dihydrobrassica- 
sterol" (Fig. 2), and campesterol samples from 
soybean (Nutritional Biochemicals) and Ap- 
plied Science. Assignments of the methyl group 
of campesterol (Applied Science, Table I) agree 
well with published data (4-6), but comparison 
of the spectrum of the scallop sample shows 
certain differences (Table I). In the scallop 
sterol spectrum, there are two pairs of doublets 
at 0.911 and 0.919 ppm (Table I) assigned to 
the C-21 methyl resonance of the 24R and 24S 
epimers, respectively. This difference of %2 Hz 
is also found in the spectra of the other epi- 
meric mixtures of 24-methylcholesterol ex- 
amined. There are two pairs of doublets at 
0.783 and 0.804 ppm assigned to C-27 methyl 
resonances for the 24S and 24R epimers. The 
chemical shift difference of 0.02 ppm (4.4 Hz) 
is constant for the epimeric mixtures examined, 
and agrees with the observation by Rubinstein 
et al. (5) that the C-27 methyl resonance is 
most sensitive to C-24 stereochemistry and is 
downfield in 24c~ sterols (e.g., lb); it is there- 
fore of diagnostic value in assigning C-24 
stereochemistry in saturated 24-methyl sterols. 
Estimation of peak heights of the C-21 methyls 
established that the scallop sterol is an approx- 
imately equal mixture of the 24R and 24S 
epimers; the synthetic sample (Fig. 2) is a 
mixture containing two-thirds la, while the 
soybean sample (Fig. 3) contains approximately 
equal amounts of la and lb; a small amount of 
the 24S epimer was detected in campesterol 
from Applied Science. 
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FIGS. 1-6. 220 Hz spectra of sterols; sweep width 100 Hz. 

(22E,24R)-24-Methylcholesta-5,22-dien-3~-ol  3b 
(Brassicasterol), and (22E,24S)-24-Methylcholesta-5,  
22-dien-3/3-ol 3a (22-dehydrocampesterol) 

Three samples were examined: a diastereoi- 
someric mixture from the scallop (Fig. 5), a 
sample of the 24S isomer, 22-dehydrocampe- 
sterol (Fig. 7) from the diatom P. tricornutum, 
and a synthetic sample, also with 24S stereo- 
chemistry (Fig. 6). The methyl group chemical 
shifts are summarized in Table I. Inspection of 
the spectra shows that the 24R and S epimers 
can be distinguished by the differences in the 
chemical shift of the C-21 methyl, which is at 
lower field in the 24R (fl) series. The C-28 
methyl group is less sensitivie to stereo- 
chemistry. 

The sensitivity of the C-21 methyl group to 
stereochemistry in 1H NMR offers an addi- 
tional diagnostic tool since t 3 C NMR (7) has 
shown that the most useful signals for dif- 
ferentiating these epimers are the resonances at 

C-28 and C-16. Chemical shift differences for 
the C-21 and C-28 resonances using 100 MHz 
] H NMR were also used to assign stereochemis- 
try at C-24 (9) in the diatom P. tricornutum. 

Estimates that the scallop sample contains 
about two-thirds 24S epimer, 3a('X,65%)by 
integration of the C-21 methyl resonance, 
though not as precise, are in good agreement 
with values from 13 C NMR (7). These new data 
confirm the earlier suggestion that (22E,24~)- 
24-methylcholesta-5,22-dien-3/3-ol from scallop 
might be a mixture of the C-24 epimers from 
which brassicasterol was isolated (10). Synthe- 
tic 3a (Fig. 6) is included for comparison and is 
very similar to the diatom sterol (Fig. 7) whose 
assignment (9) as 24S is confirmed. The 
Japanese scallop Patinopecten yessoensis has 
been shown to contain 3a (11), but these 
workers did not mention whether it occurred 
along with lesser amounts of 3b, as in P. magel- 
lanicus. 
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(24R)-24-Ethylcholest-5-en-3/3-ol 2b and (24S)-24- 
Ethylcholest-5-en-3/3-ol 2a 

Three samples were examined: sitosterol 2b 
from soybean (Fig. 8), clionasterol 2a (Fig. 9) 
isolated as the acetate from Nitella (8), and a 
mixture isolated from scallop (Fig. 10). Pre- 
vious studies (5,6) have realized the difficulty 
of differentiating C-24 diastereoisomers of C 29 
sterols, although differentiation by 13C NMR 
has already been pointed out (7). The C-29 
methyl resonance of the 24S epimer 2a is more 
deshielded than that in the 24R isomer 2b, and 
offers the only major difference. It is, however, 
necessary to obtain spectra of both diastereo- 
isomers; and comparison shows that the scallop 
sterol is clearly a mixture with the 24R epimer 
the major sterol ('~65%). While precise de- 
terminations of epimeric ratios are not possible 
by 11-1 NMR as with 13 C NMR (67%R:33%S) 
(7), the former provided a quite good estima- 
t ion of the relative amounts in this instance. 
When pure samples are available, the acetate of 

SOOO (243 ) -  24-mlthyi* 22-dlhydrocholesterol 
= ~  Fi~lure 7: 3q fPP, cMoot~fylum trlcornufum) 
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2b m.p. 122C can be distinguished from 2a 
acetate m.p. 143 C (4). 

(22E,24R)-24-Ethylcholesta-5,22-dien-3/3-ol-4b 
and (22 E,24S) -24- Ethyleh olesta-5,22- dien -3/3-ol-4a 

Three samples were examined: pure 24R 
(poriferasterol, Fig. 11), 24S (stigmasterol, Fig. 
13), and an epimeric mixture from scallop (Fig. 
12). Methyl group chemical resonances are 
recorded in Table II. Comparison of these 
spectra shows that the scallop sterol contains 
predominantly the 24R epimer 4b. As for 
mixtures of compounds 2a and 2b, 1H NMR 
does not easily differentiate between the R and 
S epimers in a mixture of 4a and 4b, but 
estimation is still possible with 13C NMR (7). 

In summary, 220 MHz 1H NMR was used to 
assign configuration at C-24 of mixtures of 24 
alkyl sterols isolated from the scallop, by 
comparison with authentic samples, and to 
give a qualitative estimate of the R/S ratios. 
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FIG. 13. 220 Hz spectra of sterols; sweep width 
100 Hz. 

Previous s tudies  (4-6,12) have also demon-  
s t rated the funct ional  ut i l i ty of  this m e t h o d ,  
and have no ted  its l imitat ions.  It has been  
po in ted  out  that  in higher plants  C28 and C29 
sterols  (24a)  wi th  sa tura ted side chains are 
more  c o m m o n  than  those  wi th  22-double  
bonds ,  whereas  in algae the  reverse is t rue  (13). 
In scallop, which  apparent ly  ~ obta ins  sterols 
f rom many  sources,  24a  sterols (e.g., lb,2b) 
p r e d o m i n a t e  when  the  side chain is sa tura ted ,  
while in t he  22-dehydros tero ls ,  scallop conta ins  
mix tures  of  b o t h  24a  (e.g., 3a) and 24t3 (e.g., 
4b) epimers  (Tables I-II and Figs. 1-3). 
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Different Metabolism of Saturated and Unsaturated 
Long Chain Plasma Free Fatty Acids by Intestinal Mucosa 
of Rats 
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ABSTRACT 

During fat absorption, unsaturated long chain fatty acids are estefified at a higher rate than 
saturated fatty acids of similar chain length. This phenomenon has been attributed to differences in 
the binding affinity of fatty acids to a cytosolic fatty acid-binding protein. As intestinal mucosa 
utilizes plasma free fatty acids as well, we investigated whether long chain plasma free fatty acids of 
different degree of saturation are metabolized also at different rates. 3H-Palmitic and 14C-linoleic acid 
complexed to rat serum were injected rapidly into a tail vein of fasting rats. One, 2 and 4 min later 
there was no difference between 3H and laC-radioacfivity in intestinal mucosa, suggesting equal initial 
uptake of the two labeled fatty acids from plasma. Despite their equal uptake, the incorporation of 
the isotopes into ester lipids was significantly different, however: at 2 min, 53.1 -* 3.9% of 3H and 
73.8 _* 4.6% of 14C were recovered in ester lipids. Phospbolipids and triglycerides accounted for 
most of the mucosal 3H and 14C. At 4 rain, a similar distribution of isotopes in intestinal mucosal 
metabolites was found. These data show that despite equal initial uptake by intestinal mucosa 
unsaturated long chain fatty acids taken up from plasma are esterified to a higher and oxidized to a 
lower extent than saturated plasma free fatty acids. Unsaturated plasma free fatty acids, therefore, 
may provide a more important source of fatty acids for endogenous intestinal lipoprotein lipids than 
saturated plasma free fatty acids. It is speculated that the fatty acid binding protein might be operative 
not only in the intraceUular transport and metabolism of luminal fatty acids but of plasma free fatty 
acids as well. 

INTRODUCTION 

Fat ty  acid metabol ism has been studied 
already in great detail in many  tissues. The 
interest  in studies of  fat ty acid metabol ism in 
intestinal  mucosa is borne by the unique 
duality of  the fa t ty  acid supply to this tissue, 
which takes up fat ty acids no t  only f rom the 
intestinal lumen,  but  from the plasma pool  as 
well ( I -5) .  

Long chain fa t ty  acids absorbed by intestinal  
mucosa  f rom the lumen are mainly estefified 
and incorpora ted  into l ipoproteins,  which then 
are secreted into the intestinal lymph (6). 

Recent ly  it has been demonst ra ted  that  
unsaturated long chain fat ty  acids taken up 
f rom the intestinal  lumen are estefified at a 
higher rate than saturated fat ty acids of  similar 
chain length (7). This difference in the esteri- 
f icat ion rate has been a t t r ibuted to the presence 
of  a protein of  low molecular  weight in the 
cytosol  of  absorptive epithelial  cells (7). This 
protein,  designated fat ty acid binding protein 
(FABP),  binds fat ty acids and part icipates in 
the t ranslocat ion of  fa t ty  acids f rom the 
microvil lous membrane  to the smooth  endo- 
plasmic re t iculum (7-9) where fat ty  acids are 
activated and estefified. As the binding affinity 
of  fat ty acid binding protein is higher for 
unsaturated than for saturated long chain fa t ty  
acids, the higher esterif icat ion rate of  absorbed 

long chain unsaturated fat ty acids has been 
explained on this account  (7-9). 

F r o m  studies under taken  by Gangl in rats 
(4), and more recent ly also in man (5), we 
know that  intestinal mucosa no t  only utilizes 
luminal fa t ty  acids but  plasma free fatty acids 
as well. We, therefore,  investigated whether  
long chain fat ty  acids of  different  degree of  
saturat ion taken up f rom the plasma pool  are 
metabol ized  also at different  rates by intestinal  
mucosa.  The results of  these studies have been 
presented in part at the 10th Internat ional  
Congress of Gas t roentero logy in Budapest ,  
Hungary,  1976, and at the 33rd Meeting of  the 
Deutsche Gesellschaft ffir V e r d a u u n g s - u n d  
Stoffwechselkrankhei ten  in Hamburg,  
Germany,  1978, and have been published in 
abstract  form (10,11). 

MATERIALS AND METHODS 

Spectrum of Plasma Free Fatty Acids of 
Animals Studied 

All studies were per formed in unanaesthe-  
tized male albino rats of  300-400 g body 
weight. In a pi lot  s tudy,  the spectrum of  the 
plasma free fat ty  acids was analyzed by gas 
chromatography  in 12 rats fasted for 24 hr. 
Lipids were ext rac ted  f rom 0.5 ml  of  serum 
according to Folch  et al. (12) and separated 
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into individual lipid classes by thin layer 
chromatography (TLC), using TLC plates 
precoated with silica gel from E. Merck, 
Darmstadt, Germany, which were "washed" 
prior to their use by allowing them to develop 
overnight in chloroform/methanol, 49:1 (13). 
Plates were developed in a mixture of petro- 
leum ether/diethyl ether/acetic acid 
(90: 15: 1.5), sprayed with Rhodamin 6 G, and 
individual lipid classes were identified by 
comparison with appropriate lipid standards. 
The fatty acid zone was eluted from silica gel 
by 3 extractions with chloroform/heptane/ 
methanol (280:210:10); fatty acids were 
methylated with boron fluoride-methanol fol- 
lowing the method of Morrison and Smith (14) 
and separated into individual fatty acids in a gas 
chromatograph (Fractovap 2400 by Carlo 
Erba) using a glass column of 2 m length and 4 
mm ID, packed with 3% Hi Eft 8BP on Chro- 
mosorb 6 HP 100/120 mesh. Nitrogen at a flow 
of 25 ml/min was used as the carrier gas. 

Radio-Isotopes Used 

9,10-3H-Palmitic acid (500 m Ci/mmol)and 
1-t4C-linoleic acid (60 m Ci /mmol ) r ad io -  
chemically ~ 97% pure were bought from the 
Radiochemical Centre, Amersham. At the start 
of each experiment, a trace amount of 3H- 
palmitic acid and of 14C-linoleic acid was 
complexed with 2.5 ml of fresh serum from 
donor rats which then was diluted 1:1 with 
0.9% saline as described earlier (4). 

Experimental Procedure 

One ml of the 3H-, 14C-fatty acid-rat serum 
complex was injected acutely into a tailvein of 
conscious rats after a fasting period of 24 hr. 
One, 2 and 4 rain later rats were decapitated by 
means of a guillotine, the blood was collected 
and the serum was separated by centrifugation. 
The small bowel was excised immediately and 
flushed with 50 ml of ice-cold saline. From the 
proximal half of the small bowel (jejunum), the 
mucosa was isolated by squeezing on a chilled 
glass plate. The extruded mucosa was weighed 
and homogenized instantly in a Teflon-glass 
homogenizer in 3 volumes of methanol. Lipids 
were extracted from aliquots of homogenates 
and serum and separated into individual lipid 
classes by TLC as described above. The trigty- 
ceride and fatty acid zones were eluted from 
the silica gel by 3 extractions with chloroform/ 
heptane/methanol, 280:210" 10, and the eluates 
were used for quantitative biochemical deter- 
mination of triglycerides (15) and fatty acids 
(13). 

T A B L E  I 

Percentage  Co mp o s i t i o n  o f  Plasma Free Fa t ty  Acids 
( F F A )  o f  12 Fasting Rats a 

% o f  " t o t a l "  F F A  
Fa t ty  acid (mean  • 1 SE) 

Myristic acid,  14:0 4.8 • 0 .8 
Myris toleic  acid,  14:1 1.6 + 0.4 
Palmit ic  acid,  16:0 31.2 • 0.4 
Palmitole ic  acid,  16:1 10.7 + 0.7 
Stearic acid,  18:0 6.2 -+ 0.3 
Oleic acid,  18:1 19.8 +- 0.8 
Linoleie acid, 18:2 17.8 +- 1.2 
Linolenic  acid, 18:3 1.6 -+ 0.2 
Arachid ic  acid,  20 :0  0.1 -+ 0.1 
Arach idon ic  acid,  20 :4  6.2 +- 0.6 

Un sa tu r a t ed  " t o t a l "  57.7 • 0 .9 
Sa tu ra ted  " t o t a l "  42.3 • 0.9 

aRats  were  fas ted  for  24 hr ,  decap i t a t ed ,  and the 
b lood  was col lected.  Lipids were  ex t r ac t ed  f r o m  
se rum,  free f a t ty  acids were  separa ted  by TLC,  and 
individual  free fa t ty  acids were  d e t e r m i n e d  gas chro-  
ma tograph ica l ly  as descr ibed in Methods .  

Radioassays 

Homogenates and whole serum were assayed 
for 3H and 14C radioactivity in Liquifluor 
toluene solution (New England Nuclear) 
containing 10% Biosolv (Beckman) in a Beck- 
man liquid scintillation counter (model LS 
3150 T). For lipid extracts, Biosolv was not 
added. Quenching was corrected for by an 
automatic external standard. 

Water soluble radioactivity was taken as a 
parameter of fatty acid oxidation and calcu- 
lated as the difference between radioactivity in 
the whole homogenate and the lipid extract (4). 

R ESU LTS 

The percentage distribution of individual 
long chain fatty acids in the serum of the 
experimental animals is shown in Table I. Of 
fatty acids of a chain length from C14 to C20, 
57.7% were unsaturated and 42.3% were 
saturated. As the main representative of 
saturated serum flee fatty acids, we found 
palmitic acid (31.2%); among the unsaturated 
serum flee fatty acids, oleic acid (19.8%)and 
linoleic acid (17.8%) prevailed. 

Following the i.v. pulse injection of a trace 
amount of 3H-palmitic acid as a marker of 
saturated and of 14C-linoleic acid as a marker 
of unsaturated long chain serum free fatty 
acids, the radioactivity of intestinal mucosa was 
highest at 2 rain and amounted to 0.43% of 
injected 14C and to 0.44% of injected 3H per 
gram wet mucosa (Fig. 1). There was no dif- 
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FIG. 1. Uptake of 3H-palmitic and 14C-linoleic 
acid by intestinal mucosa from plasma. 3H-palmitic 
and 14C-linoleic acid, complexed to rat serum, were 
injected acutely i.v., and 3H and 14C was measured in 
intestinal mucosal homogenates (see Methods) at the 
times indicated. Each point represents the mean of at 
least 10 experiments, the vertical lines indicate the 
Standard Error. 

ference between 3H and 14C radioactivity of 
intestinal mucosa at I, 2 and 4 min. This means 
that the two labeled fatty acids were taken up 
by intestinal mucosa to a similar extent. In 
order to obtain information about the intra- 
cellular metabolic fate of the two fatty acids 
injected i.v., we determined the distribution of 
the isotopes in intestinal metabolites at 2 and 4 
min after the i.v. injection. 

Figure 2 shows the 3H and 14 C radioactivity 
in water soluble oxidation products, ester lipids 
and free fatty acids of intestinal mucosa 2 min 
after simultaneous i.v. injection of 3H-palmitic 
and 14C_linoleic acid. The radioactivity in these 
metabolic products is expressed as a percentage 
of the mucosal radioactivity of each isotope at 
2 min. At this time, there was a significantly 
higher percentage (38.7%) of 14C, the label of 
linoleic acid, in ester lipids, than of 3H, the 
label of palmitic acid (p < 0.01 ; paired t-test). 
Alternatively, water soluble oxidation products 
contained significantly less 14C than 3H (p "< 
0.01). By contrast, radioactivities in free fatty 
acids of intestinal mucosa were equal. A similar 
pattern of results was seen also at 4 min after 
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FIG. 2. Incorporation of 3H and 14C into 
intestinal mucosal metabolites 2 min after acute 
simultaneous i.v. injection of 3H-palmitic and 14C- 
linoleic acid complexed to rat serum. Bars represent 
means of 12 experiments; vertical lines indicate the 
Standard Error. 

i.v. injection (Table II). These findings demon- 
strate that during the first 4 rain after i.v. 
injection a significantly greater fraction of the 
unsaturated (linoleic) fatty acid was esterified 
and a smaller fraction was oxidized, despite 
equal initial uptake of linoleic and patmitic acid 
by intestinal mucosa. Determination of 14C 
and 3H in individual lipid classes of intestinal 
mucosa 2 rain after i.v. injection of the labeled 
fatty acids showed that phospholipids and 
triglycerides accounted for the majority of the 
ester lipid radioactivity. 14C, the marker of 
linoleic acid, was significantly higher in phos- 
pholipids and triglycerides when compared with 
3H, the marker of palmitic acid (Fig. 3). 

The concentrations of free fatty acids and of 
triglycerides in serum and in intestinal mucosa 
are shown in Table III. There are no major 
differences between rats sacrificed at different 
points in time. 

DISCUSSION 

The results of these studies confirm the 
earlier finding of others (1-3) and of one of us 
(A.G.) (4,5) that intestinal mucosa takes up 
fatty acids from the plasma pool. For the 
first time, however, our data show that in vivo 
the extent of initial uptake of a saturated long 
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T A B L E  II 

I n c o r p o r a t i o n  o f  3 H  a n d  14C in to  Es ter  Lipids  a n d  i n to  Free  
F a t t y  Ac ids  o f  In tes t ina l  M u c o s a  at  2 and  4 Min a f t e r  

the  In j ec t i on  o f  3H-Pa lmi t i e  a n d  14C-Lino le ic  Ac id  i.v. a 

R a d i o a c t i v i t y  
(% o f  r e spec t ive  m u c o s a l  r a d i o a c t i v i t y )  

in es te r  l ipids  in free f a t t y  ac ids  

2 min  4 min  2 min  4 min  

3H ( 1 6 : 0 )  53.1 _+ 3,9 60 .6  -+ 2 .8  7.1 -+ 1.0 4 .6  +- 1.5 
14C ( 1 8 : 2 )  7 3 . 8  -+ 4 .6  70 ,4  -+ 3,4 6 ,0  +- 1.1 4 .4  +- 1,5 

D i f f e r ence  + 20,'7 + 9 .8  - 1.1 - 0 .2  

S ign i f i cance  
o f  d i f f e r ence  p < 0 .01 p < 0 .05  N.S.  N.S.  

a 3 H - p a l m i t i c  a n d  14C-l inole ic  ac id  c o m p l e x e d  to  ra t  s e r u m  were  in j ec t ed  a c u t e l y  i n t o  
a tai l  vein o f  f a s t ing  ra ts .  T w o  a n d  4 min  la te r ,  ra t s  we re  d e c a p i t a t e d ,  small  b o w e l  m u c o s a  
w a s  i so l a t ed ,  a n d  l ip ids  were  e x t r a c t e d  a n d  s e p a r a t e d  i n to  ind iv idua l  l ip id  classes b y  TLC.  
3H a n d  14C were  m e a s u r e d  in es te r  l ip ids  a n d  in free f a t t y  ac ids  ( M e t h o d s )  and  e x p r e s s e d  
as % o f  t o t a l  m u c o s a l  3H a n d  1 4 C - r a d i o a c t i v i t y ,  r e spec t ive ly .  Da t a  are given as m e a n s  • 
t S t a n d a r d  E r r o r ;  c o m p a r i s o n  was  m a d e  b y  p a i r e d  t - tes t .  

so, 

PL Tfi OG ChE 

FIG. 3. Incorporation of 3H and 14C into 
individual ester lipid classes of intestinal mucosa 2 min 
after acute i.v. injection of 3H-palmitic and 14C-  
linoleic acid. PL = phospholipids; TG = triglycerides; 
DG = diglycerides; ChE = cholesteryl esters. Bars 
represent means of 12 experiments; the vertical 
lines indicate the Standard Error. 

chain fat ty acid (palmitic acid) by intestinal 
mucosa  f rom plasma does no t  differ f rom that  
of  an unsaturated long chain fa t ty  acid (linoleic 
acid), and that  despite the equal  uptake of  the 
two fat ty  acids the unsaturated fat ty acid is 
esterified to a higher and oxidized to a lower  
extent  than the saturated fat ty  acid. 

Thus, our studies reveal a difference in 
intestinal  metabol i sm of plasma free fat ty acids 
of  similar chain length but  of  different  degree 
of  saturation.  This difference is similar to 
that  described earlier in vi tro for fa t ty  acids 
taken up from the intestinal  lumen (7). The 
underlying cause of  this metabol ic  difference 
cannot  be elucidated conclusively by the data 
presented.  Because of  the similarity in the 
metabol ic  difference be tween saturated and 

unsaturated long chain fat ty acids in our studies 
of  the intestinal metabol ism of plasma free 
fat ty acids with the metabol ic  difference 
described earlier for luminal fa t ty  acids, it is 
t empt ing  to speculate that  the metabol ic  
difference seen in our  studies might be related 
to the fatty acid binding prote in  too.  This 
protein exerts a higher binding affinity to 
unsaturated than to saturated long chain fat ty 
acids, and its main funct ion is thought  to be the 
t ranslocat ion of  long chain fat ty  acids f rom the 
microvil lous membrane  to the endoplasmic 
re t iculum (8,9). Possibly, the funct ion of  this 
cytosol ic  protein is not  confined to fat ty 
acid absorpt ion but  includes the metabol ism of 
long chain plasma free fa t ty  acids as well. As 
plasma free fat ty  acids approach the absorptive 
intestinal epithelial  cell at its basal pole oppo-  
site to the brush border ,  one only has to assume 
that  fa t ty  acid binding protein is present also in 
the cytosol  of  the basal cell pole,  and is opera- 
tive there in a similar way as in the apical 
cytosol  - an assumption which is no t  unreason- 
able. 

Final ly,  as plasma l inoleic acid was esterified 
to a higher ex ten t  than palmit ic  acid, it is 
conceivable that  quant i ta t ively  unsaturated 
plasma free fat ty acids may provide a more 
impor tan t  source of  fat ty acids for endogenous  
intestinal  l ipoprote in  lipids than saturated 
plasma free fat ty  acids. Studies of  addit ional  
examples  of  saturated and unsaturated long 
chain fatty acids are needed in order  to 
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TABLE III 

Concentrat ion of Free Fatty Acids (FFA) and of Triglycerides 
(TG) in Serum and in Intestinal Mucosa of  Rats Sacrificed 1, 

2 and 4 rain after i.v. Injection of 3H-Palmitic and 
14C-Linoleic acid a 

Serum 

Time after (#mol/ml)  Mucosa 
i.v. injection FFA 

(min) FFA TG (#mol/g) 

1 0.55 -+ 0.02 0.17 -+ 0.01 0.79 -+ 0.03 
2 0.48 -+ 0.03 0.16 -+ 0.02 0.82 -+ 0.14 
4 0.57 + 0.02 0.16 -+ 0.02 --- 

aA trace amount  of 3H-palmitic and 14C-linoleic acid was injected rapidly into a tail 
vein of fasting rats. One, 2 and 4 min later rats were decapitated,  the blood was collected 
and the small bowel mucosa was isolated immediate ly .  Lipids were extracted from serum 
and mucosal homogenates,  FFA and TG were isolated by TLC and measured quanti tat ively 
as described in Methods. Data are mean -+ 1 Standard Error. 

e s t a b l i s h  d e f i n i t e l y  t h e  v a l i d i t y  o f  t h i s  g e n e r a l  
c o n c l u s i o n ,  h o w e v e r .  
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Turnover of Label from [1- 14C]Linolenic Acid 
in Phospholipids of Coho Salmon, Oncorhynchus kisutch 1 
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ABSTRACT 
Juvenile coho salmon were injected intrapcritoneally with [1-I4C] linolenic acid, and sampled at 

24, 120, and 240 hr. Liver, heart, and gill lipids were extracted, analyzed, and halflives of individual 
liver glycerophospholipids and n-3 fatty acids determined from rates of loss of radioactivity. Incorpor- 
ation of label into gill was much less than into either heart or liver. Total acyl halflife was shorter for 
the choline phospholipids than for the ethanolamine phospholipids, as were the halflives of all individ- 
ual n-3 fatty acids. Eicosapentaenoic acid (20:5n-3) had the shortest halflife in both phospholipids 
(50-60 hr), while docosapentaenoic acid (22:5n-3) and docosahexaenoic acid (22:6n-3) had much 
longer halflives. Specific activities of the shorter chain n-3 fatty acids were much greater than the 
longer, more unsaturated homologs at all times, suggesting possible differences in their mechanisms of 
incorporation into phospholipids. Diacylglycerol analysis indicated that de novo synthesis could be 
responsible for the incorporation of only a small portion of the labeled long chain fatty acids found in 
phospholipids. The fatty acid halflives reported here for salmon are in general agreement with those 
found previously in mammals. 

INTRODUCTION 

It is well established that certain species of 
fish require fatty acids of the n-3 family for 
normal growth and development. Dietary 
studies with salmonids have shown that while 
linolenic acid (18:3n-3) efficiently fulfills the 
essential fatty acid requirement of these fish 
(1-3), its ultimate conversion product, docosa- 
hexaenoic acid (22:6n-3), also satisfies this 
requirement and seems to be the fatty acid 
required at the tissue level (4). Although 
mammals have been shown to require fatty 
acids of the n-6 family, acids of the n - 3  family 
are found in large quantities in certain vital 
tissue lipids. Efforts to deplete n-3 content 
through dietary manipulation have proved 
difficult, indicating that these acids perform 
some as yet undetermined function. Several 
functions have been attributed to the essential 
fatty acids and the dynamics of these com- 
pounds, i.e., their rates and patterns of  incor- 
poration and turnover have been studied both 
in vivo and in vitro (5-9). 

Investigators have found that the level of 
essential fatty acids in the phospholipids of  fish 
c a n  be altered by diet (2,10) or environmental 
temperature (11-13) and that fish differ in their 
capability to desaturate dietary linolenic acid 
(14). However, little information is available on 
the incorporation and metabolism of individual 
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Experiment Station, Oregon State University, 
Corvallis, Oregon 97331. 

2This material is taken in part from a thesis sub- 
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3Address reprint requests to Professor R.O. Sinn- 
huber. 

n-3 fatty acids in fish. It would seem that 
detailed studies on this subject could yield 
valuable information on the function of these 
molecules in both fish and mammals. This 
report describes the incorporation of (1-14C) 
linolenic acid in coho salmon and the turnover 
of n-3 fatty acids in the major hepatic phospho- 
lipids. 

MATERIALS AND METHODS 

Radiochemicals 

[1-14C] Linolenic acid, >99% pure and 50 
m C i / m m o l e ,  was purchased from Amersham 
Corp., Arlington Heights, IL. Counting was 
carried out in a Nuclear-Chicago 720 liquid 
scintillation counter, using as fluors either 
toluene-PPO-POPOP (15) or Aquasol (New 
England Nuclear, Boston, MA). 

Animal Trials 

Fish used in this study were yearling coho 
salmon, hatched and reared in circular tanks at 
the Food Toxicology and Nutrition Labora- 
tory, Corvallis, OR. Fish were fed a semi- 
purified diet (16) containing 6% salmon oil as 
lipid source. Water temperature was constant at 
12 C. Fish fasted 48 hr, weighing 90 -+ 15 g and 
with noticeable parr marking were injected 
intraperitoneally with [ 1-14C] linolenic acid in 
4:1 DMSO=0.9% NaC1 (0.10/~Ci/pl) at a dose of 
0.075 pCi/g fish. Three fish were used for each 
of the following three time periods: 24, 120, 
and 240 hr. All fish were fasted for the dura- 
tion of the experiments. The 24 and 120 hr 
trials were~carried out in plexiglass metabolism 
chambers with recirculating water maintained 
at 12 + 0.5 C by a refrigeration-pump unit 
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(Lauda K-2/R, Brinkmann Instruments, Burl- 
ingame, CA). The sealed chambers were aerated 
by N2/O 2 (80:20) and the effluent flow was 
bubbled through 20% KOH to trap radioactive 
carbon dioxide expired by the fish. Following 
termination of the trial, the chamber was 
acidified with concentrated HC1 and the system 
purged for an additional hour. Ten day trials 
were carried out in open isolated tanks at the 
Food Toxicology and Nutrition Laboratory. 

Lipid Extraction and Analysis 

At various time periods, fish were killed by a 
blow on the head. Livers, hearts, and gills were 
excised, perfused with 0.9% NaC1 and either 
extracted immediately or frozen on solid CO 2 
and stored at -40 C under nitrogen. Lipid 
extracts were prepared by the procedure of 
Folch et al. (17), dried, weighed, and samples 
taken for liquid scintillation counting. All lipids 
were stored under nitrogen in benzene at -40 C 
until analyzed. 

Duplicate phosphorus analyses were done 
according to the method of Bartlett (18), after 
using two dimensional thin layer chromatog- 
raphy (TLC) (19) to separate individual phos- 
pholipids. Additional plates were run to obtain 
phospholipid samples for counting. Phos- 
pholipids were identified by comparison with 
standards and by specific spray reagents (20). 
Choline and ethanolamine glycerophospholipids 
(CGP and EGP) for fatty acid analysis were 
obtained by one dimensional preparative TLC 
using chloroform/methanol/water (65:25 ;4). 
Diacylglycerols were isolated by TLC with 
benzene/ethyl acetate/glacial acetic acid 
(80:20:1) for 13 cm, then rechromatographing 
in the same direction for 18 cm with hexane/ 
diethyl ether/glacial acetic acid (80:20:1). 
Cholesteryl esters were isolated using only the 
second system. Lipid bands were visualized 
with 2,7-dichlorofluorescein under UV, scraped 
into a m p o u l e s ,  and transesterified under 
nitrogen with 4% sulfuric acid in methanol. 
Methyl esters were extracted with hexane, and 
samples of both aqueous and hexane fractions 
were taken for counting. 

EGP and CGP were analyzed for plasmalo- 
gen content by the procedure of Horrocks (21), 
and results showed that these compounds were 
present only in trace amounts. 

Fatty acid methyl esters were analyzed using 
a Varian Aerograph 1200 gas chromatograph 
(FID), with a 6 ft stainless steel column packed 
with 15% ethylene glycol succinate on 80/100 
mesh GAS-CHROM P (Applied Science Labora- 
tories, Inc., Inglewood, CA). Post-column flow 
was split 7 : 1, and individual fatty acids plus all 
remaining areas of the chromatogram were 
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trapped in 25 cm x 1.2 mm id glass capillary 
tubes packed in solid CO 2. Contents of the 
tubes were flushed with 1.0 ml toluene and 
counted in toluene fluor at an average counting 
efficiency of 87%. All trapping trials were done 
in duplicate, and relative radioactivity percent- 
ages of the trapped fractions agreed to within 
10%. 

R ESU LTS 

Fatty Acid Oxidation and Incorporation 

An average of 35% of administered [ 1-14C]_ 
linolenic acid was recovered as 14CO 2 in 24 hr. 
This percentage did not increase appreciably 
with experimental trials longer than 24 hr. 

Liver and heart lipids incorporated much 
more radioactivity than gill lipids. However, 
while the amount of label in liver lipid de- 
creased steadily after 24 hr, gill and heart lipids 
showed no clear pattern of label loss, and 
variability in those tissues was greater than in 
liver. 

Composition and Turnover of Liver Phospholipids 

Phospholipids comprised ca. 60% of the 
total liver lipids of coho salmon, the major 
components being CGP and EGP which collec- 
tively represented 80% of total phospholipid 
(Table I). 

Comparison of the mean specific activities of 
the major fiver phospholipids over time (Fig. 1) 
shows that, initially, CGP and EGP were the 
most highly labeled components. Calculation 
of halflives of these phospholipids from semilog 
plots indicated that sphingomyelin (S) and 
inositol glycerophospholipids (IGP) were turn- 
ing over at the greatest rate, followed by CGP, 
serine glycerophospholipids (SGP), EGP and 
phosphatidic acid (PA) (Table I). All phospho- 
lipids steadily decreased in specific activity with 
time except diphosphatidylglycerol. The loss of 
label from the phospholipids appeared to take 
place at a much slower rate than the incorpora- 
tion. Semilog plots of specific activity of total 
lipid, CGP and EGP of liver (Fig. 2) show linear 
relationships over time, indicating that disap- 
pearance of label from the acyl portions of the 
phospholipids is a logarithmic (half life) func- 
tion. 

Acyl Composition of CGP, EGP, Diacylglycerol 
and Cholesteryl Esters 

Acyl group analysis of CGP and EGP (Table 
II) revealed that CGP contained more 14:0 and 
16:0 than did EGP, and that the reverse was 
true for 18:1 and 20:1. EGP also contained 
slightly greater amounts of 20:5n-3 and 
22:6n-3, and in general was more unsaturated 
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than its choline counterpart, as shown by the 
unsaturation indices. Diacylglycerols contained 
more shorter chain fatty acids and much less 
22:6n-3 than the phospholipids. Acyl composi- 
tion of cholesteryl esters of liver tissue and 
blood plasma were similar. The major fatty 
acids in both tissues were 16:0, 18:1 and 
22:6n-3. The content of the latter showed 
much variation, ranging from 15 to 50% of the 
fatty acids esterified to cholesterol. The higher 
values are in agreement with those reported for 
rainbow trout lipoprotein (22). In the present 
study, cholesteryl ester content of liver lipid 
averaged 0.20 mg per mg total lipid. 

Turnover of Acyl Groups of CGP and EGP 

The percentage of label found in the acyl 
portion of both EGP and CGP averaged 96% of 
that in the total phospholipid molecules, and 
this amount did not change appreciable with 
time. Considerable radioactivity was associated 
with 18:3n-3 at the earlier times, but the 
weight percent of this fatty acid was negligible 
and specific activities could not be calculated. 

The change in specific activity over time of 
the three major n-3 fatty acids of hepatic CGP 
and EGP (20:5n-3, 22:5n-3, and 22:6n-3) is 
shown in Figure 3. Variations between individ- 
ual fish account for the deviations, which 
generally diminish with time. The specific 
activity of 22:6n-3 was less than that of aH 
other n-3 fatty acids at all times. All n-3 fatty 
acids decreased in specific activity between 120 
and 240 hr, indicating that peak incorporation 
had passed and that halflives could be calcu- 
lated from the rate of label depletion during 
this period. Comparison of the halflives of the 
n-3 fatty acids is shown in Table III. The 
halflife of each n-3 homolog was longer in EGP 
than in CGP, and the general pattern of fatty 

acid halflives relative to each other was the 
same in both phospholipids with the exception 
of 18:4n-3 (Table III). A sharp decrease in 
specific activity occurred between 20:4n-3 and 
20:5n-3 in both phospholipids, and was still 
evident at 240 hr. The specific activities and 
halflives of 20:5n-3, 22:5n-3, and 22:6n-3 in 
diacylglycerol were not significantly different 
from those found in phospholipid. Surprisingly, 
no radioactivity was associated with any fatty 
acids esterified to cholesterol in liver lipid, 
despite the high content of 22:6n-3. 

DISCUSSION 

Fatty Acid Oxidation and Incorporation 

The recovery of significant amounts of 
radioactivity in expired carbon dioxide is 
expected since carp mitochondria have been 
shown to oxidize linolenic acid at a faster rate 
than 20:5n-3, 22:6n-3, 18:1n-9, and 16:0 (23). 
The fact that most of the labeled CO2 was 
recovered during the first 24 hr indicates that it 
was the initially available linotenate that was 
being oxidized, not labeled acids hydrolyzed 
from phospholipids or acylglycerols. Similar 
observations were made by Owen et al. (14), 
who noted that 14CO 2 expired by turbot 
following labeled 18:3n-3, 18:2n-6, or 18:1n-9 
intake occurred primarily during the first 24 hr. 

Turnover of Phospholipids 

The relative turnover pattern of four major 
fish liver phospholipids (IGP>CGP>SGP>EGP) 
is similar to that observed by Smith and Eng 
(24) in rat myelin and by Anderson (25) in 
goldfish liver mitochondria following 14C- 
acetate labeling. De Tomas and Mercuri (26) 
also found that label from [1A4C]linolenic 

T A B L E  I 

C o m p o s i t i o n  a n d  Half l ives  o f  P h o s p h o l i p i d s  o f  C o h o  S a l m o n  Liver  

P h o s p h o l i p i d  Pe r cen t  a -+ s td .  dev. Hal f l i fe  b (h r )  

C h o l i n e  g l y c e r o p h o s p h o l i p i d s  56 .9  -+ 3.5 69 
E t h a n o l a m i n e  g l y c e r o p h o s p h o l i p i d s  20 .4  +- 2.1 107 
Inos i to l  g l y c e r o p h o s p h o l i p i d s  6 .3  ,+ 0 .8  51 
S p h i n g o m y e l i n  4 .7  -+ 1.0 54 
Ser ine  g l y c e r o p h o s p h o l i p i d s  3.3 ,+ 0 .6  94  
D i p h o s p h a t i d y l g l y c e r o l  2.1 ,+ 0 .4  n .d .  c 
P h o s p h a t i d i c  acid 0 .6  ,+ 0 .3  134  
L y s o p h o s p h a t i d y l c h o l i n e  1.3 +- 0 .6  n .d .  
L y s o p h o s p h a t i d y l e t h a n o l a m i n e  1.2 ,+ 0 .6  n .d .  
E 96 .8  

a p e r c e n t  o f  t o t a l  l ipid p h o s p h o r o u s ,  m e a n  o f  n ine  fish. 
b C a l c u l a t e d  o n  basis  o n  l ipid p h o s p h o r u s .  
CNot d e t e r m i n e d .  
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FIG.  1. D i s t r i b u t i o n  o f  r a d i o a c t i v i t y  in liver 
p h o s p h o l i p i d s  f o l l o w i n g  i n j e c t i o n  o f  [ 1 - 1 4 C ]  l i no len ic  
acid .  E a c h  b a r  r e p r e s e n t s  t he  m e a n  o f  t h r e e  expe r i -  
m e n t s .  CGP,  c h o l i n e  g l y c e r o p h o s p h o l i p i d s ;  E G P ,  
e t h a n o l a m i n e  g l y c e r o p h o s p h o l i p i d s ;  DG,  d i p h o s p h a -  
t i d y l  g l y c e r o l ;  IGP,  i nos i t o l  g l y c e r o p h o s p h o l i p i d s ;  PA,  
p h o s p h a t i d i c  a c i d ;  SGP,  ser ine  g l y c e r o p h o s p h o l i p i d s ;  
S, s p h i n g o m y e l i n .  
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F I G .  2. Loss  o f  r a d i o a c t i v i t y  f r o m  liver l ip ids  
f o l l o w i n g  i n j e c t i o n  o f  [ 1 - 1 4 C ]  l ino len ic  ac id .  Spec i f i c  
a c t i v i t y  u n i t s  a re :  t o t a l  l ip id ,  d p m / m g  l ip id  ; C G P  a n d  
EGP,  d p m / p m o l e  a c y l  g roups .  E a c h  p o i n t  r e p r e s e n t s  
m e a n  o f  t h r e e  f ish.  

T A B L E  II 

A c y l  C o m p o s i t i o n  o f  Cho l i ne  a n d  E t h a n o l a m i n e  
G l y c e r o p h o s p h o l i p i d s  a n d  D i a c y l g l y c e r o l s  f r o m  Liver  o f  C o h o  S a l m o n  a 

P e r c e n t  ,+ s td .  dev.  

C h o l i n e  E t h a n o l a m i n e  
F a t t y  ac id  g l y c e r o p h o s p h o l i p i d s  g l y c e r o p h o s p h o l i p i d s  Diacylglycerol 

14 :0  1.4 -+ 0 .6  0 .3  -+ 0. I 2 .3  ,+ 0.5 
14:1 0 .2  + 0 .0  0 .3  ,+ 0.1 0.7 +- 0 .2  
16 :0  20 .5  ,+ 3.8 9.7 ,+ 1.1 17.5 -+ 3 .9  
16:1 3.7 -+ 0 .9  1.2 -+ 0 .3  4 .5  ,+ 1.5 
18 :0  7 .3  -+ 1.1 6.5 ,+ 0 .9  8.7 -+ 1.8 
18:1  13 .9  +- 2 .6  2 0 . 3  ,+ 2 .3  2 2 . 9  + 7 .8  
1 8 : 2 n - 6  0 .9  ,+ 0 .2  1.4 -+ 0 .4  2 .3  +- 0 .8  
20 :1  0 .8  ,+ 0 .3  2 .2  -+ 0 .4  1.7 ,+ 0 .5  
18 :4n -3  0 .6  +- 0 .2  0 .8  -+ 0 .3  1.2 -+ 0 .8  
2 0 i 2 n - 9  t . 6  +- 1.0 0 .8  ,+ 0 .7  --- 
2 0 : 3 n - 6  + 2 2 : 1 n - 9  0 .2  -+ 0.1 0 .3  ,+ 0.1 t r a c e  
2 0 : 4 n - 6  3 .8  ,+ 0 .8  1.1 -+ 0.2 3 .4  + 1.6 
2 0 : 4 n - 3  0 .4  -+ 0 .3  0 .6  -+ 0 .3  2 .9  ,+ 0 .6  
2 0 : 5 n - 3  5 .7  ,+ 0 .8  8.2 ,+ 1.7 7 .9  -+ 3.1 
2 2 : 5 n - 3  2 .3  ,+ 0 .5  2 .7  -+ 0 .4  3 .3  -4" 1.4 
2 2 : 6 n - 3  36 .4  ,+ 3.6 4 2 . 8  +- 2 .8  18.7  + 6 .6  

99 .7  99 .2  9 8 . 0  
U.I. b 302  351 2 3 3  
T o t a l  n - - 6  4 .9  2 .8  5.7 
T o t a l  n-3  4 5 . 4  55.1  34 .0  
n - 3 / n - 6  9 .3  19.7 6 .0  

a C h o l i n e  a n d  e t h a n o l a m i n e  g l y c e r o p h o s p h o l i p i d s ,  average  o f  n ine  f ish;  d i a c y l g l y c e r o l ,  
average  o f  f o u r  fish. T h e  f o l l o w i n g  f a t t y  ac ids  w e r e  p r e sen t  o n l y  in t r a c e  a m o u n t s :  1 8 : 3 n - 3 ,  
2 2 : 4 n - 6 ,  2 2 : 4 n - 3  a n d  2 2 : 5 n - 6 .  

b u . l .  = u n s a t u r a t i o n  index ,  de f i ned  as E ( n u m b e r  o f  d o u b l e  b o n d s  in  e a c h  f a t t y  ac id )  x 
(% o f  e a c h  f a t t y  ac id) .  
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acid accumulated to a greater extent in CGP 
than in EGP in rat liver lipid. The halflives of 
total lipid, CGP, and EGP (106, 69, and 107 hr, 
respectively) approximate those found by 
Omura et al. (27) for total lipid and total 
phospholipid of rat endoplasmic reticulum (97 
and 56-79 hr, respectively) following 14C 
acetate labeling. In contrast, calculations from 
the data of Poovaiah et al. (6) show a halflife of 
ca. 9 hr for rat liver CGP and EGP after 14C 
linolenic acid injection. 

There are two lines of evidence from the 
present study which together indicate that most 
of the n-3 fatty acids in liver phospholipid were 
incorporated by selective acyl transfer. These 
are (1) the low amount of diacylglycerol 
relative to phospholipid, and (2) the similarity 
of specific activity and halflife of the n-3 fatty 
acids between phospholipid and diacylglycerol. 
It is apparent that only a small portion of the 
labeled n-3 fatty acids found in CGP and EGP 
were delivered via de novo synthesis of those 
phospholipids. 

Fatty Acid Composition, Incorporation, 
and Turnover 

Coho salmon liver EGP contains less palmit- 
ate and arachidonate, and more oleate than 
CGP. The opposite is true of rat liver (28). 
However, EGP of both rat and salmon contains 
more 22:6n-3 and is generally more unsaturated 
than CGP. 

Data in Table III show that the incorpora- 
tion and turnover pattern of the n-3 fatty acids 
in choline and ethanolamine glycerophospho- 
lipids is complex. The specific activity of 
20:5n-3 of EGP is equal to that of CGP at 120 
hr, even though its precursors (18:4n-3 and 
20:4n-3) in EGP have only half the activity of 
their counterparts in CGP. This may indicate 
some transfer of 20:5n-3 from CGP to EGP, 
through acyl or base exchange. A second 
possible explanation follows from Holub and 
Kuksis (29), who found that 16:0-containing 
phospholipid species incorporated linolei6 acid 
to a much greater extent than other molecular 
species, possibly reflecting both reacylation and 
de novo phospholipid synthesis. In the present 
study, CGP is the major 16:0-containing lipid, 
and indeed shows much higher specific ac- 
tivities in the shorter n-3 fatty acids. Several 
studies (7,29,30) have shown that the longer 
polyunsaturated fatty acids (20:4n-6, 
20:5n-3, 22:6n-3) are incorporated into phos- 
pholipids primarily by reacylation rather than 
via de novo synthesis. The much higher specific 
activities of the shorter, less unsaturated n-3 
homologs is in accordance with suggestions by 
these authors that different (or multiple) 

..... i I 
] . . . . . . . . . . . .  P ' " - .  20:5n 3 

r A. E~P 

+ 2(~5n -3 "'-. u 
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Hours af ter  injection 

FIG. 3. Specific activity of fatty acids of ethanol- 
amine and choline glycerophospholipids of liver at 
various times after injection with [1-14C]linolenic 
acid. Each point represents one fish. 

pathways may be operable for incorporation of 
these fatty acids as opposed to the desatura- 
tion-elongation products. 

The general magnitude of the acyl halflives 
reported here resemble those that may be 
calculated from the data of van Golde et al. 
(31), who examined the rates of replacement of 
acyl groups in the 2-position of liver CGP in 
essential fatty acid deficient rats following EFA 
feeding. The approximate halflives of 20:3n-9 
and its replacement 20:4n-6 were 48 and 95 hr, 
respectively, during the initial 120 hr. 

Continuous feeding trials with coho salmon 
(32), in vitro competitive inhibition studies 
(33), and the present data on halflives indicate 
that the desaturation of 18:3n-3 and 22:5n-3 
may be key points in the control of long chain 
n-3 content of phospholipids. The apparent 
high metabolic activity of 20:5n-3 merits 
further investigation as does the high 22:6n-3 
content of cholesteryl esters in regards to the 
role of the latter in essential fatty acid trans- 
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TABLE III 

Comparison of Halflives and Specific Activi ty of Fat ty  Acids 
in Choline and Ethanolamine Glycerophospholipids of Liver 
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Choline glycerophospholipids 

dpm//~mole (x 103) a 

Ethanolamine glycerophospholipids 

dpm/#mole  (x 103)a 

Fatty acid t�89 120 hr 240 hr t�89 120 hr 240 hr 

18:4n-3 64 237 65.5 172 138 85.0 
20:4n-3 80 306 109 96 139 57.6 
20:5n-3 53 b 40.0 7.2 65 d 40.5 11.5 
22:5n-3 168 bc 29.0 17.0 192 e t7.6 11.5 
22:6n-3 100 c 2.2 0.9 128 f 1.8 0.9 
20:4n-6 70 14.6 4.4 307 43.8 34.0 

aMeans of  three fish. Halflives with different superscripts in the same column are different by t-test (P<0.02).  

port and storage. The observation that no label 
was found in n-3 fatty acids of cholesteryl 
esters indicates the presence of a stable pool of 
essential fatty acids in the liver. Evidence that 
the polyunsaturated acyl groups of CGP are 
turning over at rates different from those of 
EGP may reflect: (a) acyltransferase specificity 
for not only fatty acids but also phospholipids, 
or (b) different activities of phospholipid 
exchange proteins. Such specificity would 
undoubtedly play a basic role in influencing 
phospholipid and acyl composition of fish 
membranes. 
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Interaction of Human Plasma High Density Lipoprotein HDL2. 
with Synthetic Saturated Phosphatidylcholines 1 
ELAINE L. GONG and ALEX V. NICHOLS, Donner Laboratory, Lawrence Berkeley 
Laboratory, University of California, Berkeley, CA 94720 

ABSTRACT 

Tire interaction of human plasma high density lipoprotein HDL 2 (d 1.063-1.125 g/ml) with 
sonicated dispersions of synthetic saturated phosphatidylcholines, dipalmitoyl- (diCI6PC) , dimyris- 
toyl- (diC14PC) , didodecanoyl- (diCI2PC) , didecanoyl- (diCIoPC) , and dioctanoyl- (diC8PC) L- 
alpha phosphatidylcholine, was investigated. Incubation (4.5 hr, 37 C) of HDL 2 with diCI4PC , 
diC 12PC, diC 1 oPC and diC8PC followed by gradient gel electrophoresis or preparative ultracentrifu- 
gation resulted in a redistribution of apolipoprotein A-I (apoA-I). The extent of redistribution 
depended on tile molar ratio of the phospholipid to HDL 2 in the incubation mixture. Redistributed 
apoA-I occurred as lipid-free apoA-I and/or as complexes of apoA-I with phosphatidylcholine. 
Increasing the length of time of ultracentrifugation of the interaction mixtures did not increase the 
extent of redistribution. No redistribution of apoA-I was detected following incubation and gradient 
gel electrophoresis or preparative ultracentrifugation of mixtures of HDL 2 with dispersions of 
diC 16 PC. 

INTRODUCTION 

The synthetic saturated phospholipid, di- 
myristoylphosphatidylcholine (diC14PC), has 
been extensively used as a model compound in 
physical-chemical studies of the interaction of 
phospholipids with human plasma lipoproteins 
(1-3) and their apolipoproteins (4-6). Interac- 
tion between multilamellar liposome prepara- 
tions of diC 14PC and high density lipoproteins 
(HDL) has been shown to result in the forma- 
tion of (a) discoidal complexes of diCt4PC 
and apolipoprotein A-I (apoA-I) and (b) 
residual HDL of increased size and decreased 
density (1). In studies performed at low levels 
of diCI4PC relative to those of HDL2b (d 
1.063-1.100 g/ml, a subclass of HDL), we re- 
ported uptake of diC14PC by the HDL2b and 
redistribution of some apoA-I from the HDL 
surface upon preparative ultracentrifugation or 
gradient gel electrophoresis of the incubation 
mixtures (3). The amount of apoA-I redistri- 
buted corresponded to about 1-2 apoA-I mole- 
cules per HDL2b molecule. The present study 
compared apolipoprotein redistribution follow- 
ing preparative ultracentrifugation and gradient 
gel electrophoresis of incubated mixtures of 
HDL 2 (d 1.063-1.125 g/ml) with synthetic 
saturated phosphatidylcholines which differed 
in acyl chain length. 

EXPERIMENTAL PROCEDURES 

Preparation of HDL 2 

Blood was drawn from normal fasting sub- 

1presented in part at the Joint Meeting of the 
American Oil Chemists' Society and the Japan Oil 
Chemists' Society, 1979. 

jects (40-45 yr) into evacuated tubes con- 
taining EDTA as anticoagulant. The plasma was 
isolated by centrifugation and ethylmercuri- 
salicylic acid (0.124 raM), penicillin (50 units/ 
ml) and streptomycin (50 ttg/ml) were added. 
The same concentration of these reagents was 
used in all subsequent procedures. To remove 
the d ~< 1.063 g/ml fraction, solid sodium 
bromide was added to the plasma and 4 ml 
were layered under a NaBr solution to raise 
the background density. Following a 24 hr ul- 
tracentrifugation (50.3 Ti rotor, Beckman In- 
struments, Inc., Palo Alto, CA; 179,000 x g, 17 
C), the d ~< 1.063 top 1 ml fraction was 
removed and the subnatant adjusted with a 
NaBr solution for ultracentrifugal isolation of 
the HDL 2 fraction. The ultracentrifugal 
conditions were the same as stated above ex- 
cept for the time period which, in this case, was 
40 hr. The top 2 ml contained the HDL2, d 
1.063-1.125 g/ml fraction, and was dialyzed to 
5 mM NH4HCO3, pH 8.6, prior to incubation 
procedures. 

Preparation of Phospholipid Dispersions 

DiC16PC and diC14PC were obtained from 
Sigma Chemical (St. Louis, MO) and were of 
98% purity. The diC12PC, diC10PC and 
diCsPC from Supelco, Inc. (Bellefonte, PA) 
were 99% pure. The dispersions were prepared 
in 5 mM NH4HCO 3 by sonication using a Bran- 
son Sonifier Cell Disrupter (Model W185) 
with a microprobe. Each phospholipid was 
sonicated above its transition temperature for 
10-15 min at a maximum energy level of 50 W. 
When analyzed by thin layer chromatography, 
the sonicated phospholipids each gave a single 
spot corresponding to the Position of the 
unsonicated phospholipid. Negative stain 
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FIG. 1. Gradient gel electrophoretograms of: (a) reference proteins (top to bottom; diameter) thyroglobufin 
(13.2 nm), apoferritin (l 1.8 nm), catalase ( 10.4 nm), lactate dehydrogenase (9.0 nm), bovine serum albumin 
(7.2 nm); (b) control HDL2; (c) apoA-I; (d) 147:1, (e) 221:1, (f) 294:1, diCIoPC/HDL 2 molar ratio;(g) 132:1, 
(h) 206:1, (i) 279:1, diCI2PC/HDL 2 molar ratio; (j) 161:1, (k) 235:1, (1) 309:1, diCI4PC/HDL2 molar ratio; 
(m) 265"1 (n) 3 97"1 die PC/HDL a molar ratio The arrows indicate new bands appearing after incubation of - , " , 16 
HDL 2 with the phosphatidylcholines. 

electron microscopy (3) showed the diCsPC 
sonicated dispersion to consist primarily of 
amorphous micellar structures. The diC14PC 
and diC16PC dispersions contained a majority 
of single-bilayer liposomes. The predominant 
physical structures identified in the diCloPC 
and diCl2PC dispersions were multilamellar 
liposomes. A multilamellar liposomal dispersion 
of diCl4PC was also prepared using the above 
sonication conditions but for a shorter period 
of time (5 rain). 

Incubation Procedures 

All samples were incubated at 37 C in a 
shaking water bath for 4.5 hr under nitrogen 
in 5 mM NH4HCO a. 

Gradient Gel Electrophoresis and 
Preparative Ultracentrifugation 

Gradient gel electrophoresis was performed 
on a Pharmacia Electrophoresis Apparatus GE-4 
using PAA 4/30 gradient gels, according to 
Anderson et al. (7). The gels were calibrated 
with reference proteins from the Pharmacia 
high molecular weight Electrophoresis Calibra- 
tion Kit (Pharmacia Fine Chemicals, Uppsala, 
Sweden). Particle sizes were estimated from a 
curve of migration distance of the reference 
proteins vs. their Stokes' diameter. 

Following interaction of HDL2 with the 
phospholipid dispersions, the d ~ 1.20 g/ml 
and d 2> 1.20 g/ml fractions were separated by 
preparative ultracentrifugation (50.3 Ti rotor, 
Beckman Instruments; 179,000 x g, 48 hr). 

Chemical and Other Analyses 

Protein and phosphorus analyses on all 
control preparations, incubated mixtures and 
ultracentrifugal fractions were performed 
according to Lowry et al. (8) and Bartlett (9), 
respectively. Polyacrylamide gel electrophoresis 
for apolipoprotein identification followed the 
method of Kane (10). 

RESULTS A N D  DISCUSSION 

Gradient Gel Electrophoresis of 
Interaction Mixtures 

Gradient gel electrophoresis (GGE) of con- 
trol HDL2 showed the presence of two banding 
maxima corresponding to two major HDL 
subclasses, HDL2b and HDL2a (7), Incubation 
(4.5 hr, 37 C) of control HDL2 produced 
negligible change in its electrophoretogram. 
GGE patterns (Fig. 1) of incubated mixtures of 
HDL 2 plus increasing concentrations of 
diC10PC, diCI2PC and diC14PC dispersions 
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showed the appearance of a new band of ma- 
terial corresponding to particles with diam- 
eters somewhat smaUer (6.1 nm) than bovine 
serum albumin (7.2 nm). Polyacrylamide gel 
electrophoresis of this material after isolation 
by preparative ultracentrifugation showed it to 
exhibit migration properties of apoA-I (10). 
No material was observed in this size range in 
incubation mixtures containing dispersions of 
diC 16PC. At the highest molar ratios of phos- 
pholipid to HDL2 investigated, the staining in- 
tensity of this band was less than observed at 
the lower ratios. Our earlier studies on the in- 
teraction of HDLzb with liposomes of diCl 4PC 
established that such decrease in staining intens- 
ity reflected a complexing of the apoA-I with 
the phospholipid to form, in the case of 
diC 14PC, discoidal particles of dimensions 10.0 
x 4.4 nm. Such complexes were noted in the 
present experiments using HDL2, as evidenced 
by the new band (at approximately the 
migration distance of catalase; see Fig. l ,  
arrows) which appeared in mixtures at the 
higher molar ratios (/> 235:1) of diCl4PC to 
HDL2. Similarly, new bands, corresponding to 
particles somewhat smaller (9.6 nm) than 
catalase (10.4 nm), appeared in the electro- 
phoretograms of interaction mixtures at higher 
molar ratios (>  200:1) of either diCtoPC or 
diC12PC to HDL 2. Electrophoretic patterns 
of incubation mixtures containing diC8PC 
(Fig. 2) also showed new bands which 
corresponded to apoA-I and apparently to 
apoA-I-phospholipid complexes of substantially 
smaller size (7.4 nm) than observed with the 
other phospholipids. In general, the above data 
indicated comparable interaction products for 
all the phospholipids except diC16PC. These 
products included apoA-I at lower molar ratios 
of PC to HDL 2 and complexes of apoA-I with 
PC when the molar ratio was further increased 
in the incubation mixture. The electrophoreto- 
grams of Figures 1 and 2 also indicated an 
increase in HDL 2 particle size as determined by 
the change in migration distance of the major 
HDL 2 band. Separate isolation and identifica- 
tion of complexes of apoA-I with diC12PC, 
diCloPC and diCsPC , formed at the higher 
molar ratios, was not performed. However, 
model complexes resulting from interaction 
of purified apoA-I with dispersions of these 
phospholipids were analyzed by GGE and were 
found to migrate to positions identical to those 
of bands noted above as representing apoA-I- 
phospholipid complexes. 

Ultracentrifugal Analysis of Interaction Mixtures 

Preparative ultracentrifugation of the 
incubation mixtures at d 1.21 g/ml separated 

FIG. 2. Gradient gel electrophoretograms of:(a) 
reference proteins (see Fig. 1); (b) control HDL2; (c) 
apoA-I; (d) 235:1, (e) 324:1, diC8PC/HDL 2 molar 
ratio. 

lipid-bound apolipoprotein of d ~< 1.20 g/ml 
from lipid-free apolipoprotein and/or phos- 
pholipid-apolipoprotein complexes of d > 1.20 
g/ml. Figure 3 shows the change in percent of 
total HDL 2 protein in the d > 1.20 g/ml frac- 
tion with increasing molar ratio of phospholipid 
to HDL2. The amount of protein in the d 
1.20 g/ml fraction increased to a maximum 
value and then decreased as the molar ratio was 
further increased. The amount of d > 1.20 g/ml 
protein at each ratio (for a particular concentra- 
tion of HDL2) did not increase with further 
increase in the time (from 48 to 60 hr) of ultra- 
centrifugation, indicating that further redistri- 
bution of apoA-I by mass action during ultra- 
centrifugation, did not occur. No difference 
in the percent protein redistributed into the d 
> 1.20 g/ml fraction was observed for the same 
molar ratios when a multilamellar liposomal 
dispersion of diC 14PC was used in place of the 
predominantly single-bilayer liposomal disper- 
sion of diC14PC. 

Some phospholipid was detected in the d 
1.20 g/ml fractions from mixtures containing 
diC]xPC, diC10PC and diCsPC; none was de- 
tected with diC14PC or diC16PC. The phos- 
pholipid values in these d > 1.20 g/ml frac- 
tions followed the rise and fall of the protein 
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values in the same fractions. At maximum 50 
values of protein in the d ) 1.20 g/ml fraction, 
the average weight ratio of phospholipid to 
protein was 0.04:1 (diCl 2PC), 0.21:1 40 
(diCloPC), and 0.86:1 (diCsPC). These data 
indicated that some partial complexing of 
apoA-I had occurred. For each of the phospho- ~ 30 
lipids, the percent of HDL 2 protein in the d 
> 1.20 g/ml fraction decreased markedly at 
higher molar ratios, suggesting that sufficient 20 
phospholipid had complexed with the protein 
to cause its flotation into the d ~< 1.20 g/ml 
fraction. By electrophoresis, the latter ~ ~o 
complexes showed particle sizes in the range of 
9.6-10.4 nm (for diC14PC , diC12PC and 
diCI0PC) and 7.1-7.8 nm (for diCsPC). The oo 
d > 1.20 g/ml complexes detected by prepara- 
tive ultracentrifugation of mixtures of HDL 2 
and dispersions of diC12PC and diC10PC , at 
molar ratios associated with maximum protein 
redistribution, were not visualized as separate 
new bands by GGE. The concentration of these 
new complexes was either too low or they were 
part of the material considered to be apoA-I (in 
multimeric form). Since our estimate of 
maximal redistributed protein was derived from 
the amount of protein in the d > 1.20 g/ml 
fraction, some underestimation was possible 
because part of the protein might have been 
more fully complexed by the phospholipid, and 
thereby shifted into the d ~< 1.20 g/ml fraction. 
We used analytic ultracentrifugation (11) to 
check for the presence of complexes in the d 
~< 1.20 g/ml fraction of interaction mixtures 
containing diCt2PC and diCtoPC. At molar 
ratios associated with maximum redistribution, 
no new peaks were observed in the schlieren 
patterns which correlated with apoA-I-phospho- 
lipid complexes; only a shift to faster flotation 
rates and an increase in area of  the major HDL 2 
peak were seen. These latter changes were con- 
sistent with uptake of phospholipid by HDL 2 
and possibly some loss of apoA-I (3). At even 
higher molar ratios, new peaks appeared in the 
flotation rate regions expected for d ~< 1.20 
g/ml complexes composed of apoA-I and the 
corresponding phospholipid. Thus, we consider 
our estimates of maximal redistributed protein 
not grossly in error due to incomplete recovery 
of protein not bound to HDL 2 lipid. The 
maximum amount of protein redistributed into 
the d ~ 1.20 g/ml fraction under the 
experimental conditions used was found to be: 
17% (diC14PC), 34% (diC12PC and diCloPC) 
and 48% (diC8PC) of  the total HDL 2 protein. 

Comparable studies were also performed on 
incubation mixtures containing HDL 2 and dis- 
persions of  diC16PC. However, since the incu- 
bations with the other phospholipids were per- 
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FIG. 3. Protein recovered in the d > 1.20 g/ml 
fraction following preparative ultracentrifugation of 
interaction mixtures of phospholipids and HDL 2 
as a function of initial mixture composition (molar 
ratio, phospholipid/HDL2): diC8PC + HDL 2 
(A - A), diC10P C + HDL2 (o - o), diC12PC + HDL 2 
(m - .) diClaPC + HDL 2 (v - *), anddiCl6PC+ 
HDL 2 (3 *). Standard deviations at maximal pro- 
tein values are shown. Conditions of incubation and 
ultracentrifugation are described in Experimental 
Procedures. 

formed at a temperature (37 C) above their 
transition temperatures, we evaluated the in- 
teraction of HDL 2 with diC16PC at 42 C, 
slightly above the latter's transition tempera- 
ture. We found no evidence of  apoA-I redistri- 
bution upon preparative ultracentrifugation of 
the mixtures, no change in analytic ultracentri- 
fugal pattern, nor any increase in HDL2 particle 
size upon GGE. 

In summary, substantial differences in the 
extent of redistribution of  apoA-I were ob- 
served following incubation and ultracentrifugal 
fractionation of mixtures of HDL 2 and dis- 
persions of different acyl chain length phos- 
phatidylcholines. For phosphatidylcholine dis- 
persions consisting primarily of multilamellar 
liposomes (diCloPC and diC12PC), the extent 
of redistribution was approximately two-fold 
that observed with either multilamellar or single- 
bilayer liposomal dispersions of diC14PC. In- 
teraction of HDL 2 with single-bilayer liposomal 
dispersions of diC16PC resulted in no detecta- 
ble redistribution of apoA-I. The micelle-form- 
ing phosphatidylcholine (diC8PC) was associa- 
ted with a three-fold greater redistribution of 
apoA-I when compared to the diCl4PC 
mixture, under the experimental conditions 
used. 

Clearly, the interactions which lead to redis- 
tribution of apoA-I from the HDL 2 surface to 
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lipid-free apoA-I or apoA-I-phospholipid com- 
plexes, are complex, and specific mechanisms 
controlling apoA-I dissociation are yet to be 
fully defined. Nevertheless, the present work 
indicates a high reactivity of HDL 2 with syn- 
thetic saturated phosphatidylcholines 
(diCt4PC , diCt2PC, diCloPC and diCsPC) 
which appears related to acyl chain length and 
results in extensive redistribution of its major 
structural apolipoprotein, apoA-I. 
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Phosphatidylcholine by High Pressure Liquid Chromatography 1 
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ABSTRACT 
Soy phosphatidylcholine (PC) has been separated into its major molecular species by reverse- 

phase high pressure liquid chromatography (HPLC). An aqueous methanol gradient was used that 
allowed detection of the various species by their absorbance at 206 nm. Oxidized species were 
detected by their absorbance at 234 nm and were resolved from the unoxidized species. This 
technique has been used to separate and purify unoxidized dilinoleyl phosphatidylcholine (di 18:2 PC) 
from other species of soy PC and to monitor the autoxidation of an aqueous suspension of the 
purified di 18:2 PC. Two oxidized products were formed from di 18:2 PC. Further analysis showed 
that they were PC, but one of the products contained an oxidized and an unoxidized fatty acid; in 
the other product, both fatty acids were oxidized. 

INTRODUCTION 

Although high pressure liquid chromatog- 
raphy (HPLC) has found widespread use for 
separating many organic compounds, there is 
only a limited number of reports on the HPLC 
separation of phospholipids. A major deterrent 
to the use of HPLC as an analytical technique 
for lipid analysis has been the problem of 
rapidly detecting small amounts of phospho- 
lipid in the eluant. The 200 nm range of phos- 
pholipid absorbance limits the choice of sol- 
vents to those which do not absorb in that 
region, although several solvent systems have 
been found which allow ultraviolet (UV) 
detection and provide resolution of phospho- 
lipid classes by HPLC on silicic acid (1,2) or 
/~Bondapak-NH 2 columns (3). 

We have been studying oxidized PC from soy 
(4,5) and have found that it contributes to the 
bitter flavor of soy meal. In order to minimize 
autoxidation during isolation and to facilitate 
studies on the oxidiation of molecular species, 
we wanted a rapid method that could separate 
oxidized from unoxidized phosphatidylcholine 
(PC). The resolution of compounds by reverse- 
phase chromatography is due, in part, to the 
nonionic interactions of molecules with the 
stationary support; therefore, this chroma- 
tographic technique could provide a method to 
separate oxidized from unoxidized species of  
PC. Porter et al. (6) have recently reported the 
reverse-phase separation of several PC molecular 
species, but the inclusion of chloroform in the 
solvent only allows detection by refractive 
index, which precludes gradient elution and 
206 nm detection. 

1present in part at FASEB 63rd Annual Meeting, 
Dallas, Texas, April 1979. 

Arvidson (7) has reported the reverse-phase 
separation of egg PC molecular species on an 
alkylated derivative of Sephadex in a methanol- 
water solvent system. We report here the 
separation of soy PC molecular species and the 
separation of oxidized from unoxidized species 
by reverse-phase HPLC in aqueous methanol 
while detecting the lipid species by their UV 
(206 nm) absorbance. 

MATERIALS AND METHODS 

Soy PC was purified from commercial 
lecithin (Central Soya, Chicago, IL) by chroma- 
tography on Florisil and DEAE-cellulose 
columns (Supelco Inc., Bellefonte, PA) as 
described by Sessa et al. (4). Thin layer chro- 
matography (TLC) was carried out on Silica Gel 
60 plates (EM Laboratory, Inc., Elmsford, NY) 
with CHC13/CH3OH/H20 (65:35:4),  and the 
lipids were visualized with 380 nm light after 
spraying with 0.1% 8-anilino-l-napthalene 
sulfonate in H20 (8). 

Reverse-phase chromatography was carried 
out on a/2Bondapak C 18 column (3.9 mm x 30 
cm) in aqueous methanol, either isocratically 
(95%) or with a linear gradient (91 to 95%) 
at 2 ml/min. Equipment for HPLC (Waters 
Assoc., Inc., Milford, MA) included model 
6000-A pumps, UK6 injector, column, model 
450 detector, and model 660 solvent program- 
mer. Lipids were detected by their absorbance 
at 206 or 234 nm. 

Fractions were collected from the HPLC 
eluant, chloroform was added to make them 
2:1 in CHC13/CH3OH, then sufficient 1.0% 
NaC1 was added to give 0.2 vol of aqueous 
phase (9). The organic phase was separated, 
washed with water, then stored at -10 C until 
analyzed. 

Samples of the isolated fractions were 
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transmethylated with 0.5 M KOH in anhydrous 
methanol, neutralized with glacial acetic acid, 
and after addition of H20,  the methyl esters 
were extracted with petroleum ether/diethyl 
ether (1 : 1). Part of each sample that contained 
oxidized fatty acids was transmethylated in the 
presence of NaBH 4. The methyl esters were 
analyzed on a Packard 428 gas chromatograph 
using a 6 ft x 2 mm glass column packed with 
10% DEGS or a 3 ft x 2 mm glass column 
packed with 5% Apiezon L (Supelco Inc., Belle- 
fonte, PA). 

Oxidized fatty acid methyl esters were 
analyzed by gas chromatography-mass spectro- 
scopy (GC-MS) after silylation as described 
elsewhere (10). 

Dilinoleyl phosphatidylcholine (di 18:2 PC) 
was prepared in the following manner. The 
eluant from HPLC containing di 18:2 PC was 
collected and combined from a series of runs 
of soy PC and then extracted as described 
above. This material was rechromatographed, 
reextracted into chloroform, and used for the 
oxidation studies. 

The di 18:2 PC was oxidized as an aqueous 
suspension. The lipid was taken to dryness 
under nitrogen; then water was added to make 
the suspension 1 pmole/ml. This suspension 
was mixed vigorously for 5 rain and then stirred 
gently in air at room temperature. Aliquots (25 
/al) were analyzed by HPLC at various time 
intervals to monitor the reaction; after oxi- 
dizing for 60 hr, the lipids were extracted with 
CHC13/CH3OH (2:1). The extract was then 
chromatographed by reverse-phase HPLC in 
90% CH3OH , and the separated oxidized 
products and unoxidized material were col- 
lected. Collected fractions were taken to 
dryness in vacuo with addition of CH3OH and 
then stored at -10 C in CHC13 until analyzed. 

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

When soy PC is chromatographed by reverse- 
phase in a gradient of methanol/water, it is 
resolved into a number of  species as shown in 
Figure 1. 

Fatty acid analysis of the material in the 
major peaks indicated in Figure 1-A is given in 
Table I, along with the major molecular species 
found in each peak. Peak V contains a number 
of  fatty acids other than 18:3, which may be 
derived from contaminating oxidized species 
(see below). Peak VI appears to be pure 
18:2-18:3 PC, but if the sample is contam- 
inated by equal amounts of di 18:3 from the 
preceding peak and di 18:2 from the following 
peak, the contamination would be impossible 
to detect by fatty acid analysis. The di 18:2 
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FIG. 1. Elution profile of UV absorbing species of 
soy PC. Conditions: 2.5 mg PC, pBondapack C18 
eluted at 2 ml/min with 91% aqueous CH3OH for 15 
min, then with a linear gradient to 95% methanol for 
20 min. A, absorbance at 206 nm, B, absorbance at 
234 nm. 

fraction (Peak VII) appears to contain a small 
amount of 16:0-18:3 species even after re- 
chromatography on reverse-phase HPLC. 

No attempt was made to resolve the 
16:0-18:2 species (Peak VIII) from the 
18:1-18:2 species (Peak IX), but they may be 
separated on the Fatty Acid Analysis Column 
as described by Porter et al. (6) who report 
the separation of the analogous molecular 
species 16:0-18:1 from di I8:1. The compon- 
ent of Peak X was a mixture of  all the fatty 
acids listed in Table I; due to the small amount 
found in soy PC, it was not studied further. 
Analysis of the fatty acids in the leading edge 
of Peak XI showed it to contain mostly 18:1, 
indicating that under these conditions di 18:1 
PC may not be completely resolved from 
18:0-18:2 PC. 

Reverse-phase HPLC of fatty acid methyl 
esters (11) and triglycerides (12) has shown 
that species differing by two carbons can be 
separated and that a double bond decreases the 
retention time equivalent to a saturated species 
with two less carbons. This separation is also 
seen in our reverse-phase chromatography of 
phosphatidylcholine and, because of the 
comparatively simple fatty acid composition of 
soy PC, the major molecular species of soy PC 
can be resolved. 

Figure 1-B shows the chromatogram of the 
same sample measuring the absorbance at 234 
nm. Absorbance at 234 nm was taken as an 
indication of oxidized fatty acid moieties and 
by this criterion, the oxidized species of soy PC 
have been resolved from the unoxidized except 
in the area of the di 18:3. Analysis by GC-MS 
of the fatty acid methyl esters in the first 
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HPLC OF SOY PC MOLECULAR SPECIES 

TABLE I 

Mole Percent Fatty Acid Composition of the Soy PC 
Species Separated by Reverse-Phase HPLC 

93 

P e a k  a 1 6 : 0  1 8 : 0  18 : 1 1 8 : 2  18 : 3 M a j o r  s p e c i e s  

V 5 .0  1.5 2 .7  3 .2  8 7 . 0  d i - 1 8 : 3  
V I  4 9 . 5  4 9 . 6  1 8 : 2 - 1 8 : 3  
V I I  2 .2  0 .9  9 3 . 2  3 .6  d i - 1 8 : 2  
V I I I  39 .2  8 .9  5 1 . 7  1 6 : 0 - 1 8 : 2  
1X 2 2 . 5  2 6 . 0  5 1 . 4  1 8 : 1 - 1 8 : 2  
X I  0 .8  4 3 . 8  7 . 3  4 5 . 4  2 .6  1 8 : 0 - 1 8 : 2  

aSee Figure 1 for peaks analyzed. 

four  peaks  showed  t h a t  in add i t i on  to un- 
ox id ized  f a t t y  acids, t he re  was a c o m p l e x  
mix tu r e  of  oxo,  epoxy ,  and  h y d r o x y  f a t t y  acids 
as previously  descr ibed (5).  

The  di 18:2  PC f rac t ion  of  soy PC was 
col lec ted,  t h e n  pur i f ied  by  r e c h r o m a t o g r a p h y  
and  al lowed to undergo  a u t o x i d a t i o n  in water .  
Figure 2-A and  B show respect ive ly  the  HPLC 
spectra  before  and  af te r  ox ida t ion ,  ind ica t ing  a 
decrease  in unox id i zed  di 18:2 PC wi th  the  
gene ra t ion  of  two new species t h a t  have  ab- 
so rbance  at 234 n m  (Figure  2-C). TLC analysis  
o f  the  c o m p o u n d s  compr i s ing  the  th ree  peaks  is 
s h o w n  in Figure 3, and a l t hough  t hey  c a n n o t  
be  separa ted  b y  TLC u n d e r  the  cond i t ions  used,  
the re  is a slight d i f fe rence  in po la r i ty  in the  
o rde r  expec t ed  f rom the  reverse-phase HPLC 
separa t ion .  

The  to ta l  i on iza t ion  c h r o m a t o g r a m  of  the  
s i lylated m e t h y l  esters f rom the  PC in Peak 2 
(Figure  2) is p resen ted  in Figure 4. Mass spect ra  
93,  104, and  108 ( ind ica ted  b y  ar rows)  are all 
s imilar  wi th  ma jo r  ion  peaks  at  382,  311,  225,  
130, and  73, ind ica t ing  t h a t  the  ox id ized  f a t t y  
acids are 9 or 13 h y d r o x y  dienes  (10 ,13) .  The i r  
ch romatograp t i i c  behav io r  al lows t en ta t ive  
i den t i f i ca t ion  as 9 or 13 cis-transand 9 or 13 
trans-trans h y d r o x y  d iene  (13).  GC-MS of  the  
si lylated m e t h y l  esters f rom the  PC in Peak 1 
(Figure  2) showed  the  same f r a g m e n t a t i o n  
pa t t e rn ,  excep t  t h a t  the  a m o u n t  of  u n o x i d i z e d  
18:2 was marked ly  reduced .  By q u a n t i t a t i o n  of 
the  m e t h y l  esters on  Ape izon  L., t he  18:2  to 
h y d r o x y  d iene  ra t io  was f o u n d  to  be  1:1 in 
Peak 2 and  15:85  in Peak 1, wh ich  ind ica tes  
t h a t  a single f a t ty  acid is oxid ized  in t he  PC in 
Peak 2, b u t  b o t h  f a t t y  acids are ox id ized  in the  
PC in Peak 1. 

The  ox id ized  PC may  be  h y d r o p e r o x i d e  as 
isolated,  b u t  lack of  mate r ia l  has p r even t ed  a 
chemica l  d e t e r m i n a t i o n .  There  was no  qual i ta-  
t ive d i f fe rence  b e t w e e n  t he  o x y g e n a t e d  fa t ty  
acids ex t r ac t ed  f rom u n t r e a t e d  or  NABH 4 
t r ea t ed  samples ;  bu t  more  h y d r o x y  d iene  was 
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FIG. 2. Reverse-phase HPLC elution pattern of 20 
pg di 18:2 PC resolved in 95% CH3OH at 2 ml/min. A, 
206 nm absorbance before oxidation; B, 206 nm 
absorbance after 50 hr oxidation; C, 234 nm absorb- 
ance after 50 hr oxidation. 

FIG. 3. Silica gel TLC of di 18:2 oxidation pro- 
ducts resolved in CHC13/CH3OH/H20 (65:35:4). 
Lane 1, lyso PC standard- lane 2, di 18 2 PC before 
oxidation ; lane 3, total extract of di 18:2 PC oxidized 
50 hr; lane 4, PC in Peak 1 (Fig. 2);lane 5, PC in Peak 
2 (Fig. 2); lane 6, PC in Peak 3 (Fig. 2). 
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recovered from samples that had been reduced 
with NaBH4, indicating that some of the fatty 
acids were hydroperoxides. 

Although oxidized soy PC contains many 
forms of oxygenated fatty acid(s), hydroxy 
diene was the only product found in the 
aqueous autoxidation of di 18:2 PC. This 
implies that interaction between different 
molecular species can modify the oxidative 
products; results of studies on these interac- 
tions will be the subject of future reports. 

ACKNOWLEDGMENTS 

We thank H.W. Gardner, G.E. Spencer, and R. 
Kleiman for helpful discussions during the course of 
this work. 

REFERENCES 

1. Jungalwala, F.B., J.E. Evans, and R.H. McCluer, 
Biochem. J. 155:55 (1976). 

2. Guerts van Kessel, W.S.M., W.M.A. Hax, R.A. 
Demel, and J. de Gier, Biochim. Biophys. A c t a  
486:524 (1977). 

3. Kiuchi, K., T. Ohta, and H. Ebins, J. Chromatogr. 
133:226 (1977). 

4. Sessa, D.J., K. Warner, and J.J. Rackis, J. Agric. 
Food Chem. 24:16 (1976). 

5. Sessa, D.J., H.W. Gardner, R. Kleiman, and D. 
Weisleder, Lipids 12:613 ( 1977). 

6. Porter, N.A., R.A. Wolf, and J.R. Nixon, Lipids 
14:20 (1979). 

7. Arvidson, G.A.E., J. Chromatogr. 103:201 
(1975). 

8. Gitler, C., Anal. Biochem. 50:324 (1972). 
9. Folch, J., M. Lees, and G.H. Sloane-Stanley, J. 

Biol. Chem. 226:497 (1957). 
10. Kleiman, R., and G.F. Spencer, J. Am. Oil Chem. 

Soc. 50:31 (1973). 
11. Scholfield, C.R., J. Am. Oil Chem. Soc. 52:36 

100 

75 

i 
2= 

50 

18:2 

18:0 

20 40 60 80 
Spectrum Number 

100 120 

FIG. 4. GC-MS total ion chromatogram of the 
silylated methyl esters from the PC in Peak 2 (Fig. 2). 

(1975). 
12. Plattner, R.D., G.F. Spencer, and R. Kleiman, J. 

Am. Oil Chem. Soc. 54:511 (1977). 
13. Frankel, E.N., W.E. Neff, W.K. Rohwedder, 

B.P.S. Khambay, R.F. Garwood, and B.C.L. 
Weedon, Lipids 12:908 (1977). 

[Received August 20, 1979] 

LIPIDS, VOL. 15, NO. 2 



Liver and Serum Lipids and Lipoproteins of Rats 
Fed 5% L-Lysine 
P. HEVIA and W.J.VISEK, Schools of Basic Medical Sciences and Clinical Medicine, 
University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Soybean protein and casein supplemented with 1% Arg were compared for their ability to prevent 
fatty livers caused by excess dietary Lys. The concentrations of serum lipids and lipoproteins of rats 
fed 5% Lys and having fatty livers were also compared with those of rats fed the identical diet but 
lacking fatty livers when killed. The total liver lipids, triglycerides and cholesterol of rats fed 15% 
casein + 5% Lys were 3.9, 12.4 and 2 times control values, respectively. Rats fed 5% Lys + 1% Arg or 
5% Lys with 15% soybean protein had liver lipid concentrations similar to controls fed no supple- 
mental Lys. Serum total lipids, triglycerides, cholesterol, phospholipids and free fatty acids also did 
not change, and serum ketone bodies were slightly elevated with Lys feeding whether the rats had 
fatty livers or not. The concentrations of circulating HDL were slightly depressed in all rats fed 5% Lys 
while LDL were significantly elevated, particularly in rats without fatty livers. Serum VLDL did not 
change with 5% dietary Lys. Overall, excessive dietary Lys caused fatty livers which were prevented 
by varying the diet or length of feeding. Excess Lys feeding altered lipoprotein metabolism shown by 
decreased serum HDL and a substantial elevation in LDL. The latter was more apparent when the fat 
accumulation in liver was less severe or absent. The data suggest that the fatty liver from Lys excess is 
probably unrelated to increased fat mobilization from storage, decreased fat oxidation or to a major 
block in the transport of triglycerides from the liver to the circulation. 

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

Previously we reported that rats fed 5% 
L-lysine (Lys) with 15% casein for two weeks 
developed fat ty  livers which were not  evident  if  
30% casein was fed (1). These fat ty livers 
were a t t r ibuted to the excessive intake of Lys 
and were no t  seen if 5% supplemental  L- 
arginine (Arg), L-threonine,  L-valine or 
L-glutamic acid was fed (2). The fat ty livers of  
5% Lys seen at two weeks were prevented by 
1% supplemental  Arg but  only partially by 1% 
supplemental  L-methionine  and were absent 
after six weeks of  5% Lys feeding (2). 

A feature c o m m o n  to fat ty  livers in rats 
from deficiencies of  prote in  (3), Lys, threonine  
(4), methionine ,  choline (4,5) or Arg (6) or 
from toxic  compounds  (7,8) or orot ic  acid 
(9) is the accumulation of  triglycerides which is 
accompanied by decreased concent ra t ions  of  
circulating lipids, part icularly triglycerides and 
l ipoproteins  of low and very low density 
(3,5,7-11). Because a depression of  plasma 
lipids and l ipoprote ins  normally  precedes the 
onset and then accompanies  liver lipid accu- 
mulat ion,  the major i ty  of  the fat ty  livers are 
believed to result f rom a major  b lock in trigly- 
ceride t ransport  f rom the liver to the circula- 
t ion (7). The fa t ty  liver of  Lys, on the o ther  
hand, is associated with normal  circulating total  
lipids, triglycerides, cholesterol  and phospho-  
lipids (1,2). 

The present  studies compared  the eff icacy of  
Arg and soybean protein for prevent ing the 
fatty liver of  excess Lys. They also compared  

the concent ra t ion  of  serum lipids and l ipopro- 
teins in rats fed Lys with or wi thout  fat ty livers 
at t ime of  killing. The produc t ion  of  fat ty livers 
in rats was achieved by feeding 5% Lys with 
15% casein for two weeks. Fa t ty  livers were no t  
seen if rats were fed 1% supplementa l  Arg, if  
soybean protein was fed instead of  casein, or at 
the end of  6 weeks of  5% Lys feeding. Soybean 
protein was included in these comparisons 
because others  had reported that  supplement ing 
soybean protein with excess Lys caused cho- 
lesterolemia wi thout  fa t ty  livers in rabbits (12). 

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

Male weanling (30-50 g) Sprague-Dawley rats 
were caged individually in hanging wire cages in 
a room with a 12 hr dark-light cycle. All were 
fed ad l ibi tum a 15% casein/soybean prote in  
(1 : 1 ) diet similar to diet A in Table I unti l  they  
were randomly assigned to the test diets as 

described below. Exper iment  I, a 2 x 3 
factorial,  employed  6 rats in each of  the 6 
t reatments .  There were three protein sources 
(casein, casein + 1% Arg and soybean prote in  
alone) and two concent ra t ions  of  supplementa l  
Lys (0 and 5% Lys). Groups 1 and 3 were fed 
diets A and B in Table I, respectively.  Groups 2 
and 4 were fed, respectively,  as 1 and 3, but  1% 
Arg was added at the expense of  sucrose. 
Groups 5 and 6 were fed as 1 and 3 with 
soybean protein replacing casein. The experi-  
mental  diets were fed for 14 days. The p ro toco l  
for exper iment  II described in detail elsewhere 
(2) is briefly summarized here. It included two  
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groups of  5 rats each fed diets A and B for 42 
instead of  14 days as in exper iment  I. Food  
intakes and body  weights were recorded 
weekly.  At the end of  the feeding period,  the 
rats were fasted for 4-6 hr  and decapitated.  
Their  blood was collected wi thout  anti- 
coagulant,  s tored at 5 C for 24 hr and centri- 
fuged at 3000 rpm (1500 x g) for 15 min to 
obtain  serum. Approx imate ly  one gram of liver 
was homogenized  in 9 ml  water  and lipids were 
ext rac ted  (13). Total  liver lipids were deter- 
mined gravimetrically while tr iglycerides (14), 
cholesterol  (15) and phospholipids (16) were 
determined color imetr ical ly  on the lipid ex- 
tract. Cholesterol  and triolein (Sigma Chemical  
Co., St. Louis,  MO) were used as standards for 
the de terminat ion  of  cholesterol  and trigly- 
cerides, respectively.  A factor  of  25 was used to 
convert  phosphorus  to phospholipids (17). 
Serum cholesterol  (15), free fat ty acids (18) 
and serum ke tone  bodies (19) were determined 
on the total  serum. Palmitic acid and ~-OH 
butyr ic  acid (Sigma Chemical  Co., St. Louis,  
MO) were used as standards for the determina- 
t ion of  free fa t ty  acids and ketone bodies, 
respectively. Serum l ipoproteins  were stained 
and separated by polyacrylamide  gel electro- 
phoresis as described by Naito et al. (20). The 
propor t ions  of  stainable pre /3,/3 and a,  corres- 
ponding to very low, low and high density 
l ipoprotein,  respectively,  were determined by 
scanning at 580 nm and integrat ion.  Total  
serum lipids were determined gravimetrically 
and serum triglycerides (14) and phosphol ipids  
(16) colorimetr ical ly  after lipid ext rac t ion  (21 ). 
The data in exper iment  I were analyzed by 
factorial  analysis of  variance (22), and means 
were compared by Duncan 's  mult iple  range test 
(23). The data in exper iment  II were analyzed 
by t-test (22). In exper iment  II, only serum 
l ipoproteins  are repor ted  because growth,  food  
intakes and serum and liver lipids have been 
described previously (2). 

RESULTS 

The respective concentra t ions  of  liver lipids, 
tr iglycerides and cholesterol  in rats fed 5% Lys 
with casein in exper iment  I were 3.9, 12.4 and 
2 t imes cont ro l  values, respectively,  f rom rats 
fed no supplemental  Lys (Groups  1 and 3 in 
Table II). The concent ra t ions  of  these classes of  
lipids in livers of  rats fed 5% Lys with casein + 
1% Arg or with soybean protein instead of  
casein were normal .  The pooled  mean values 
showed that  rats fed 5% Lys consumed 1.5 g or  
10% less food per day, gained 1.3 g or  22% less 
in body weight and were 14% less eff ic ient  in 
util izing food  for weight  gain. Rats fed 5% Lys 

TABLE I 

Basal Diet Composition 

Percent 

A B 

Protein a 15 15 
Sucrose b 73.7 68.7 
Corn oil c 5 5 
Vitamin d 1 1 
Minerals e 5 5 
L-Methionine f 0.3 0.3 
L-Lysine �9 HCI f 0 5 

aVitamin-free test casein or soya assay protein, 
both from Teklad (Madison, WI) with catalog No. 
160040 and 160480, respectively. 

bAmalgamated Sugar Co., Ogden, UT. 
Cpure corn oil, Anderson Clayton Foods, Dallas, 

TX. 
dVitamin Fortification Mix, Teklad, Catalog No. 

40060. 
eRogers-Harper Mineral Mix, Teklad, Catalog No. 

170760. 
fPyrogen-free injectable grade. 

+ 1% Arg gained only 9% less than controls,  
whereas rats fed 5% Lys with soybean protein 
gained 18% less. Serum tota l  lipids, trigly- 
cerides, cholesterol ,  phosphol ipids  and free 
fa t ty  acids remained unchanged with 5% Lys 
feeding. Serum ketones  were elevated in all rats 
fed 5% Lys. The concent ra t ion  of  serum HDL 
was slightly below control  for rats fed 5% Lys 
when analyzed by factorial  analysis of  variance 
(P ~ .012, Table II). The concent ra t ion  of  
serum LDL increased with 5% Lys feeding, 
part icularly in rats fed 5% Lys with soybean 
protein.  Rats fed casein + 5% Lys showed a 
wide range of total  liver lipids (6.6 to 28.9 
mg/100  mg liver) and serum LDL (4.2 to 
28.6%). Regression analysis within this group 
showed that  the concent ra t ion  of  serum LDL 
was inversely related to  total  liver lipids (Fig. 
1). The Concentrat ion of  VLDL did no t  
respond to Lys feeding, but  i t  was substantially 
lower  in the groups fed soybean protein.  

Rats of  exper iment  II fed Lys for 6 weeks 
had concent ra t ions  of  liver and serum trigly- 
cerides, cholesterol  and phosphol ipids  which 
were identical  to controls.  These data have 
been repor ted  elsewhere (2), but  5% Lys caused 
a depression in the concent ra t ion  of  serum 
HDL (Fig. 2) and a 2.9-fold increase in serum 
LDL (Figs. 2,3). The H D L / L D L  ratio (Fig. 3) 
also decreased f rom 19.8 to 6.2 with 5% Lys 
feeding, but  the concent ra t ion  of  serum V L D L  
did no t  change. All l ipoprote in  concent ra t ions  
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were determined by lipid staining me thods  
(20). 

D I S C U S S I O N  

The p re sen t  da ta  show t h a t  replac ing casein 
wi th  soybean  p r o t e i n  was as effect ive  as 
s u p p l e m e n t a l  Arg in p reven t ing  the  fa t ty  liver 
of  excess Lys. Because fa t ty  livers of  excess 
Lys can be p r e v e n t e d  by  s u p p l e m e n t a l  Arg, i t  
has  been  suggested t ha t  excess Lys causes an 
Arg def ic iency (2,  Ulman ,  Karl,  Hevia and  
Visek,  u n p u b l i s h e d  data)  in ag reemen t  wi th  
Lys-Arg an t agon i sm which  is well k n o w n  (24) ,  
and  wi th  the  oro t ic  acidur ia  wh ich  accom pan i e s  
Arg def ic iency or excess Lys feeding (2). Oro t i c  
ac idur ia  is a sign of  Arg def ic iency (25) .  The  
p r e v e n t i o n  of  the  f a t ty  liver of  Lys excess by  
soyb ean  p r o t e i n  r epo r t ed  here  also agrees wi th  
this  h y p o t h e s i s  because s oybean  p r o t e i n  is 
r icher  in Arg wi th  respect  to  Lys and  con ta ins  
a p p r o x i m a t e l y  twice as m u c h  Arg as casein 
(26).  Serum to ta l  lipids, t r iglycerides  and  
phospho l ip id s  in e x p e r i m e n t  I as in e x p e r i m e n t s  
r epo r t ed  previously  (1 ,2)  were the  same in 
con t ro l  ra ts  as in rats  fed Lys wi th  or w i t h o u t  
f a t ty  livers. Such similar p a t t e r n s  have n o t  been  
seen wi th  f a t ty  livers caused by  o the r  means  
(1,3-11). 

These exper iments  also showed that  serum 
free fat ty  acids were similar in controls  and in 
rats fed 5% Lys whether  they had fat ty  livers or 
not.  Because fat ty  livers arising from enhanced 
fat mobi l iza t ion  from adipose tissue are asso- 

ciated with elevated circulating free fat ty acids 
(27-29), the present  data argue that  fat ty livers 
of Lys excess arise by other  mechanisms.  Serum 
ke tone  bodies, on the o ther  hand,  were elevated 
by 5% supplemental  Lys but  to a similar ex ten t  
whether  the rats had fat ty livers or not.  This 
suggests that  altered ketone  body produc t ion  
likewise did no t  cause these fat ty  livers. 

Five percent  dietary Lys reduced the con- 
centrat ion of circulating high density l ipopro-  
teins. Factorial  analysis of  variance revealed this 
reduct ion  in exper iment  I and indicated that  
HDL was similarly reduced in all rats fed Lys 
regardless of the fat con ten t  of  their liver. A 
reduct ion  in HDL was also observed in rats fed 
Lys wi thout  fa t ty  livers in exper iment  II. The 
concent ra t ion  of  serum low density l ipopro- 
teins, however,  was higher with Lys, part icu- 
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FIG. 1. The inverse relationship between the 
concentration of serum LDL and total liver lipids for 
the six rats fed 15% casein + 5% L-Lys (zx) and 15% 
casein (o) in Experiment I. r = regression coefficient. 
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FIG. 2. Serum concentrations (%) of HDL, LDL, 
VLDL and HDL/LDL in rats fed 15% casein (o) 
and 15% casein + 5% L-Lys (G) for 6 weeks in Experi- 
ment II. Rats fed 5% L-Lys for 6 weeks had trigly- 
cerides, cholesterol, and phospholipids in serum and 
liver which did not differ from control rats (2). 
a-bRats showing a different superscript differ at 5% 
level by Students t test. 
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p roduced  by o the r  means  (3,5,7-11),  fa t ty  
livers f rom excess Lys did no t  result  f rom a 
major  b lock in the t ranspor t  of  lipids f rom the 
liver to the circulat ion.  

The data show tha t  excessive dietary Lys no t  
only causes a fa t ty  accumula t ion  in the liver of  
rats which is p reven ted  or abolished by dietary 
manipula t ion ,  bu t  it also causes changes in 
circulating l ipopro te ins  as measured  by lipid 
staining (20), par t icular ly  an elevation in LDL 
which becomes  more  apparen t  when  the fa t ty  
liver has been prevented  by the diet or has 
d isappeared  during a longer per iod  of  excess 
Lys feeding. 

FIG. 3. Polyacrylamide gel electrophoresis patterns 
of Sudan Black prestained serum for 4 of the 5 rats 
fed either 15% casein (controls) or 15% casein + 5% 
L-Lys (5% lysine) for 6 weeks. Rats fed 5% L-Lys for 
6 weeks (long term feeding), in contrast to those fed 
5% L-Lys for 2 weeks, did not have fatty livers (2). 
The lipoprotein distribution from bottom to top is 
HDL, LDL, VLDL and chylomicrons. 

larly in rats wi thout  fa t ty  livers. The effect  of 
the concen t ra t ion  of  liver lipids upon  the 
elevation of  LDL f rom excessive dietary Lys 
was apparen t  in expe r imen t  I, with all rats fed 
Lys having higher L D L  than cont ro ls  and those 
fed Lys with soybean  pro te in  having the highest  
but  no fa t ty  livers. Similarly, in expe r imen t  H, 
rats with fa t ty  livers f rom excess Lys no longer  
evident  af ter  6 weeks had LDL concen t ra t ions  
which were 2.9 t imes controls .  Finally,  the 
inverse relat ionship be tween  serum LDL and 
total  liver lipids (Fig. 1) revealed by regressing 
the concen t ra t ion  of  serum L D L  against the 
concen t ra t ion  of tota l  liver lipids of the six rats 
fed 5% Lys with fat ty livers in expe r imen t  I 
(group 3 in Table II) conf i rmed  the previous 
observat ion by showing tha t  within this group 
high LDL were seen only when liver lipids 
app rox ima ted  cont ro l  values. In cont ras t  to the  
decrease in HDL and the increase in LDL with  
5% Lys feeding, the concen t ra t ion  of  serum 
V L D L  did no t  change. The lowest  concent ra -  
t ion of serum VLDL was seen in rats fed 
soybean prote in .  

The failure to demons t ra t e  a substantial  
decline in circulating lipids and l ipopro te ins  of  
low densit ies in rats fed 5% Lys with fa t ty  livers 
strongly suggests that ,  in cont ras t  to fa t ty  livers 
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The Effect of Isomeric trans-18:1 Acids on the Desaturation of 
Palmitic, Linoleic and Eicosa-8,11,14-trienoic Acids by Rat 
Liver Microsomes 
M.M. MAHFOUZ, S. JOHNSON, and R.T. HOLMAN, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

The inhibitory effects of the positional isomers of trans- 18 : 1 acids on the desaturation of palmitic 
acid to palmitoleic (~9-desaturase), linoleic to 3,-linolenic (2x6-desaturase)and eicosa-8,11,14-trienoic 
to arachidonic acid (2x5-desaturase) were investigated. These trans-18:l acids were found to be inhibi- 
tory for the microsomal A6-, A9- and A5-desaturases of rat liver. The position of the double bond 
in the trans-18:l acids seems to be important in determining the degree of inhibition. At inhibitor/ 
substrate ratio of 3:1, the A6-desaturase was most strongly inhibited by trans-A3,-A4,-A7 and 
-A15-18:1 isomers, whereas the ~9-desaturase was most strongly inhibited by trans-z~3, -A5, -2x7, 
- ,Xl0,-A12,-AI 3 and -~x16 isomers. At inhibitor/substrate ratio of 6:1, the 2x5-desaturase was most 
strongly inhibited by 43-, 2x9-, 2x13- and 2xl5-isomers. When 18:0 was added to the incubations of 
16:0, 18:2 and 20:3 at the same I/S ratios used for the trans-18:l acids, weak inhibition for A9- 
desaturase and no inhibition for A5- and ~6-desaturases was observed. 

INTRODUCTION 

The inhibi t ion of  the metabol ism of essential 
fa t ty  acids by o ther  unsaturated fat ty acids was 
demonst ra ted  in vivo by Mohrhauer  and Hot- 
man (1), and in vitro by Brenner et al. (2). 
Since then,  many  investigations on the  effect  of  
unsaturated fat ty  acids upon the desaturat ion 
of  various fat ty  acids in vitro have been con- 
ducted  (3). The  existence of  compet i t ive  
react ions among oleic, l inoleic and linolenic 
acids was demonst ra ted  (2,4). Such widely 
different  unsaturated acids as docosahexaenoic  
acid (5), petroselinic,  vaccenic,  elaidic and also 
trans-linoleic acid caused an inhibi t ion o f  the 
desaturat ion of l inoleic acid to  3'-linolenic acid 
(6). Chang et al. (3) found that  oc tadecenoic  
and octadecynoic  acids inhibit  the desatura t ion 
of  stearic acid to oleic acid and that  the degree 
of  inhibi t ion greatly depends on the posi t ion of  
the double or  triple bond.  Fa t ty  acids of  
different  chain lengths and numbers  of  double  
bonds belonging to the oleic, l inoleic and 
l inolenic acids series have inhibi tory act ion on 
the desaturat ion of  eicosa-8,11-dienoic acid to 
eicosa-5,8,11-trienoic acid (7). For  a given 
chain length,  the increasing number  o f  double  
bonds increased the degree of  inhibi t ion,  but  
the posi t ion of  the double bond in the fat ty  
acid molecule  also inf luenced the degree of  
inhibi t ion.  

Trans isomers of  essential fa t ty  acids (EFA)  
are unable to prevent  deve lopment  of  E F A  
deficiency (8-11) and may  increase the animal 's  
r equ i rement  for E F A  (9,11,12).  In this labora- 
tory,  Hill et al. (13) showed that  ingest ion of  
margarine stock (partially hydrogena ted  soy- 
bean oil conta ining 45.8% total  trans fa t ty  acids 
or 43% as trans-18:l)  intensif ied the E F A  

deficiency.  The growth and the dermal scores 
of  rats fed margarine stock indicated a more 
severe E F A  deficiency than in the  rats fed an 
equal  level of  saturated fat. These nutr i t ional  
studies used hydrogenated  fats which contain 
mixtures  of  many  trans fa t ty  acids principally 
isomers of  18 : 1. The present s tudy investigated 
the effects in vitro of  the individual  posit ional  
isomers of  trans-18: l acids on the desaturat ion 
of  palmit ic  acid to palmitoleic  acid (A9-desatu- 
rase), l inoleic to l inolenic (A6-desaturase) and 
eicosa-8,11,14-tr ienoic to arachidonic  acid 
(A5-desaturase) by rat liver microsomes f rom 
E F A  deficient  rats. 

MATERIALS AND METHODS 

Reagents and Substrates 

ATP, CoA, NADH and bovine serum al- 
bumin  V fract ion were obta ined f rom Sigma 
Chemical  Co., St. Louis, MO. Palmitic acid, 
l inoleic acid, and eicosa-8,11,14-tr ienoic acid 
were obtained f rom NuChek Prep, Elysian, MN. 
Palmi toyl -CoA was obta ined  f rom Sigma. 
[1A4C]  Palmitic acid (sp. act. 56 mCi /mmole ) ,  
[1-14C]l inoleic  acid (sp. act. 51 mCi /mmole )  
were purchased f rom Amersham Corp.,  Arling- 
ton  Heights, IL. [ 1-14C] Eicosa-8,11,14-tr ienoic 
acid (sp. act. 55 mCi /mmole )  and [1-14C] - 
pa lmi toyl -CoA (sp. act. 53.5 mCi /mmole )  were 
purchased f rom New England Nuclear,  Boston,  
MA. 

Synthesis of Linoleoyl-CoA 

Linoleoyl-CoA was synthesized from a 
mix ture  of  labeled and unlabeled l inoleic acid 
by the procedure  described by Reitz et al. (14). 
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The precipitated linoleoyl-CoA was then 
purified (15) under an atmosphere of nitrogen, 
and the final preparation was kept in aqueous 
solution, pH 5.0, under nitrogen at -20 C. The 
yield was ca. 4 ttmoles of linoleoyl-CoA per 
10//moles of CoA used as starting material. The 
concentrations of linoleoyl-CoA determined by 
the UV spectrophotometric (16) and measure- 
ment of phosphate (17) were consistent. 
The amount of CoA released by the acyltrans- 
ferase system (18) showed that the synthesized 
material was 100% reactive. Gas liquid chroma- 
tography was performed on the methyl ester, 
obtained by heating of the acyl-CoA with 0.5 N 
alcoholic NaOH under N 2 and methylation of 
the liberated fatty acids with HCI in methanol, 
as an additional check on the purity. It gave 
one symmetrical peak for 1 8:2 acid. 

Preparation of Microsomes 

Weanling male Sprague-Dawley rats kept on 
EFA deficient diets for at least 6 months were 
sacrificed and the livers were quickly removed 
and rinsed in cold homogenization solution 
consisting of 0.15 M KC1, 0.005 M MgC12, 
0.004 M EDTA, 0.25 M sucrose, 0.0015 M 
glutathione, 0.05 M potassium phosphate 
buffer (pH 7.4) (19). They were then homoge- 
nized in a Teflon pestle homogenizer in 3 
volumes of the same solution. The homoge- 
nated was centrifuged at 12,000 x g for 30 rain. 
The microsomes were recovered by centrifuging 
the supernatant at 140,000 x g for 2 hr in a 
Beckman L5-75 ultracentrifuge. The pellets 
were resuspended in the homogenization 
solution to provide microsomes equivalent to 1 
g of original liver in one ml. The mixture was 
stirred, put into screw-capped tubes under 
nitrogen, quickly frozen and stored at -70 C. 
Protein was determined by the biuret reaction. 
All operations were carried out at 4 C. 

Incubation Conditions 

Each incubation contained the following: 
7.5 //mole of ATP, 2.6 /amole of NADH, 1 
//mole of CoA, 7.5 ~mole of MgC12, 100 ttmole 
of potassium phosphate buffer (pH 7.4), 0.15 
M KC1-0.25 M sucrose, 2 mg microsomal 
protein (except as stated) and the desired fatty 
acid(s) in a total volume of 1.0 ml. The incuba- 
tions were carried out for 20 min in a Dubnoff 
metabolic shaker at 37 C. The fatty acids were 
used as sodium salt-albumin complex (1 gg free 
fatty ac id / l l . 55  /~g bovine serum albumin). 

Analysis of Fatty Acids 

The reaction was terminated by the addition 
of 5% He1 in methanol, and the lipids were 

DESATU RASES 1 0  ] 

extracted with chloroform/methanol (2:1, v/v). 
The extract was dried under a stream of nitro- 
gen and esterified with 10% HCt in methanol at 
80 C for 2 hr. The tubes were evaporated to 
dryness under nitrogen, the esters redissolved in 
petroleum ether, and a mixture of unlabeled 
carriers of methyl esters of 16:0 + 16:1, 18:2 + 
18:3 or 20:3 + 20:4 was added to the incuba- 
tion products. The esters were separated on 
10% AgNO 3 Silica Gel H plates in petroleum 
ether/diethyl ether (95:5, v/v) or chloroform/ 
methanol (100:2, v/v) or petroleum ether/ 
diethyl ether/acetic acid (70:3:1, v/v) for the 
separation of the substrate and products of 
16:0, 18:2 and 20:3 acid incubations, respec- 
tively. The separated bands were made visible 
under UV light after spraying with 0.1% 2,7- 
dichlorofluorescein. The bands were scraped 
into scintillation vials, 15 ml of toluene-based 
scintaillation fluid was added and the activity 
was determined in a Packard scintillation 
counter. The percent desaturation was calcu- 
lated as the ratio of the counts in the desatura- 
ted product to the sum of the counts in the 
substrate plus product. The nmoles of the 
product were then calculated. The recovered 
radioactivity was more than 90% of the amount 
used. 

RESULTS AND DISCUSSION 

Substrate saturation curves were measured 
for all substrates that were to be used to study 
the desaturation reaction (20) because free 
fatty acids inhibit a variety of enzymatic 
reactions (21). In competitive experiments, as 
described subsequently, it was necessary to 
establish that when inhibition was observed, it 
was due to some type of interaction other 
than substrate inhibition (20). In the micro- 
somal desaturation studies, both substrates and 
products are incorporated into microsomal 
lipids (22-24). In the experiments reported 
here, even though substrate and product were 
incorporated into complex lipids, tile use of 
substrate levels that give maximum desaturation 
should minimize the effects of incorporation 
into complex lipids upon the rate of desatura- 
tion (6). 

The substrate saturation curves for the 
desaturation of 18:2, 20:3 and 16:0 were 
studied. After 20 min incubation period when 
the 16:0 level was 100 nmoles, the amount of 
16:1 formed was 45 nmoles (45% conversion); 
when the 18:2 level was 100 nmoles, the 
amount of 18:3 formed was 16 nmoles (16% 
conversion); and when the amount of 20:3 was 
20 nmoles, the amount of 20:4 was 10 nmoles 
(50% conversion). In the inhibition study, I00 

LIPIDS, VOL.  15, NO. 2 



102 M.M. MAHFOUZ, S. JOHNSON AND R.T. HOLMAN 

nmole  of  16:0 or 18:2 and 20 nmoles  of  20:3 
were used because at these  subst ra te  concen-  
t ra t ions ,  the highest percent  conversions were 
obta ined.  

S imul taneous  incuba t ions  of  100 nmoles  of  
16:0, 100 nmoles  of  18:2 or 20 nmoles  of 20:3 
acid subs t ra tes  in the  presence of  the trans-t  8: I 

acid inhibi tors  were made  to cover a range of  
inh ib i to r / subs t ra te  (I/S) ratios f rom 0.25 to  10 
(Fig. 1). Figure 1 shows the  relat ion b e t w een  
the  percent  inhib i t ion  and the  concen t ra t ion  of  
the  inhib i tor  acids added.  The t rans-18: l  
isomers were more  effect ive as inhibi tors  
( t h roughou t  the [/S ratio range o f  0.25 to  t0)  

z 
0 
tZ_ 

E }  

I 
Z 4 

-10(3 

INHI8 ITE~SL~STRAT E 

~ 4  

i i i i 

&13 

' Ioo 
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S o-o  ,,,t g OESATURASE 

H /16 DESATURASE 

A 5 DESATURASE 

FIG. 1. The effect of increasing I/S ratio on the percent inhibition of the desaturation of palmitic, linoleic 
and eicosa-8,11,14-trienoic acids. The incubation mixture contained 100 nmoles of either 16:0 or 18:2 or 20 
nmoles of 20:3eo6 as substrates with increasing concentration of isomeric trans-octadecenoic acids as inhibitors. 
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,I A9 DESATURASE 
4 0  ~ I00 nmole5 

�9 - - 9 9 A _ ~  . . . . . . . . . . .  
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3 4 5 6 7 8 9 lOl l  12131415i6 18:0 

DOUBLE BOND POSITION t-18:1 

FIG. 2. The effect of the position of the double 
bond in isomeric trans-octadecenoic acids and stearic 
acid upon the desaturation of [1-14C]palmitic acid. 
All inhibitors were present in a concentration of 300 
nmoles with 100 nmoles of palmitic acid as substrate 
(l/S, 3:1). Control values for the desaturation of 100 
or 400 nmoles of palmitic acid with no inhibitors are 
shown. 

120 A 6 DESATURASE 

E ~  I j  I00 nmoles 

0 . . . . . . . .  

3 4 5 6 7 8 910111213141516 18:0 
DOUBLE BOND POSITION ~-18:1 

FIG. 3. The effect of the position of the double 
bond in isomeric trans-octadecenoic acids and stearic 
acid upon the desaturation of [ 1-14C] linoleic acid. All 
inhibitors were present in a concentration of 300 
nmoles with 100 nmoles of linoleic acid as substrate 
(I/S, 3:1). Control values for the desaturation of 100 
or 400 nmoles of linoleic acid with no inhibitors are 
shown. 

on  the desa tura t ion  of  16:0--> 16:1 (A9 desatu- 
rase) and 18:2 -+ 18:3 (A6 desaturase) than  on 
the desa tura t ion  of  20:3 --> 20:4  (A5 desatu- 
rase). 

As the concen t ra t ion  of  the  inhib i tor  acids 
was increased,  the inhib i t ion  of  the desatura-  
t ion  of 16:0 -+ 16:1 and 18:2 ~ 18:3 was 
increased to  ca. 80% when the  I/S ratio reached 
10. All the  trans acids excep t  A8 and A9 
inhibi ted the  desa tura t ion  of  16:0--> 16:1 more  
than  the desa tura t ion  of  18:2 ~ 18:3 as the  I/S 
ratio increased f rom 0.25 to 4.0. The desatura-  
t ion  of  20:3 -+ 20:4 was maximal ly  inhibi ted  
(20 to 50%) at the inh ib i to r / subs t ra te  ratio of  
10, excep t  in the  cases of  the  A3 and A9 
isomers which gave ca. 85 and 60% inhibi t ion ,  
respectively.  

To compare  more  direct ly the  effect  o f  the 
double  bond  posi t ion,  d e s a t u r a t i o n  was mea- 
sured wi th  each t rans-18: l  i somer  at I/S ratio 
3:1 in case of  A9- and A6-desaturase and 6:1 
for the  A5-desaturase.  These are the  I/S rat ios 
at which some of  the  t rans-18: l  isomers gave 
ca. 50% inhibi t ion.  In these exper iments ,  the  
presence of  inhibi tor  concen t ra t ion  3 or 6 
t imes that  of  the  subst ra te  increased the  
a m o u n t  o f  po ten t i a l  fa t ty  acid subst ra te  in the  
sys tem 4 t imes in case of  16:0 and 18:2 or 7 
t imes in case of  20:3. Therefore ,  compar i son  of  
inhibi t ions  was made  wi th  a cont ro l  in which 
the  tota l  subst ra te  concen t ra t ion  was 4 or 7 
t imes  the  concen t r a t ion  of  labeled subst ra te  to 
be used. These values are shown in Figures 

A 5  DESATURASE 

c F t[t 20 nmo les , / 140  nmoles 20:3~6 I 

. . . . . . . . . . . . . . . . . . . . . . . . . .  

3 4 5 6 7 8 910 II 1213141516 IB:O 
DOUBLE BOND POSITION {-18:1 

FIG. 4. The effect of the position of the double 
bond in isomeric trans-octadecenoic acids and stearic 
acid upon the desaturation of [1-14C] eicosa-8,11,14- 
trienoic acid. All inhibitors were present at a concen- 
tration of 120 nmoles with 20 nmoles of 20:3 as 
substrate (l/S, 6:1). Control values for the desatura- 
tion of 20 or 140 nmoles of 20:3w6 with no inhibi- 
tots are shown. 

2, 3 and 4. 
Figure 2 shows that  t rans-A3,  -A5, -A7, 

-A10, -A12, -A13 and -A16 were the most  
effective inhibi tors  o f  the  desa tura t ion  of  16:0, 
whereas A8 and A9 were the  least effect ive 
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inhibitors. Figure 3 shows that trans-A3 and 
-A7 l 8:1 were the most effective inhibitors for 
the desaturation of 18:2. For the desaturation 
of 20:3 -+ 20:4, the trans isomers A3, A9, 
A13 and A15 were the most effective inhibitors 
(Fig. 4), whereas the trans-A4, A5, A8, A11, 
AI2 ,  AI4  and A I 6  were not  effective as 
inhibitors. 

Our data agree with those obtained by 
Brenner and Peluffo (6) in that trans-A11 is 
more effective than trans-A9 as inhibitor for 
the desaturation of linoleic acid, but the degree 
of  inhibition obtained in our study is somewhat 
higher. This may be due to the difference in the 
relative proportion of fatty acids to the micro- 
somal protein which has some effect (6). 

To examine the type of inhibition produced 
by the trans isomers on the desaturation 
reactions of 16:0, 18:2 and 20:3 acids, three 
different positional isomers that caused inhibi- 
tion were studied in more detail for each 
desaturation reaction. Although the substrate 
and products are incorporated into microsomal 
lipids (4,22,24), and Lineweaver-Burk plots do 
not strictly apply, these plots (Figs. 5A, 6A and 
7) showed convergent Iines which intersected at 
the ordinate when increasing amounts of each 
substrate (20, 40, 60, 80 and 100 nmoles) were 
incubated for 5 min in the absence or presence 
of a constant level of the trans isomers (100 
nmoles). These data suggest that the inhibition 
is competitive. 

Apparent K m and K i values were calculated 
from the graphs and are shown in Table I. In a 
heterogeneous reaction system such as ours, the 

-o'.ot 
f 

, / /  

n o  

o.63 

/~7 
18:2,~6 CoA / / a 6  

N O  

B 

-oh1 / [ s ]  o.bs 

FIG. 5. Lineweaver-Burk plots for [1-14C]linoleic 
acid (A) and linoleoyl-l-14C-CoA (B) incubations, in 
the absence or presence of 0.1 mM of trans-A 6, A7, 
and A12-18:1 acids. Velocities were measured for the 
first 5 rain of incubation at 37 C under the conditions 
described in the text. Each tube contained 3 mg 
microsomal protein of EFA-deficient rat livers. 

T A B L E  I 

A p p a r e n t  Michael i s  C o n s t a n t s  for  O x i d a t i v e  
D e h y d r o g e n a t i o n s  o f  Pa lmi t ic ,  L inole ic  and E icosa t r i eno i c  Ac ids  a 

Trans- 18 : 1 i s o m e r s  
Labe led  subs t r a t e  i n c u b a t e d  K m fo r  subs t r a t e  as i nh ib i to r s  K i 

Pa lmi t i c  acid 6 .67 x 10 -5 M t A 5 4.3 x 10 -5 M 
t A 9 45 x 10 -5 M 
t A 12 1 1 . 4 2 x  10 -5 M 

P a l m i t o y t - C o A  6.7 x 10 -5 M t A 5 5 x 10 -5 M 
t A 9 33 x 10 -5 M 
t A 12 10 x 10 -5 M 

Linole ic  acid 16 x 10 -5 M t A 6 40 x 10 -5 M 
t A 7 14.8 x 10 -5 M 
t A12 40 X 10 -5 M 

L i n o l eo y l - Co A 20 x 10 -5 M t A 6 40  x 10 -5 M 
t A 7 15 x 10 -5 M 

E icosa t r i eno ic  (8 ,11 ,14 )  acid 2.5 x 10 -5 M t A 10 3.8 x 10 -5 M 
t A  13 11 x 10-5 M 

a T h e  K m va lues  w e r e  ca lcu la ted  f r o m  L i n e w e a v e r - B u r k  plots.  T h e  ve loc i t ies  w e r e  mea-  
sured fo r  t h e  f i rs t  5 rain o f  i n c u b a t i o n s  o f  t he  labeled acid w i t h  2 m g  o f  m i c r o s o m a l  p ro t e in  
(3 m g  in case o f  18 :2 )  at 37 C. K i va lues  w e r e  also ca lcu la ted  f r o m  the  graphs .  
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significance of the absolute values of these 
parameters is unclear and these values do not 
measure the affinity of the enzyme for the 
substrate. Classically substrate saturation and 
competitive inhibition have been related to  the  
direct interaction of enzyme and substrate or 
inhibitor. Alternatively, for reactions involving 
an acyl-CoA and a membrane-bound enzyme, 
saturation behavior may reflect the interaction 
of substrate with the membrane-water interface 
(25). In any case, comparison of the constants 
obtained with fatty acid vs. fatty acyl-CoA as 
substrate could be used to show that the 
activation step of the fatty acid is not a limiting 
step reaction in the system. The rates measured 
in our enzymatic systms are the result of  several 
reactions, including acylation of the substrate 
with CoA, desaturation a~ad esterification of 
sbustrate and products (4). The slowest rate 
will limit the overall rate of the reaction. There 
is sufficient NADH and CoA in our system to 
eliminate these cofactors as limiting factors. 
This also was definitely proven when the 
c o m p e t i t i o n  o f  l i no leoy l -CoA (Fig. 5B) and 
palmitoyl-CoA (Fig. 6B) was tested and con- 
vergent lines intersecting at the ordinate were 
obtained. 

Our study on the desaturation of isomeric 
trans-18:1 acids by rat liver microsomes showed 
that all the 18:2 acids from the desaturation of 
t rans-18: l  acids contained a cis-A9 double 
bond indicating the action of Ag-desaturase 
(26). Thus, the t rans-18: l  acids act as alterna- 
tive substrates with 16:0 for A9-desaturase. 
This can be seen in Figure 2 where the trans- 
A8- and -A9-18 : 1 acids, which were not desatu- 
rated, were the weakest inhibitors, and the 
levels of desaturation of some of the trans-18 : 1 
acids (A5, 23.9%; A6, 14.1%; A8, 0.58%; A9, 
1.2%; A13, 17.2%; and A14, 10.5%) paralleled 
their inhibitory effects. On the other hand, 
some of the other isomers which were not 
desaturated (~10) or desaturated at low level 
(A7, 3.9% and A15, 3.2%) caused significant 
inhibition, indicating another possible mechan- 
ism for the inhibitory action of t rans-18: l  
acids. Moreover, stearic acid which also acts as 
alternative substrate for A9-desaturase, when 
added to the incubation of 16:0 at the same I/S 
ratio used for the t rans-18: l  acids, showed a 
relatively weak inhibition compared to the 
t rans-18: l  acids (Fig. 2), although the level of 
desaturation of  18:0 by A9-desaturase is higher 
than any of the t rans-18: l  acids. This also 
indicates that t rans-18: l  acids may inhibit by 
another mechanism, perhaps through interac- 
tion with the membrane-water interface (25) as 
discussed above. When 18:0 was added to the 
incubations of 18:2 and 20:3 at the same I/S 
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- 0.62 ' 

16:0 
t,a5 

1.0 ~ ~ , 1 2  ~ /~9 

16:0 CoA 
t~5 

1.0 _ ~ / a 1 2  

~ /~9 

o65 

FIG. 6. Lineweaver-Burk plots for [ 1-14C] palmitic 
acid (A) and palmitoyl [1-14C1CoA (B) incubations, 
in the absence or presence of 0.1 mM of  trans-z~ 5, A9 
and & 12_ t 8:1 acids. Velocities were measured for the 
first 5 min of incubation at 37 C under the conditions 
described in the text. Each tube contained 2 mg 
microsomal protein of EFA-deficient rat livers. 

0'.05 

20 :3 , , 36  ~ 20 :4 ,~6  

z~O z~O AIO 

0.05 
I I I I I 

FIG. 7. Lineweaver-Burk plots for [1-14CJeicosa- 
8,11,14-trienoic acid incubation, in the absence or 
presence of 0.1 mM of trans -AIO and &13-18:1 'acids. 
Velocities were measured for the first 5 rain of incuba- 
tion at 37 C under the conditions described in the 
text. Each tube contained 2 mg microsomal protein of 
EFA-deficient rat livers. 

ratios (3:1 and 6:1, respectively) used for 
trans-18:1 acids, no effect was observed (Figs. 3 
and 4). These data agree with those reported by 
Sprecher (20) who found that 18:0 had no 
inhibitory effect on the desaturation of 18:2 or 
20:3. 

Unlabeled t rans-18: l  acids (100 nmoles) 
were added to the incubation of palmitic acid. 
After incubation, the total lipids were separated 
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by thin layer chromatography in petroleum 
ether/diethyl ether/acetic acid (80:20:1) and 
the content of  radioactively labeled fatty acids 
incorporated into each fraction was measured. 
The radioactivity found in the phospholipid 
(PL) and triglyceride (TG) fractions was de- 
creased in the presence of trans acids, and this 
decrease was equivalent to the increase of the 
radioactivity in the cholesteryl ester (CE) 
(Table II). This phenomenon was also observed 
in lesser magnitude with 18:2, and was scarcely 
perceptible with 20:3. In these phenomena, 
t rans -18: l  acids are competing with 16:0 for 
the same position (1-position) in microsomal 
PL and TG (27), but the competit ion is less 
with 18:2 and 20:3 which are predominantly 
incorporated at the 2-position of PL and TG. 
Because the total radioactivity incorporated 
into acyl lipids (CE + PL + TG) is the same in 
the absence or presence of t rans -18: l  acids 
(Table II), the esterification of the substrate 
and its products into the microsomal lipids is 
not significantly affected, suggesting that the 
competit ion probably operates at the desatura- 
tion step. Stearate did not inhibit A5-or A6- 
desaturases, although it was incorporated into 
lipids into the same position as are trans acids. 
This indicates that the inhibitory effects of 
trans acids are not likely to be due to the 
incorporation step in the overall process, and 
by elimination must be expressed at the desatu- 
ration step. 

Nutritional experiments indicate that trans 
fatty acids in margarine stock intensify EFA 
deficiency (13). Unpublished data from this 
laboratory indicate that the A6-desaturase 
enzyme activity is significantly decreased and 
the trans acid contents were significantly 
increased in liver microsomes of the rats fed 
trans acids, whereas no significant decrease in 
the enzyme activity was observed in rats fed an 
equal level of saturated fat. That study also 
indicated that desaturation of linoleic acid is 
diminished in vivo by dietary trans acids. Other 
in vivo studies showed that t rans-9-18: l  im- 
paired conversion of linoleic to arachidonic acid 
and oleic to eicosatrienoic acid (28). Results 
from the in vitro studies presented here offer 
partial explanation of that phenomenon be- 
cause trans acids were found to decrease the 
A6-desaturase activity. 

Recent studies on desaturation of trans-18:1 

isomers revealed that they form new and 
unusual dienoic acids (26). These polyunsatu- 
rated fatty acids (PUFA) may be potentially 
competitive in the matabolism of essential fatty 
acids. Thus, the trans 18:1 acids in partially 
hydrogenated fats affect PUFA composition 
and metabolism in at least two ways. 

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

This s tudy  was su p p o r t ed  by  Nat iona l  Ins t i tu tes  o f  
Hea l th  Research  Gran t s  HL 2 1 5 1 3 ,  and H L  0 8 2 1 4  
f r o m  the  Program Projects  Branch,  E x t r a m u r a l  Pro- 

T A B L E  II 

The  Dis t r ibu t ion  o f  Radioac t ive  Fa t t y  Acids b e t w e e n  Acyl  
Lipids and the  Free F a t t y  Acids  in Microsomal  Lipids a 

% Radioac t iv i ty  in b 

Total  
Trans -18: l  inh ib i tor  PL TG CE (PL + TG + CE) F F A  

A9-Desa turase  

none  44.6 14.2 10.4 69.2 25.8 
A9 34.4 11.5 23.2 69.1 26.6 
A12 33.5 12.6 23.5 69.6 26.3 

/X6-Desaturase 

none  51 21.1 3.9 76.0 20 
A12 45 17.2 9.6 71.8 26 
A6 47.8 19.4 8.0 75.2 23 

/X 5-Desaturase  

none  38.8 24.6 3.8 67.2 30.4 
A10 35.3 27.8 1.8 64.9 33.1 
A13 34.4 26 .0  3.4 63.8 35.8 

aThe  incuba t ion  mix tu r e  con ta ined  100 nmoles  of  16:0,  18:2 or  20 :3  as subs t ra tes  in 
absence  or  presence  of  100 nmoles  o f  t rans-18: l  acid as inhibi tor .  

bpL,  phosphol ip ids ;  TG,  t r ig lycer ides ;  CE, choles te ry l  esters;  FFA,  free f a t ty  acids. Each 
n u m b e r  represen ts  an average o f  t r ipl icate  assays. 
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Experimental Nephrotic Syndrome Induced in the Rat 
by Puromycin Aminonucleoside: Hepatic Synthesis of Neutral 
Lipids and Phospholipids from 3H-Water and 3H-Palmitate 
E. GHERARDI  and S. CALANDRA,  Istituto di Patologia Generale, 
Universit~ degli Studi di Modena Via Campi 287, 41100 Modena, Italy 

ABSTRACT 

Experimental nephrotic syndrome (ascites, proteinuria, hypoalbuminemia, and hyperlipidemia) 
was induced in male Wistar rats by seven daily subcutaneous injections of puromycin aminonucleoside 
(20 mg/kg). Hepatic lipogenesis from 3H-water and 3H-palmitate was investigated in nephrotic and 
pair fed control rats by using liver slices. Total incorporation of 3H-water into neutral lipids was 
higher in nephrotic than in control rats (413 • 124 vs. 229 -+ 46 nmoles/g/hr, p < .01). Among neutral 
lipids, the major increase was observed for triacylglycerols (106 -+ 26 vs. 72 + 21 nmoles/g/hr, p < 
.05), cholesteryl esters (3.7 • 2.1 vs. 1.4 • .7 nmoles/g/hr, p < .05) and, above all, for cholesterol (123 
• 48 vs. 36 • 18 nmoles/g/hr, p < .0025). Total incorporation of 3H-water into phospholipids as well 
as incorporation of 3H-water into individual phospholipids were not significantly increased. Incorpora- 
tion of 3H-palmitate into neutral lipids was increased (312 • 84 vs. 221 + 28 nmoles/g/hr, p < .05). 
Among neutral lipids, a significant increase was observed for 1,3-diacylglycerols (19 • 3 vs. 13 + 3 
nmoles/g/hr, p < .025), triacylglycerols (228 -+ 50 vs. 163 • 14 nmoles/g/hr, p < .05) and cholesteryl 
esters (18 • 5 vs. 10 • 1 nmoles/g/hr, p < .01). Incorporation of 3H-palmitate into phospholipids was 
not significantly affected. The difference in hepatic lipogenesis between nephrotic and control rats 
was even more pronounced if the data were corrected for the total liver weight which was significantly 
increased in the nephrotic rats (11.3 • .3 vs. 8.5 -+ .1 g, p < .001). These findings indicate that the 
synthesis of neutral lipids from both 3H-water and 3H-palmitate is elevated in rat with aminonucleo- 
side-induced nephrotic syndrome. The possible role of the increased hepatic lipogenesis in the 
pathogenesis of the nephortic hyperlipidemia is discussed. 

INTRODUCTION 

Although it has been known for a long t ime 
that  nephrot ic  syndrome in man and experi- 
mental  animals is associated with disturbances 
o f  the concent ra t ion  and metabol ism of  plasma 
lipids and l ipoproteins  (1-8), the pathogenesis  
of  nephrot ic  hyper l ip idemia is still poor ly  
understood�9 

The nephro t ic  syndrome induced in the rats 
by ei ther the administrat ion of  ant ikidney 
serum (9) or a derivative of  puromycin  (10) has 
been used extensively to elucidate as to 
whether  nephro t ic  hyper l ip idemia  was at t r ibut-  
able to an increased lipid synthesis by the liver. 
In spite of  extensive work,  however ,  confl ict ing 
data have been repor ted  since hepatic  lipo- 
genesis in nephrot ic  rats was found increased 
(11-16), normal  (17) or even decreased (18-20). 

The lack o f  conclusive evidence about  the 
role of  hepat ic  lipogenesis in the p roduc t ion  of 
nephrot ic  hyper l ip idemia p rompted  us to 
investigate this problem in rats made nephrot ics  
by the administrat ion of puromycin  amino- 
nucleoside.  This exper imenta l  mode l  has been 
adopted since the changes of plasma and 
urinary l ipoproteins  occurr ing in this condi t ion  
have been recent ly characterized in our 
laboratory  (21). 

In this repor t  we present  our  results ob- 
tained by investigating hepat ic  synthesis of  

neutral  lipids and phosphol ipids  f rom bo th  
3H-water and 3H-palmitate.  Specific aims of 
our  s tudy were: (a) to investigate the ex-novo 
synthesis of lipids by the liver, and (b) to 
measure the ex ten t  of  the ut i l izat ion of  pre- 
formed fat ty  acids in the synthesis of  neutral  
lipids and phospholipids by the nephrot ic  liver. 

MATERIALS AND METHODS 

Materials 

Puromycin  aminonucleoside  (6-dimethyl-  
�9 t . t . . 

amino-9(3 -amino-3 -deoxynbosyl )purme) ,  fa t ty  
acid poor  bovine serum albumin,  and standards 
for lipid chromatography  were purchased f rom 
Sigma Chemical  Co. (St. Louis,  MO). Eagle's 
basal medium was obta ined from Wellcome 
Research Laborator ies  (Beckenham,  England). 
3H-water, 3H-palmitate and scintillators (2,5- 
d iphenyloxazole ,  PPO; and p-bis-(o-methyl- 
s tyryl)-benzene,  bis-MSB) were purchased f rom 
New England Nuclear  Co. (Dreieich,  West 
Germany) .  Precoated silica gel plates for thin 
layer chromatography  were obtained f rom 
Merck (Darmstadt ,  West Germany) .  Other  
reagents and organic solvents were purchased 
f rom C. Erba (Milan, Italy).  

Animals 

Ten male Wistar rats weighing 280-310 g 
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were used. Before and during the experiment, 
rats were individually caged and kept under 
strictly controlled dark-light cycle. Five rats 
were made nephrotics by seven daily sub- 
cutaneous injections of puromycin amino- 
nucleoside (20 mg/kg) as previously described 
(21). Five control rats received the same 
volume of distilled water. Since treatment 
induced a significant drop in food consumption 
(21), food intake was restricted in control rats 
on the basis of the mean daily food consump- 
tion of the nephrotic rats. 

to dryness under N 2 at 45-50 C and lipids were 
resuspended in a small volume of chloroform/ 
methanol (2::1, v/v) containing the antioxidant 
at the concentration indicated above. We have 
shown in previous experiments by using 14 C_ or 
3H-labeled lipids that recovery after extraction 
and purification was 79.1% for oleate (range 
74.9-83.6), 83.3% for cholesterol (range 78.3- 
86.9), and 87.4 for cholesteryl oleate (range 
84.7-89.6). Data presented in this report were 
not corrected for lipid loss during extraction 
and purification procedures. 

Preparation and Incubation of Liver Slices 

Five days after the withdrawal of the 
chemical, nonfasting rats were decapitated at 
the middle of the dark phase and livers were 
rapidly removed and chilled in buffered NaC1 
154 M. Liver slices (139.5 -+ 21.4 mg) were 
prepared in duplicate from each animal and 
incubated in 2 ml of Eagle's basal medium 
containing bovine serum albumin and palmitate 
(.5 mM respectively). Both unlabeled and 
labeled palmitate were complexed to fatty 
acid-poor albumin according to the method of 
Tinker and Hanahan (22). The amount of fatty 
acid bound to albumin after the incubation was 
ca. 98% of the original amount. In the experi- 
ments in which ex novo lipid synthesis was 
investigated, 4 mCi of 3H-water were added to 
each flask; in the experiments in which fatty 
acid utilization by liver slices was studied, 2/.tCi 
of 3H-palmitate bound to albumin were added 
to each flask. The incubations were carried out 
under an atmosphere of 95% 02 and 5% CO 2 at 
37 C in a metabolic shaker at 125 oscillations 
per min for 2 hr. At the end of the incubation, 
the content of the flasks (liver slices and 
medium) were transferred into an ice bath and 
homogenized by using a Potter Elvehjem tissue 
homogenizer. Homogenized material was stored 
at -30 C until the lipid extraction was per- 
formed (usually 1-2 weeks). 

Extraction and Purification of kipids 

Hepatic Lipids were extracted and purified 
according to Folch et al. (23) with slight 
modifications. One volume of tissue homo- 
genate was extracted with 17 volumes of 
chloroform/methanol (2: 1, v/v) containing 
2,6-di-tert-butyl-p-cresol (50 mg/ml) as antioxi- 
dant. The extract was filtered on filter paper in 
a separatory funnel and shaken with .2 volume 
of water. The lower phase was then washed 3-4 
times against .2 volume of theoretical upper 
phase (chloroform/methanol/water,  3:48:47, 
v/v/v, containing CaC12 .04% in the water 
portion). Purified lipid extract was then taken 

Thin Layer Chromatography of Neutral Lipids 
and Phospholipids 

Aliquots of the purified lipid extracts were 
applied to .25 mm thick silica gel plates pre- 
washed with chloroform/methanol (2:1, v/v). 
Separation of neutral lipids was performed 
by using the one dimensional, two-step proce- 
dure described by Skipski et al. (24). In our 
hands, typical Rf values were: .16 for mono- 
acylglycerols, .37 for cholesterol, .41 for 
1,2-diacylglycerols, .44 for 1,3-diacylglycerols, 
.50 for fatty acids, .63 for triacylglycerols, and 
.73 for cholesteryl esters. Separation of phos- 
pholipids was achieved by a one dimensional 
procedure by using chloroform/methanol/acetic 
acid/water, 60::30:7:3 as developing solvent. In 
our conditions, we obtained the following Rf: 
.04 for lysophosphatidylcholine, .09 for sphin- 
gomyelin, .19 for phosphatidylcholine, .33 for 
phosphatidylinositol, .42 for phosphatidyl- 
serine, and .62 for phosphatidylethanolamine. 

Radioactivity Measurement by Liquid 
Scintillation Spectrometry 

After brief exposure of thin layer chroma- 
tography (TLC) plates to iodine vapors, spots 
containing neutral lipids and phospholipids 
were scraped off and transferred into scintilla- 
tion vials. After the addition of a toluene-based 
scintillation mixture (4.9 g of PPO, .1 g of 
bis-MSB to 1 liter with toluene), the vials were 
shaken for 1 min and counted after normal 
light and temperature adaptation (usually 20-24 
hr) in a Packard Tricarb liquid scintillation 
spectrometer. Counting efficiency was calcu- 
lated by the automatoc external standard 
procedure. 

Statistical Analysis 

Data presented in this paper was always the 
mean -+ standard deviation of values obtained 
from single animals within each experimental 
group. Significance was calculated by using the 
Student's t test. 
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RESULTS 

Incorporation of 3H-water into Hepatic Neutral 
Lipids and Phospholipids 1 

The total incorporation of 3H-water into 
hepatic neutral lipids was higher in nephrotic 
than in control rats (413 -+ 124 vs. 229 -+ 48 
nmoles/g/hr, p < .01). As shown in Figure 1, . .~ 
we found an increased incorporation of 3H- ,c 
water into triacylglycerols (p < .05), choles- . ..... 
teryl esters (p < .05), and above all into 
cholesterol (p < .0025) by the liver slices of 
nephrotic rats. When we expressed the radio- 
activity of each lipid class as percentage of the 
total 3H-water incorporated into lipids, we 
found a marked elevation of the radioactivity 
incorporated into cholesterol by nephrotic liver 
(Table I). The total incorporation of 3H-water 
into phospholipids was not significantly in- 
creased in nephrotic rats (113 -+ 20 vs. 103 +- 19 
nmoles/g/hr). The radioactivity of each phos- 
pholipid class measured as percentage of the 
total 3H-water incorporated into phospholipids 
was approximately the same in nephrotic and 
control rats. 

Incorporation of 3H-palmitate into Hepatic 
Neutral Lipids and Phospholipids 

The incorporation of 3H-palmitate into 
neutral lipids was increased in nephrotic rats 
(312 -+ 84 vs. 221 -+ 28 nmoles/g/hr, p < .05). 
As shown in Figure 2, the major increase was 
observed ror 1,3-diacylglycerols (p < 0.5), 
triacylglycerols (p < .05), and cholesteryl esters 
(p < .01). The synthesis of total phospholipids 
from 3H-palmitate was not significantly in- 
creased in nephrotic rats (38 -+ 8 vs. 33 -+ 8 
nmoles/g/hr), nor was the incorporation of t h e  
precursor into the various phospholipid classes. 

E. G H E R A R D I  A N D  S. C A L A N D R A  

DISCUSSION 

In this study we investigated the synthesis of 
neutral lipids and phospholipids by liver slices 
of nephrotic rats at the stage of full blown 
disease when edema, proteinuria, hypoal- 

r  I = ~  I . a t : ~  F A  m c c  

FIG. 1. Incorporation of 3H-water into neutral 
lipids by liver slices from control and nephrotic 
rats. Data are mean + standard deviation of values 
obtained from single animals within each experimental 
group. 

buminemia and hyperlipidemia were present 
(21). 

Hepatic lipogenesis was studied by incu- 
bating liver slices with two different lipid 
precursors, namely 3H-water and 3H-palmitate. 
By this approach, one can investigate both the 
ex novo lipogenesis (i.e., the incorporation of 
3H-water) and the lipogenesis which results 
from the utilization of preformed fatty acids 
(incorporation of 3H-palmitate). The reason 
for exploring both pathways is based on the 
following considerations: a) nephrotic syn- 
drome may be associated with an increased 
activity and/or concentration of several key 
enzymes of both metabolic pathways, and b) 
since the concentration of plasma fatty acids is 
increased in nephrotic syndrome (21), and it is 
well recognized that the amount of fatty acids 
reaching the liver represents a stimulus for the 
hepatic synthesis of triacylglycerol rich plasma 
lipoproteins (25-27), one could expect that in 
nephrotic liver a greater proportion of pre- 
formed fatty acids is channelled into lipids. 

As far as the methodology employed in this 
study is concerned, three points should be 
emphasized: (a) the incorporation of both 
3H-water and 3H-palmitate was carried out by 
incubating liver slices in a medium containing 

T A B L E  I 

P e r c e n t a g e  I n c o r p o r a t i o n  o f  3 H - w a t e r  i n t o  H e p a t i c  Neu t r a l  Lip ids  

MG C H  1 ,2 -DG 1 ,3 -DG F A  T G  CE 

C o n t r o l s  1 . 6 •  1 5 . 2 •  8 . 0 •  1 . 7 •  4 1 . 4 •  3 1 . 5 •  0 . 6 •  
N e p h r o t i c s  1 . 4 + 0 . 4  29 .6  •  a 5 . 8 •  1 . 7 •  3 4 . 3 •  2 6 . 3 •  0 , 9 •  

N O T E :  The  f igures  r e p r e s e n t  the  p e r c e n t a g e  o f  to ta l  3 H - w a t e r  i n c o r p o r a t e d  i n t o  n e u t r a l  l ip ids  f o u n d  in each  
l ip id  class. 

ap  < . 005 .  
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FIG. 2. Incorporation of 3H-pahnitate into neutral 
lipids by liver slices from control and nephrotic 
rats. Data are mean + standard deviation of values 
obtained from single animals within each experimental 
group. 

the same concentration of fatty acids which 
approximated that found in normal rat plasma; 
(b) ex novo lipogenesis was studied by using 
3H-water instead of 14C-acetate in view of the 
limitations involved in the use of the latter 
precursor (28-29); and (c) in the study of the 
incorporation of 3H-palmitate we assumed that 
the dilution of the label in the hepatic pool of 
palmitate was the same in both control and 
nephrotic rats. Our results clearly indicate that 
the hepatic synthesis of neutral lipids from 
both 3H-water and 3H-palmitate was increased 
in nephrotic rats. The synthesis of phospho- 
lipids showed only a minor increase which was 
not statistically significant. The difference 
observed between control and nephrotic rats is 
even more pronounced if one takes into 
account that nephrotic liver is heavier than 
control liver (11.3 + .3 vs. 8.5 + .1 g, p 
0.001). If hepatic lipogenesis is corrected for 
the liver weight, the synthesis of neutral lipids 
from 3H-water and 3H-palmitate in nephrotic 
rats would be 2.4-and 1.9-fold, respectively, the 
value found in the control rats. On the other 
hand, the synthesis of  phospholipids from both 
precursors would be 1.45- and 1.4-fold, respec- 
tively. 

The increased lipogenesis found in nephrotic 
liver may be due to several factors. It is likely 
that the activity of some rate-limiting enzymes 
is increased. One may postulate, for example, 
that the incorporation of 3H-water into 
cholesterol may result from an increase of 
microsomal HMG-CoA reductase (EC I . i .  1.34) 
since several reports indicate that changes in the 
incorporation of 3H-water into cholesterol by 
liver tissue are paralleled by concomitant and 
similar changes of the activity of HMG-CoA 
reductase (30). 

The increased utilization of preformed fatty 
acids by nephrotic liver for the synthesis of 
lipids in our in vitro systems where the concen- 

tration of fatty acids in the medmm was 
kept constant and within physiological levels, 
may be related to the following factors: (a) an 
increased uptake of fatty acids through the liver 
plasma membrane or, most likely, an increased 
intracellular transport of these compounds due 
to an elevation of the fatty acid binding protein 
(31-32); and (b) an increased activity of the 
enzymes involved in the synthesis of long chain 
fatty acid acyl-CoA thioesters or in the transfer 
of the fatty acyl-CoA to glycerol and 
cholesterol. 

In most of the previous studies, hepatic 
lipogenesis of nephrotic rats was found to be 
either elevated (11-16) or depressed (18-20). 
Although the reasons for this discrepancy are 
not clearly understood, the following points 
should be taken into account: (a) since, during the 
development of the disease in the rat there is a 
drop in the consumption of food (21), hepatic 
lipid synthesis in nephrotic animals should be 
compared to that found in livers of pair-fed rats 
in view of the effect of the low calorie intake 
on lipid metabolism ; unfortunately, it seems to 
us that since in most of the previous studies no 
pair-fed rats were used as controls, (b) the stage of 
the disease at which the study on lipogenesis is 
carried out may be crucially important. Studies 
carried out by the same group (11,18)indicate 
that, in the early stages of the nephrotic syn- 
drome induced by antikidney serum, hepatic 
lipogenesis was increased (11), whereas the 
opposite was true at the later stage of the 
disease (18). 

It is of interest to compare the data on 
hepatic lipogenesis found in nephrotic rats with 
the changes of plasma lipids and lipoproteins 
we described in rats which were subjected 
to the same experimental protocol. In these 
animals we found a marked increased of plasma 
cholesterol, cholesteryl esters and phospho- 
lipids (5- to 6-fold) and triacylglycerols (7- 
to 8-fold (21). If one compares the data shown 
in Figures 1 and 2 with those of plasma lipids, 
it clearly emerges that the increased hepatic 
lipogenesis, as measured in vitro, can only in 
part account for the elevated plasma lipid 
concentration. It should be pointed out, 
however, that the lipogenesis of  nephrotic liver 
in vivo may be higher than expected on the 
basis of  the study in vitro. In the in vivo situa- 
tion, nephrotic liver is perfused with plasma 
which contains a level of fatty acids which is 
about 2-2.5 times greater than that found in 
plasma of pair-fed controls. It may be possible 
that the high fatty acid concentration in 
nephrotic plasma may further stimulate hepatic 
lipogenesis in vivo. It cannot be ruled out, 
however, that nephrotic plasma contains other 
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factors which are capable of stimulating hepatic 
lipogenesis. 
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Biosynthesis of Cholic Acid in Rat Liver: Formation of Cholic 
Acid from 12 -Trihydroxy- and 3a, 7a, 12a, 24- 
Tetrahydroxy-5/ -Cholestanoic Acids 
JAN GUSTAFSSON, Department of Chemistry, Karolinska Institutet, Stockholm, Sweden and 
Department of Pharmaceutical Biochemistry, University of Uppsala, Uppsala, Sweden 

ABSTRACT 

Conversion of 3c~,7c~,12~-tfihydroxy-5#-cholestanoic acid irtto 3c~,7c~,12c~24-tetrahydroxy-5#- 
cholestanoic and cholic acids was catalyzed either by the mitochondrial fraction fortified with 
coenzyme A, ATP, MgC12 and NAD or by the combination of microsomal fraction and 100,000 x g 
supematant fluid fortified with coenzyme A, ATP and NAD. 24-Hydroxylation and formation of 
cholic acid occurred at similar rates with the 25R- and the 25S-forms of 3a,7c~,12ce-trihydroxy-5#- 
cholestanoic acid. The 25R- and 25S-forms of 3~,7c~,12c~-trihydroxy- and 3c~,7c~,12~,24-tetrahydroxy- 
5~-cholestanoic acids were administered to bile fistula rats. Labeled cholic acid was isolated from the 
bile. The initial specific radioactivity of cholic acid was higher and the disappearance of radioactivity 
more rapid after administration of 3~,7c~,12c~-trihydroxy-5#-cholestanoic acid than of 3~,7c~,12c~,24- 
tetrahydroxy-5#-cholestanoic acid. The findings are discussed in relation to the assumed pathway for 
side chain cleavage in cholic acid biosynthesis. 

INTRODUCTION 

According to current concepts, the nuclear 
hydroxylations precede side chain degradation 
in the biosynthesis of cholic acid in rat liver. 
513-Cholestane-3a,7a,12a-triol is generally re- 
garded as the major substrate for 26-hydroxyla- 
tion, the initial side chain hydroxylation (1). 
In the next steps, 513-cholestane-3cL7a,12a,26- 
tetrol is oxidized to 3~,7~,12c~-trihydroxy-513- 
cholestanoic acid (1). The further conversion 
into cholic acid probably involves a 24- 
hydroxylation yielding 3~,7e~,120~,24-tetrahy- 
droxy-513-cholestanoic acid (2). 

Bergstr/Jm et al. (3) and Briggs et al. (4) 
showed that the conversion of 3cL7cL12c~- 
trihydroxy-513-cholestanoic acid into cholic acid 
occurs in rat liver homogenate and rat liver 
mitochondria, respectively. Recently, Hanson 
et al. (5) have shown the same reaction in 
homogenates of human livers. Early studies by 
Masui and Staple (6) showed that 24-hydroxyla- 
tion of 3c~,7~,12c~-trihydroxy-513-cholestanoic 
acid can be catalyzed by the mitochondrial 
fraction in combination with the 100,000 x 
g supernatant fluid. Recent experiments in this 
laboratory have revealed a more efficient 24- 
hydroxylating activity towards 3ct,7c L12c~- 
trihydroxy-513-cholestanoic acid by a combina- 
tion of microsomal fraction and 100,000 x g 
supernatant fluid (2). The activity was shown 
to be due to the combined effect of a desatu- 
rase and a hydratase and was dependent upon 
ATP (2). 

The conversion of 3a,70~, 12cL24-tetra- 

hydroxy-513-cholestanoic acid into cholic acid 
has been shown to occur in vivo in the guinea 
pig and in vitro in mitochondrial and soluble 
preparations from rat liver homogenate (7,8). 
The aim of the present investigation was to 
study the conversion of 3c~,7cL12a-trihydroxy- 
5/]-cholestanoic acid into cholic acid in more 
detail, especially with regard to subcellular 
localization, cofactor requirements and the 
possible role of 3a,7a,12a,24-tetrahydroxy-513- 
cholestanoic acid as an intermediate. 

EXPERIMENTAL PROCEDURE 

Labeled Compounds 

3 oz,7o~, 1 2 0~-Trihy dr oxy-513-[ 713-3H] choles- 
tanoic acid (specific radioactivity, 0.2 mCi/ 
#tool) was prepared by reduction with tritium- 
labeled sodium borohydride (Radiochemical 
Centre, Amersham, England) of 3c~,12ot-dihy- 
droxy-7-oxo-513-cholestanoic acid, prepared 
from 3~,7~, 12cr anoic 
acid by oxidation with N-bromosuccinimide 
(2). The purity of the material as checked by 
thin layer chromatography and radio gas 
chromatography was more than 99.9%. The 
compound consisted predominantly of the 
25S-form (see unlabeled compounds). 

2 5 R- 3 ~ ,7o~, 12ce-Trihy droxy-5f3-[ 7t3-3 H ] cho- 
lestanoic acid (specific radioactivity, 1.3 mCi/ 
/.Lmol) and 25S-3o.~,7o~,12c~-trihydroxy-513-[713- 
3H]cholestanoic acid (specific radioactivity, 
1.3 mCi/#mol) were prepared from the corre- 
sponding unlabeled compounds as described 
above (2). 
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114 J. G U S T A F S S O N  

3 c~, 7c~, 12a,24-Tetrahydroxy-5/3-[ 7/3-3 H] cho- 
lestanoic acid (specific radioactivity, 0.2 mCi/ 
/lmol) was prepared biosynthetically from 
3 a ,  7 c~, 1 2 a-trihydroxy- 5/3-[ 7/3 -3 H ] cholestanoic 
acid of the same specific radioactivity (see 
above) by incubation with microsomal and 
soluble fractions of rat liver homogenate 
fortified with ATP. The material was purified 
by thin layer chromatography and the identity 
checked by gas chrornatography-mass spectro- 
metry (c.f. ref. 2). The radioactive purity of 
the material was more than 99.9%. Biosyn- 
thetically prepared 3a,7a,12a,24-tetrahydroxy- 
5/3-cholestanoic acid consists of one of the C-24 
epimers, probably the 24a-epimer (2). 25R- 
3 a,  7 ~, 120t,24-Tetrahydroxy-5/3-[ 7/3 -3 H] choles- 
tanoic acid (specific radioactivity, 1.3 mCi/ 
/lmol) and 25S-3c~,70q12a,24-tetrahydroxy-5/3- 
[ 7/3-3 H] cholestanoic acid (specific radioactivity, 
1.3 mCi//lmol) were prepared biosynthetically 
from the corresponding 3a,7a,12a-trihydroxy 
acids as above. The purity was more than 
99.9%. 

Unlabeled Compounds 

3%7a,12a-Trihydroxy-5/3-cholestanoic acid 
was isolated from a sample of bile of a Caiman 
species as described earlier (2). The melting 
point (187-188 C) suggested that the com- 
pound consisted predominantly of the 25S- 
form (2). 25R-and  25S-3a,7a,12a-Trihydroxy- 
5/3-cholestanoic acids were generous gifts from 
Dr. Thomas Briggs (9). 3~,7oq12a,24-Tetrahy- 
droxy-5/3-cholestanoic acid was synthesized 
according to Inai et al. (10). The identity of 
the material was confirmed by gas chromatog- 
raphy-mass spectrometry. 3a,7a,12a,24-Tetra- 
hydroxy-5/3-cholestanoic acid prepared in this 
way consists of equal parts of the two C-24- 
epimers as well as the 25R- and 25S-forms. The 
C-24-epimer corresponding to the biosyn- 
thesized compound (probably 24a) was isolated 
from the synthesis mixture by thin layer 
chromatography (c.f. 2). 

Cofactors 

NAD, ATP, AMP and coenzyme A were 
obtained from Sigma Chemical Co. (St. Louis, 
MO). 

METHODS 

Enzyme Fractions 

Male rats of the Sprague-Dawley strain 
weighing ca. 200 g were used. Liver homo- 
genates, 20% (w/v), were prepared in 0.1 M 
Tris-C1 buffer pH 8.5 for the preparation of 
the microsomal fraction (6 mg of protein/ml) 
and 100,000 x g supernatant fraction (20 mg 

of protein/ml) (11). 
The mitochondrial fraction was prepared 

according to Sottocasa et al. (12). The final 
suspension was made in 0.1 M Tris-C1 buffer, 
pH 8.5. A mitochondrial fraction prepared in 
this way had a protein concentration of ca. 5 
mg/ml. Protein determinations were performed 
according to Lowry et al. (13). 

Incubation Procedure and Analysis of 
Incubation Mixtures 

In a standard incubation procedure, 
3 a ,  7 a ,  1 2 a-trihydroxy-5/3-[ 7/3-3 H ] cholestanoic 
acid, 50 /lg dissolved in 25 gl of methanol, was 
incubated for 40 min at 37 C with 0.5 ml of 
subcellular preparation in a total volume of 3 
ml of 0.1 M Tris-C1 buffer, pH 8.5. The incuba- 
tion mixture was fortified with NAD, 3/ lmol ,  
ATP, 7 /1tool and coenzyme A, 2.6 /~mol. 
MgC12, 30 gmol, was added in incubations with 
the mitochondrial fraction. All incubations 
were terminated by the addition of 5 ml of 95% 
(v/v) aqueous ethanol. The reaction mixture 
was diluted with water, acidified and extracted 
twice with ethyl acetate. The combined ethyl 
acetate extracts were washed with water until  
neutral. In some cases, the reaction mixtures 
were hydrolyzed with 1 M NaOH in 50% (v/v) 
aqueous ethanol at 110 C for I0 hr. The 
residues of the ethyl acetate extracts were sub- 
jected to thin layer chromatography using sol- 
vent system $7 (14). The extent of conversion 
was calculated from measurements of the peak 
area of the radioactivity tracings obtained by 
scanning with a thin layer scanner (Berthold, 
Karlsruhe, Germany). In some cases, the chro- 
matographic zone corresponding to cholic acid 
was eluted with methanol and crystallized to 
constant specific radioactivity after addition of 
unlabeled cholic acid. 

In Vivo Experiments 

Male rats of the Sprague-Dawley strain 
weighing ca. 200 g were used for bile duct 
cannulation according to Fisher and Vars (15). 
Before administration of the first compounds, 
the bile was diverted and discarded for 3 days. 
The labeled compounds were administered 
intraperitoneally in an emulsion of a 1% (w/v) 
solution of serum albumin in 10% (v/v) aqueous 
ethanol. The bile samples were hydrolyzed in 
2 M NaOH at 110 C for 10 hr. The hydrolysates 
were acidified and extracted with ethyl acetate. 
The residues of the ethyl acetate extracts were 
subjected to reversed phase partition chroma- 
tography using phase system F1 (16). The 
material in the trihydroxy fraction was rechro- 
matographed in phase system C1 (16). A steady 
state with regard to bile acid production during 
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the experimental period was ascertained by the 
finding of a constant bile acid secretion rate as 
judged by data from the reversed phase 
partition chromatographies. 

R ESU LTS 

Conversion of 3~,7~,12~-Trihydroxy-5(3-Cholestanoic 
Acid into 3~,7~,12~,24-Tetrahydroxy-5/3-Cholestanoic 
Acid and Cholic Acid 

30~,7c~, 1 2c~-Trihy dr oxy-5/3-[7~-3H] choles- 
tanoic acid was incubated with different sub- 
cellular fractions of rat liver homogenate. 
With appropriate cofactors, the formation of 
3c~,7~, 1 2c~,24-t et r ahy  d roxy-5~3-cholestanoic 
acid and cholic acid was found in 800 x g super- 
natant, mitochondrial fraction and the com- 
bination of microsomal fraction and 100,000 x 
g supernatant fluid. In some experiments, no 
or very little 3c~,7~,12a,24-tetrahydroxy-5~- 
cholestanoic acid was detected. Table I shows 
the enzymatic activity of different subcellular 
fractions as well as cofactor requirements. With 
the mitochondrial fraction, formation of both 
products was obtained with the addition of 
ATP, NAD, MgC12 and coenzyme A. Omission 
of NAD increased the amount of 3c~,7c~,12c~,24- 
tetrahydroxy-5/3-cholestanoic acid obtained, 
whereas cholic acid formation decreased. 

Omission of ATP or coenzyme A decreased 
both the formation of  3c~,7c~,12a,24-tetra- 
hydroxy-5~-cholestanoic acid and of cholic 
acid. Omission of Mg z+ decreased the forma- 
tion of both acids by 50%. In earlier work 
concerning metabolism of 3a,7c~,12c~-trihy- 
droxy-5/3-cholestanoic acid, glutathione, AMP 
and citrate were added to the incubation mix- 
tures (4). In the present work, none of these 
cofactors was found to influence the mito- 
chondrial conversion of 3c~,7c~,12c~-trihydroxy- 
5/~-cholestanoic acid into 3ct,7c~,12a,24-tetra- 
hydroxy-5~-cholestanoic acid and cholic acid. 
Addition of microsomal fraction to the mito- 
chondrial incubations did not  change the con- 
versions whereas a marked inhibition in cholic 
acid formation was noted when 100,000 x g 
supernatant fluid was added. In agreement 
with earlier findings, the amount of 
3c~,7c~, 12a,24-tetrahydroxy-5/3-cholestanoic acid 
increased when 100,000 x g supernatant fluid 
was added (2). 

When the microsomal fraction or the 
100,000 x g supernatant fluid was incubated 
alone, no formation of 3t~,7c~,12c~,24-tetra- 
hydroxy-5/3-cholestanoic acid or cholic acid 
was detected. Combination of the micro- 
somal fraction and 100,000 x g supernatant 
fluid fortified with ATP, coenzyme A and NAD 
yielded both 3c~,7c~,12o~,24-tetrahydroxy-5t3- 

cholestanoic acid and cholic acid. When ATP 
was omitted no 3o~,7c~,12~,24-tetrahydroxy- 
5/3-cholestanoic acid was detected, whereas 
formation of cholic acid was unaffected or 
somewhat decreased. NAD was necessary for 
cholic acid formation, whereas omission of 
coenzyme A increased 24-hydroxylation as well 
as cholic acid formation. Saponification of  the 
incubation mixtures did not increase the yields 
of 3a,7cq12a,24-tetrahydroxy-5~-cholestanoic 
acid or cholic acid neither in incubations with 
the mitochondrial fraction nor in those with 
the combined microsomal and cytoplasmic 
fractions. 

Tables II and III show the results of crystal- 
lizations to constant specific radioactivity of 
labeled material obtained from thin layer 
chromatograms of incubations of 3c~,Tc~,12a- 
trihydroxy-5~-cholestanoic acid with the mito- 
chondrial fraction supplemented with co- 
factors and the combination of microsomal 
fraction and 100,000 x g supernatant fluid 
fortified with cofactors. The results in Tables 
II and Ill  establish the identity of the labeled 
material with cholic acid. The identity and 
radioactive purity of 3c~,7c~,I2c~,24-tetrahy- 
droxy-5/3-cholestanoic acid was ascertained by 
thin layer chromatography, radio gas chroma- 
tography and gas chromatography - mass spec- 
trometry as described earlier (2). 

Conversion of 25R-and 25S-3~,7~,12~-Trihydroxy- 
5#-Ch01estanoic Acid into 3~,7~,12~,24-Tetrahydroxy- 
5~-Cholestanoic and Cholic Acids 

Table IV shows that the mitochondrial 
fraction converts the two C-25 stereoisomers of 
3a,7a,12a-trihydroxy-5J3-cholestanoic acid into 
3a,7a, l 2a,24-tetrahydroxy-5J3-cholestanoic and 
cholic acids at similar rates. The relative con- 
versions were lower in experiments with the 
combination of microsomal fraction and 
100,000 x g supernatant fluid, but the two 
C-25 isomers were metabolized at the same 
rate. 

Effect of Time, Enzyme and Substrate Concentration 
on Conversion of 3Q,7~,12~-Trihydroxy-5/3- 
Cholestanoic Acid into 3~,7~,12~,24-Tetrahydroxy- 
5~-Cholestanoic Acid and Cholic Acid 

Mitochondrial formation of 3c~,7c~,12c~,24- 
tetrahydroxy-5/3-cholestanoic acid and cholic 
acid from 30~,7c~, 12~-trihydroxy-5/3-cholestanoic 
acid was linear with time for at least 40 min 
(Fig. 1A). The rate of reaction increased 
linearly with increasing amounts of mitochon- 
drial protein up to ca. 5 mg (Fig. 1B). Under 
standard conditions, ca. 50 gg saturated the 
system both with regard to the formation of 
3o~,7o~,12o~,24-tetrahydroxy-5/3-cholestanoic acid 
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a n d  c h o l i c  ac id  (F ig .  1C). In  s o m e  se r ies  o f  

i n c u b a t i o n s ,  n o  30~,70~,12~,24- te t rahydroxy-5/3-  
c h o l e s t a n o i c  ac id  c o u l d  be  d e t e c t e d .  In  s u c h  
cases ,  t h e  w a t e r  p h a s e  was  a n a l y z e d  fo r  r a t i o -  
a c t i v i t y .  N o  s i g n i f i c a n t  a m o u n t s  o f  r a d i o a c t i v i t y  
w e r e  f o u n d  in  th i s  p h a s e  i n d i c a t i n g  t h a t  t h e  

a b s e n c e  o f  3c t ,7c~,12c~,24- te t rahydroxy-5/3-cho-  
l e s t a n o i c  ac id  was  n o t  due  t o  an i n c o m p l e t e  

e x t r a c t i o n .  F i g u r e  2A s h o w s  t h a t  t he  f o r m a t i o n  
o f  3c~ , 7o~ , 12~ , 24 - t e t r ahyd roxy -5 / 3 - cho l e s t ano i c  
ac id  and  c h o l i c  ac id  f r o m  3c~,7c~, 12c~- t r i hyd roxy-  

5 /3 -cho les t ano ic  ac id  in  the  c o m b i n a t i o n  of  

TABLE I 

Conversion of 3c~,7~, 12c~-Trihydroxy-5~-Cholestanoic Acid in to 
3c~,7c~,12c~,24-Tetrahydroxy-5/3-Cholestanoic Acid and Cholic 

Acid by Subcellular Fractions with Different Cofactor Addit ions a 

Conversion pmol /min 

Cholic 
3c~,7 c~, 12a,24-Tetrahydr oxy-5/3-cholest anoic acid acid 

Mitochondriat fraction 20 

Mitochondrial fraction 
ATP excluded <14 

Mitochondrial fraction 
NAD excluded 35 

Mitochondrial fraction 
MgCI 2 excluded <14 

Mitochondrial fraction 
coenzyme A excluded <14 

Mitochondrial fraction + 
Microsomal fraction 20 

Mitochondrial fraction + 
Microsomal fraction 
Coenzyme A excluded <14 

Mitochondrial fraction + 
100,000 x g supernatant  fluid 31 

Mitochondrial fraction + 
100,000 x g supernatant  fluid 
Coenzyme A excluded <14 

Microsomal fraction + 
100,000 x g supernatant  fluid 20 

Microsomal fraction + 
100,000 x g supernatant  fluid 
Coenzyme A excluded 80 

Microsomal fraction + 
100,000 x g supernatant  fluid 
NAD excluded 20 

Microsomai fraction + 
100,000 x g supernatant  fluid 
ATP excluded <14 

Microsomal fraction + 
100,000 x g supernatant  fluid 
MgCI 2 added <14 

Microsomal fraction <14 

Microsomal fraction 
Coenzyme A excluded <14 

100,000 x g supernatant  fluid <14 

100,000 x g supernatant  fluid 
Coenzyme A excluded <14 

191 

20 

22 

78 

5O 

176 

59 

<14 

31 

53 

60 

<14 

54 

31 

<14 

<14 

<14 

< t 4  

aThe amounts  of protein added were: mitochondrial  fraction, 2.5 mg, microsomal frac- 
tion, 3.0 mg, and 100,000 x g supernatant  fluid, 10 mg. 
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C H O L I C  A C I D  F O R M A T I O N  IN R A T  L I V E R  

T A B L E  II 

I d e n t i f i c a t i o n  o f  Chol ic  Acid  f r o m  I n c u b a t i o n s  w i th  the  
M i t o c h o n d r i a l  F r a c t i o n  a 

t17 

Speci f ic  
r a d i o a c t i v i t y  

N u m b e r  o f  Weigh t  C o u n t s  x 1 0 3 [ m i n  -1 
So lven t  c ry s t a l l i z a t i on  m g  m g  -1 

N o n e  0 25 .9  4 0 . 8  
M e t h a n o l - w a t e r  1 20 .7  40 .5  
M e t h a n o l - w a t e r  2 16.6 42 .2  
M e t h a n o l - w a t e r  3 13.2 4 5 . 3  

aChol ic  acid was  i so la t ed  by  m e a n s  o f  th in  l a y e r  c h r o m a t o g r a p h y  f r o m  e x t r a c t s  o f  i ncu -  
b a t i o n s  o f  3 c ~ , 7 ~ , 1 2 a - t r i h y d r o x y - 5 f l - 1 7 / 3 - 3 H ] c h o l e s t a n o i c  acid w i th  the  m i t o c h o n d r i a l  
f r a c t i o n  a n d  c o f a c t o r s  as de sc r ibed  u n d e r  " M e t h o d s . "  

T A B L E  III 

I d e n t i f i c a t i o n  o f  Chol ic  Ac id  f r o m  I n c u b a t i o n s  w i t h  the  
M i c r o s o m a l  F r a c t i o n  a n d  1 0 0 , 0 0 0  x g S u p e r n a t a n t  F lu id  a 

Spec i f i c  
r a d i o a c t i v i t y  

N u m b e r  o f  Weigh t  C o u n t s  x 1 0 3 / r a i n  "1 
Solvent  c r y s t a l l i z a t i o n  mg mg" 1 

N o n e  0 24 .4  21.1 
M e t h a n o l - w a t e r  1 17.7 24 .5  
M e t h a n o l - w a t e r  2 11 .6  2 4 . 6  
M e t h a n o l - w a t e r  3 8.4 27 .7  

aCho l i c  acid  was  i so la ted  b y  m e a n s  o f  t h i n  l a y e r  c h r o m a t o g r a p h y  f r o m  e x t r a c t s  o f  
i n c u b a t i o n s  o f  3 ~ , 7 c q l 2 ~ - t r i h y d r o x y - 5 f l - [ 7 f l - 3 H ] c h o l e s t a n o i c  a icd  w i th  the  m i c r o s o m a l  
f r a c t i o n  a n d  1 0 0 , 0 0 0  x g s u p e r n a t a n t  f lu id  f o r t i f i e d  w i t h  c o f a c t o r s  as d e s c r i b e d  u n d e r  
" M e t h o d s . "  

T A B L E  IV 

C o n v e r s i o n  o f  25 R- a n d  25 S-3c~,7c~, 1 2 a - T r i h y d r o  xy-5/3-[ 7fl-3H ] C h o l e s t a n o i c  Ac id  i n t o  
3 ~ , 7 a , 1 2 a , 2 4 - T e t r a h y d r o x y - S f l - C h o l e s t a n o i c  Ac id  a n d  Cho l i c  Ac id  in S u b c e l l u l a r  F r a c t i o n s  o f  Ra t  Liver  a 

C o n v e r s i o n  
% 

3 a , T a ,  1 2 a , 2 4 - t e t  r a h y  d r o x y -  5 /3-choles tanoic  Cho l i c  
acid  ac id  

M i t o c h o n d r i a l  f r a c t i o n ,  
2 5 S - 3 a , 7 c ~ , 1 2 a - t r i h y d r o x y - 5 f l - c h o l e s t a n o i c  ac id  

M i t o c h o n d r i a l  f r a c t i o n ,  
2 5 R - 3 a , 7 a , 1 2 a - t r i h y d r o x y - S f l - c h o l e s t a n o i c  ac id  

M i c r o s o m a l  f r a c t i o n  1 0 0 , 0 0 0  
x g s u p e r n a t a n t  f lu id ,  
2 5 S - 3 a , T a , 1 2 a - t r i h y d r o x y - 5 f l - c h o l e s t a n o i c  ac id  

M i c r o s o m a l  f r a c t i o n ,  1 0 0 , 0 0 0  x g 
s u p e r n a t n a t  f lu id ,  
2 5 R - 3 a , 7 a , 1 2 a - t r i h y d r o x y - 5 f l - c h o l e s t a n o i c  ac id  

2.5 67 .3  

1.7 4 3 . 0  

0 .8  10 .0  

1.2  8 . 9  

a 3 a , 7 a , 1 2 a - T r i h y d r o x y - 5 / 3 - c h o l e s t a n o i c  ac id ,  5 #g,  w a s  a d d e d  to  e a c h  i n c u b a t i o n .  
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microsomal  fraction and 1 0 0 , 0 0 0  x g super- 
natant  fluid is linear with t ime for at least 4 0  
min.  The rate of  react ion increased l inearily 
wi th  increasing amounts  o f  prote in  up to 13 mg 
(Fig. 2B)  (corresponding  to 0.5 ml o f  micro- 
somal  fract ion and 0.5 ml o f  1 0 0 , 0 0 0  x g super- 
natant  f luid).  F i f ty /ag  of  3c~,7~,120~-trihydroxy- 
5/3-cholestanoic acid saturated the sys tem with 
respect  to the format ion  of  3a,7~,12r 
te trahydroxy-5 /3-choles tanoic  acid. A d d i t i o n  of  
substrate up to 130 /.tg did not  saturate the 
sys tem with  respect  to format ion  o f  chol ic  
acid (Fig. 2C). 

In separate exper iments ,  the e f fec t  of  add1- 

t ion of increasing amounts  of unlabeled 
3c~,7(x, 12r acid 
to incubat ions of  3~,7~,12ct-trihydroxy-5~- 
cholestanoic acid with the mi tochondr ia l  or 
microsomal  and 100,000 x g supernatant  
fractions was tested. Addi t ion  of unlabeled 
3c~,7~r 12~,24-tetrahydroxy-513-cholestanoic acid 
up to 100 btg lowered the amount  of  cholic acid 
obtained in a linear way. Addi t ion of 100 /~g 
of  3c~,7ct,12o%24-tetrahydroxy-5~-cholestanoic 
acid lowered the format ion  of  cholic acid by 
ca. 40% in mi tochondr ia l  incubations.  The 
corresponding value for the combined micro- 
somal and 100,000 x g supernatant  fractions 
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C 
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FIG. 1. Effect of  t ime (A), mitochondrial  protein concentrat ion (B) and substrate concentrat ion (C) on 
format ion of  3a,7c~,12c~,24-tetrahydroxy-5#-cholestanoic acid and cholic acid from 3c~,7~,12c~-trihydroxy- 
5#-[7#-3H] cholestanoic acid. Incubations were performed for 40 min except  in (A); 2.5 mg of  mitochondrial  
protein was used except in (B); 50 ~g of  3c~,7a,12a-trihydroxy-5#-[7#-3H] cholestanoic acid were added except  
in (C). o, cholic acid; e, 3c~,7cql 2c~,24-tetrahydroxy-5#-cholestanoic acid. 
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FIG. 2. Effect of  t ime (A), microsomal-100,000 x g supernatant  protein (B) and substrate concentrat ion (C) 
on format ion of  3a,7c~,12c~,24-tetrahydroxy-5fl-cholestanoic acid and cholic acid from 3a,7cz,12a-trihydroxy- 
5#-[7#-3H] cholestanoic acid. Incubat ions were performed for 40 min except  in (A), 13 mg of  microsomal- 
100,000 x g supernatant  protein (corresEonding to 0.5 ml of  each subcellular fraction) were used except in (B), 
50 ug of 3c~,7c~,12cz-trihydroxy-5#-[7fl-JH]cholestanoic acid were added except  in (C). o, cholic acid; e, 
3c~,7cz,12c~,24-tetrahydroxy-5/3-cholestanoic acid. 
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was 30%. 
E 

Conversion of 3c~,7~,12c~,24-Tetrahydroxy-53- E 
Cholestanoic Acid into Cholie Acid in vitro 

3 0~,7a,12a,24-Tetrahydroxy-5/3-[  7t3-3 H] cho-  
E les tanoic  acid was p repa red  b iosyn the t i ca l ly  g 

f rom 3ff,7a, 12a- t r ihydroxy-513-cholestanoic  acid .~_ 
by  incuba t ions  with the  mic rosomal  and ~: 
100 ,000  x g s u p e r n a t a n t  f rac t ions  in combina -  
t ion  wi th  ATP. In expe r i m en t s  conce rn ing  
me tabo l i sm of 3 a , T a , 1 2 a , 2 4 - t e t r a h y d r o x y - 5 3 -  
cho les tano ic  acid, some t imes  a r a the r  high 
degree of  a u t o x i d a t i o n  occurred  as judged  by  
b lank  incuba t ions .  Bo th  the  m i t o c h o n d r i a l  
f rac t ion  and the  c o m b i n a t i o n  of  mic rosomal  
f rac t ion  and 100 ,000  x g s u p e r n a t a n t  fluid 
ca ta lyzed convers ion  of  3 a , 7 a , 1 2 a , 2 4 - t e t r a -  
hydroxy-5/3-choles tanoic  acid in to  chol ic  acid 
(Table  V). In m a n y  expe r imen t s ,  cholic  acid 
f o r m a t i o n  was more  ef f ic ient  wi th  3a,7ct ,12a-  
t r ihydroxy-5/3-choles tanoic  acid as subs t ra te  
t han  wi th  3a,7a,12a,24-tetrahydroxy-5/3-cho- 
les tanoic  acid. When 3o~,7a, 12a ,24- te t ra -  
hyd roxy-53-cho le s t ano ic  acid was i n c u b a t e d  
wi th  only  the  mic rosomal  f rac t ion  or  the  
100 ,000  x g s u p e r n a t a n t  fluid,  s ignif icant  
convers ion  in to  cholic  acid was ob ta ined  wi th  
the  mic rosomal  f rac t ion.  The  act ivi ty  of  the  
100 ,000  x g s u p e r n a t a n t  fluid did n o t  increase  
af te r  dialysis removing  e n d o g e n o u s  cholic  acid. 

Conversion of 3~,7c~,12~-Trihydroxy-53-Cholestanoie 
and 3a,7~,12~,24-Tetrahydroxy-53-Cholestanoic 
Acids into Cholic Acid in vivo 

Figures  3 and 4 show the  specific radio-  
O 
E 

TABLE V 

Conversion of 30G7~,12c~-Trihydroxy-St3-[ 7~-3H]- .EE 
Cholestanoic Acid and 3a,7a,12c~,24-Tetrahydroxy- Y2 

53-[ 73-3H] Cholestanoic Acid into Cholic Acid a 
u 

Conversion 
% 

Mitochondrial fraction, 
3c~,7a, 12a-trihy droxy-53-cholest anoic 
acid 41.9 

Microsomal fraction, 100,000 x g 
supernatnat fluid, 3c~,7c~,12c~- 
trihydroxy-5/3-cholestanoic acid 11.7 

Mitochondrial fract ion,  
3a,7c~,l 2a,24-tetrahydroxy- 53-cholestanoic 
acid 7.0 

Microsomal fraction, 100,000 x g 
supernatant fluid, 3c~,7a,12c~,24- 
tetrahydroxy-53-cholestanoic acid 9.3 

a3c~,7a,12a-Trihydroxy-53-cholestanoic acid, 3 #g, 
and 3a,7a,12c~,24-tetrahydroxy-5fl-ebolestanoic acid, 
3 ~g, were used. 
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FIG. 3. Specific radioactivity of cholic acid after 
injection of 25R-3a,7a,12a-trihydroxy-53-[73-3H] - 
cholestanoic acid and 25 R-3a,7c~,l 2a,24-tetrahydroxy- 
53-[73-3H] cholestanoic acid into one bile fistula rat. 
The compounds had the same specific radioactivity, 
1.3 mCi/tamol. The amount of radioactivity injected 
was 5 uCi for both compounds. 3c~,7c~,12a-trihydroxy- 
5~3-[73-3H] cholestanoic acid was injected 3 days after 
operation and 3a,7a,12a,24-tetrahydroxy-53-[73-3H]- 
cholestanoic acid was injected into the same rat 5 days 
after operation. The ttrst fraction corresponds to bile 
secreted during the first 3 hr after injection. The 
intervals between the following fractions are 3 hours. 
o, chofic acid obtained after injection of 3a,7c~,12a- 
trihydroxy-53-[73-3H] cholestanoic acid. o, cholic acid 
obtained after injection of 3a,7a,12c~,24-tetrahydroxy- 
53-[73-3H] cholestanoic acid. 
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FIG. 4. Specific radioactivity of cholic acid after 
injection of 25S-3c~,7~,12a-trfhydroxy-53-[73-3H] - 
cholestanoic acid and 25S-3a,Ta,l 2~,24-tetrahydroxy- 
53-[73-3H] cholestanoic acid into one bile fistula rat. 
The compounds had the same specific radioactivity, 
1.3 mCi/lamol. The amount of radioactivity injected 
was 5 uCi for both compounds. For experimental 
details see Figure 3. 
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activity of cholic acid obtained from two bile 
fistula rats after administration of 3a,7a,12a- 
trihydroxy-5/3-cholestanoic acid followed by an 
equal amount of 3a,7a,12a,24-tetrahydroxy- 
513-cholestanoic acid 48 hr later. The adminis- 
tered compounds had the same specifc radio- 
activity. The initial specific radioactivity was 
somewhat higher and the disappearance of 
radioactivity was more rapid after administra- 
tion of 25R- and 25S-3a,7~,12a-trihydroxy- 
5/3-cholestanoic acid than of the corresponding 
24-hydroxy derivatives. 

DISCUSSION 

The present work describes studies on the 
conversion of 3a,7a,12a-trihydroxy-5fl-cho- 
lestanoic acid into cholic acid in rat liver with 
special regard to the assumed role of 
3a,7a, 12a,24-tetrahydroxy-5/3-cholestanoic acid 
as an intermediate. The results confirm findings 
by Briggs et al. (4), Masui and Staple (6,8) and 
Gustafsson (2) concerning the ability of the 
mitocondrial fraction to catalyze the formation 
of cholic acid and 3a,7a,12a,24-tetrahydroxy- 
513-cholestanoic acid from 3a,7a,12a-trihy- 
droxy-5/3-cholestanoic acid. Considerable varia- 
tion in the amount of product formed was 
noted, especially of 3a,7a,12a,24-tetrahydroxy- 
5~cholestanoic acid. 

The present work also reports formation of 
3a,7a, 12a,24-tetrahydroxy-5/3-cholestanoic acid 
and cholic acid from 3a,7a,12c~-trihydroxy- 
513-cholestanoic acid in the combination of 
microsomal fraction and 100,000 x g super- 
natant fluid. In agreement with early in vivo 
findings by Bridgwater and Lindstedt (17), 
there were no marked differences in conversion 
of 25R- and 25S-3a,7a,12a-trihydroxy-513- 
cholestanoic acid into 3a,7a,12a,24-tetra- 
hydroxy-513-cholestanoic acid and cholic acid 
either in the mitochondrial fraction or in the 
combined microsomal and 100,000 x g super- 
natant fractions. 

It might be added that work in this labora- 
tory has shown a marked similarity between the 
metabolism in vitro of 3a,7a-dihydroxy-5/3- 
cholestanoic acid and 3a,7a,12a-trihydroxy- 
5fl-cholestanoic acid. The formation of the 
24-hydroxy derivative and of chenodeoxycholic 
acid from 3a,7a-dihydroxy-5[J-cholestanoic 
acid was catalyzed by the same subcellular 
fractions, and the cofactor requirements were 
the same (18, and Gustafsson, unpublished 
observations). 

The present results do not provide an 
unequivocal answer to the question of whether 
or not 3a,7a,12a,24-tetrahydroxy-5[J-choles- 
tanoic acid is an obligatory intermediate in 

the conversion of 3a,7a,12a-trihydroxy-5/3- 
cholestanoic acid into cholic acid. The fop 
lowing points should be considered. 

1. A precursor-intermediate-product rela- 
tionship in the enzyme kinetics could not  be 
found either in incubations with the mitochon- 
drial fraction or in those with the combination 
of microsomal fraction and 100,000 x g super- 
natant fluid. Addition of unlabeled 
3a,7a, 12a,24-tetrahydroxy-5/3-cholestanoic acid 
inhibited the formation of cholic acid to a 
significant extent, but in several experiments 
no radioactive 3a,7a,12a,24-tetrahydroxy-5/3- 
cholestanoic acid was found in spite of the 
attempt to "trap" the compound by addition 
of unlabeled material. Further, the omission 
of ATP, a cofactor known to be obligatory 
for 24-hydroxylation of 3a,7a,12a-trihydroxy- 
5/3-cholestanoic acid, did not significantly 
decrease cholic acid formation in the micro- 
somal-cytoplasmic system (2). This would 
speak against 3a,7a,12a,24-tetrahydroxy-5/3- 
cholestanoic acid as the only obligatory inter- 
mediate in cholic acid biosynthesis in this 
system. 

2. The direct conversion of biosynthesized 
3a,7a, 12a,24-tetrahydroxy-5fl-cholestanoic acid 
into cholic acid was studied in vitro. Biosyn- 
thesized 3a,7a,12a,24-tetrahydroxy-5t3-choles- 
tanoic acid consists of one epimer, probably 
the 24a-epimer (2,6). No evidence for the 
formation of the 24/3-epimer has been pre- 
sented with in vitro preparations. Both with 
the mitochondrial fraction and the combina- 
tion of microsomal fraction and 100,000 x 
g supernatant fluid, the formation of cholic 
acid was usually more efficient from the 
assumed precursor, i.e., 3a,7a,12a-trihydroxy- 
5/3-cholestanoic acid, than from its 24-hydroxy- 
derivative. In contrast to the finding of Masui 
and Staple (8), the 100,000 x g supernatant 
fluid converted 3a,7a,12a,24-tetrahydroxy-5/3- 
cholestanoic acid into cholic acid poorly. Masui 
and Staple (8) mention the possibility that the 
soluble enzyme in their investigation may come 
from disintegrated mitochondria. 

3. The in vivo formation of cholic acid from 
3a,7a,12a-trihydroxy- and 3a,7a,12a,24-tetra- 
hydroxy-5/3-cholestanoic acid was assayed in 
bile fistula rats that were in a steady state re- 
garding bile acid production. The same rat was 
given either 25R-or  25S-3a,7a,12a-trihydroxy- 
5t3-cholestanoic acid followed by the corre- 
sponding 24-hydroxy acid. Both with the 25R- 
and 25S-acids, the initial specific radioactivity 
of cholic acid was somewhat higher with 
3a,7ot,12a-trihydroxy-5~-cholestanoic acid than 
with 3a,7a, 12a,24-tetrahydroxy-5~-choles- 
tanoic acid. The disappearance of cholic acid 

LIPIDS, VOL. 15, NO. 2 



CHOLIC ACID FORMATION 

radioac t iv i ty  f r o m  bile was also more  rapid wi th  
3 a , 7 a ,  12a - t r i hyd roxy-53 -cho le s t ano ic  acid t h a n  
wi th  the  2 4 - h y d r o x y  derivative.  This  was 
par t icu lar ly  m a r k e d  wi th  the  25R-acids .  

The  three  po in t s  d iscussed above m a y  be 
i n t e rp re t ed  to indica te  the  ex i s t ence  of  an 
add i t iona l  p a t h w a y  in the  convers ion  o f  
3a ,7c~ ,12a- t r ihydroxy-53-cho les tano ic  acid i n to  
cholic  acid n o t  involving 3 a , 7 a , 1 2 a , 2 4 - t e t r a -  
h y d r o x y - 5 3 - c h o l e s t a n o i c  acid. On the  o the r  
h a n d ,  no  m e tab o l i t e s  excep t  3 a , 7 a , 1 2 a , 2 4 -  
t e t r a h y d r o x y - 5 3 - c h o l e s t a n o i c  acid have  been  
de tec ted  in in vi t ro p repara t ions .  F u r t h e r ,  t he  
d i f fe rences  in m e t a b o l i s m  of  3a ,7a ,12a - t r i -  
h y d r o x y - 5 3 - c h o l e s t a n o i c  acid and  3 a , 7 a ,  12a ,24-  
t e t rahydroxy-5 /3-cho les tano ic  acid could  be due  
to a d i f ference  b e tween  the  tri- and  tetra-  
h y d r o x y  acids in p e r m e a t i o n  t h r o u g h  the  m e m -  
b ranes  to the  site o f  e n z y m e  act ion.  
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10 -Cucurbita-5, 24-dien-3p-ol from Gourd Seed Oil 
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University 1-8, Kanda Surugadai, Chiyoda-ku, Tokyo, 101 Japan, TAE MYOUNG JEONG, 
Department of Agricultural Chemistry, Gyeongsang University, Jinju, 620 Korea, and TOSH ITAKE 
TAMURA and TARO MATSUMOTO, College of Science and Technology, Nihon University 1-8, 
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ABSTRACT 

10c~-Cucurbita-5,24-dien-313-ol was isolated from the unsaponifiable matter of the seed oil of gourd 
(Lagenaria leucantha var. Gourda; Cucurbitaceae); it has been previously synthesized, but never found 
in the plant kingdom. The triterpene alcohol represents the parent compound of a number of 
cucurbitacins, highly oxygenated tetracycfic triterpenes found in Cucurbitaceae and some other 
flowering plants. 

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

Previously, a triterpene alcohol was isolated 
from the unsaponifiable matter (USM) of the 
seed oil of gourd (Lagenaria siceraria; Cucur- 
bitaceae) by Jeong et al., but its structure 
remained undetermined (1). We now report 
here the reisolation of the triterpene alcohol 
from the USM of the seed oil of gourd (L. 
leucantha var. Gourda) and the identification 
of its structure as 10a-cucurbita-5,24-dien- 
3t3-ol (anhydrolitsomentol, I) which has not 
been found as a natural component in the plant 
kingdom, though previously been synthesized 
by dehydration from litsomentol (10o~-cucurbit- 
24-en-3t3,Sa-diol) (2). 

H 24 21~ ~ 2 6  

EXPERIMENTAL 

General 

Crystallizations were performed in methanol. 
Melting points (mp) taken on a heat block were 
uncorrected. IR spectra were recorded in KBr 
on an IRA-2, IR spectrophotometer (Japan 
Spectroscopic Co., Tokyo). 1H-NMR spectra 
were obtained with a JNM-FX 100 instrument 
(Japan Electron Optics Laboratory Co., Tokyo) 
at 100 MHz in deuteriochloroform (CDC13). 
The chemical shifts are given in 6 with tetra- 
methylsilane as internal standard. Lanthanide- 
induced shifts (LIS) of proton signals were ob- 
tained in the presence of a molar equivalent of 
tris(dipivatoylmethanato)europium (Eu[dpm] 3), 
a lanthanide shift reagent, in the similar manner 

as described previously (3,4). Paramagnetic 
induced shifts (AEu values) for each proton 
signal were then determined by the equation 

defined as  ~ Eu(dpm)3n= 1 ~CDCI3, where 

6 Eu(dpm)3 is the LIS of proton signals at the 
n-1 

molar ratio of Eu(dpm)3 to substrate is 1, 
and the largest value among the observed 
AEu values for the respective methyl signals on 
addition of Eu(dpm) 3 in each compound was 
further normalized to a value of 100 (4). Mass 
spectra (MS, 70 eV) were taken on a Hitachi 
RMU-7M mass spectrometer with a direct inlet 
system (Hitachi Ltd., Tokyo). Gas liquid 
chromatography (GLC) for triterpene acetate 
was performed with a Shimadzu GC-4CM 
instrument (Shimadzu Seisakusho Ltd., Kyoto) 
equipped with a hydrogen flame ionization 
detector. Poly I-110 (column 270 C) and OV- 
17 (column 260 C) SCOT glass capillary 
columns (30 m x 0.3 mm I.D., Wako Pure 
Chemical Industries Ltd., Osaka) were used, 
and the relative retention time (RRT) of 
triterpene acetate was given relative to choles- 
terol acetate. Preparative thin layer (0.5 mm 
thick) chromatography (TLC) on silica gel of 
USM was developed 3 times with n-hexane- 
ethyl ether (7:3). 

Gourd (L. leucantha var. Gourda) seeds were 
courteously supplied from Sakata Seeds Co., 
Yokohama, and the authentic specimen of 
I-acetate ( 10a-cucurbita-5,24-dien-3t3-ol acetate; 
anhydroacetyllitsomen tol) was generously 
donated by Dr. N. Viswanathan, Ciba-Geigy 
Research Center, Bombay (India). 

Isolation of a Triterpene Alcohol (I) from 
Gourd Seed Oil 

Saponification of gourd seed oil (376 g), 
extracted from dried and ground seeds (1900 
g) with methylene chloride using a Soxhlet 
extractor, afforded USM (4.78 g). A fraction 
(95 mg) recovered from the zone with Rf 
0.40 (Cf. cycloartenol, Rf 0.33; cholesterol, 
Rf 0.15) on TLC of the USM (3 g) consisted 
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exclusively of an unknown triterpene alcohol, 
mp 103-105 C. The mp and TLC, and the fol- 
lowing spectral data of the unknown triterpene 
alcohol were found identical with those of the 
hydrolysis product (I) of the authentic speci- 
men of I-acetate: IR Vma x cm-l:  3500 (OH), 
3050, 840, 820, 815 (>C=CH-).  MS role 
[relative intensity]:  426.3878 [8, C30H500 , 
calcd. MW 426.38591, 411 [61, 408 [7] ,  274 
[100],  259 [601, 231 [101, 205 [131, 163 
[28],  161 [24], 152 [131, 137 [24],  134 
[60], 123 [42],  121 [31],  119 [37],  107 
[28]. iH-NMR:~ 0.80 (3H, s, C-13/3Me) 
[normalized AEu, 29], 0.85 (3H, s, C-14~//e) 
[11],  0.92 (3H, s, C-9t3Me) [32], 1.02 (3H, 
s, C-4~l,/e) [56],  1.13 (3H, s, C-4t3Me) [1001, 
1.60 (3H, s, 26Me) [4], 1.68 (3H, s, 27Me) 
[3], 0.90 (3H, d, 21Me, J=5.9 Hz) [8], 3.49 
(1H, broad s, 3aCH, W,/2=5 Hz) [>200, undeter- 
mined],  5.09 (1H, t, 24CH, J=6.3 Hz) [5] ,  
5.58 (1H, d, 6CH, J=5.9 Hz) [59].  

Acetylation of the triterpene alcohol (55 mg) 
with acetic anhydride-pyridine at room tem- 
perature over night followed by crystalliza- 
tion gave the triterpene acetate (37 mg), mp 
115-117 C (GLC, RRT: OV-17, 1.44; Poly f- 
110, 1.13). The mp and GLC data as well as the 
following spectral data of the triterpene acetate 
were identical with those measured for the au- 
thentic specimen of I-acetate: IR Vma x cm -1 : 
1730, 1230 (OAc), 3050, 840, 820, 815 
(;NS=CH-). MS m/e [rel. int .] :  468.3965 
[7, C32H5202, calcd. MW 468.3964],  453 
[4], 408 [201,393 [91,355 [3],  297 [3] ,  274 
[100],  259 [50],  231 II11, 2o5 [13],  163 
[30],  161 [23],  150 [21],  137 [231, 136 
[24],  134 [431, 123 [411, 121 [231, 119 
[30],  107 [20]. 1H-NMR:5 0.81 (3H, s, 
C-1313Me) [normalized AEu, 9], 0.85 (3H, s, 
C-14aMe) [51, 0.91 (3H, s, C-9/3Me) [17],  1.04 
(6H, s, C-4aMe, C-4/3Me) [C-4aMe, 191 
[C-4/3Me, 45] ,  1.59 (3H, s, 26Me) [ I ] ,  1.68 
(3H, s, 27Me) [ I ] ,  2.01 (3H, s, C-3~OAc) 
[100],  0.89 (3H, d, 21Me, J---6 Hz) [2] ,  4.70 
(1H, t, 3~CH, J=2.5 Hz) [145],  5.09 (1H, t, 
24CH, J=6.8 Hz) [11, 5.51 (1H, d, 6CH, J=5.9 
Hz) [27]. 

RESULTS AND DISCUSSION 

The triterpene alcohol reisolated here from 
the USM of gourd seed oil was reasonably 
identified as 10~-cucurbit a- 5,24-dien-3~-ol 
(anhydrolitsomentol, I) by the comparisons of 
mp and some chromatographic and spectro- 
scopic data with those of the authentic speci- 
men of I on both the free alcohol and its 
acetate. Assignments of the individual proton 
signals in the 1H-NMR spectroscopy were 

achieved by a series of careful experiments with 
a lanthanide shift reagent in which the spectra 
were measured with every amount of Eu(dpm) 3 
added, and then by the estimation of approxi- 
mate spatial distance between the expected co- 
ordinating site (oxygen-containing function) of 
a lanthanide ion and the protons under con- 
sideration (4). 

Various cucurbitacins, highly oxygenated 
tetracyclic triterpenes having a cucurbitane 
skeletone and a wide range of biological 
activities (5), are known to occur mainly in 
plants belonging to the Cucurbitaceae family 
and several other flowering plants (5-8). The 
triterpene I thus isolated from gourd seed oil 
is considered to be a representative parent 
compound of cucurbitacins, or an important 
intermediate m the biogenesis of the highly 
oxygenated triterpenes. The previously known 
simplest member of cucurbitane triterpene was 
litsomentol (2), a dihydroxy compound 
isolated from the bark of Litsea tomentosa 
(Lauraceae), from which the authentic 
specimen of I was derived by dehydration (2). 
Since the chemical dehydration of litsomentol 
could only be achieved under somewhat drastic 
condition, I from gourd seed oil is regarded in- 
deed as the natural product rather than the 
artefact produced from litsomentol, the occur- 
rence of which in the seed oil is highly prob- 
able, during the isolation procedure. Chroma- 
tographic evidences show that I occurs further 
in the other Cucurbitaceae seed oils from water- 
melon (Citrullus Battich) (1), snake gourd 
(Trichosanthes Kirilowii) (1) and pumpkin 
(Cucurbita pepo) (9). 
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METHODS 

A Method for the Quantitative Estimation 
of Cholesterol a-oxide in Eggs 
L.S. TSAI, K. IJICHI, C.A. HUDSON and J.J. MEEHAN, Western Regional Research Center, 
Science and Education Administration, U.S. Department of Agriculture, Berkeley, California 94710 

ABSTRACT 

A method for the quantitation of cholesterol a-oxide in egg and egg products is described. Total 
lipids extracted from dry egg samples were fractionated on a silicic acid column to concentrate 
cholesterol oxides which were then quantitatively determined by gas liquid chromatography (GLC). 
Those samples which showed cholesterol oxides by GLC were further analyzed by high pressure liquid 
chromatography (HPLC) for the ratio of cholesterol a-oxide and cholesterol t3-oxide. Cholesterol 
a-oxide content was calculated from the combined results of GLC and HPLC. 

INTRODUCTION 

In the presence of molecular oxygen and 
light, cholesterol autoxidizes to form 
chemically labile hydroperoxides which decom- 
pose into secondary products of which more 
than 20 have been identified or tentatively 
identified by previous workers (1-5). 5,6o~- 
Epoxy-5oz-cholestan-3fl-ol (cholesterol oz-oxide), 
one of the known cholesterol oxidation 
products, was first reported by Fioriti and Sims 
(4) in heat-treated (82 C) cholesterol and in 
samples which had been stored in air for several 
years. Since cholesterol s-oxide has been 
reported to induce tumor formation in rats and 
mice after subcutaneous administration by both 
oil and aqueous vehicles (6), and to be present 
in ultraviolet irradiated human skin (7), and in 
the skin of hairless mice (8), it was suspected to 
be carcinogenic. However, since cholesterol 
c~-oxide responded negatively to the Ames 
mutagenicity screening test (9), it would only 
be indirectly involved in carcinogenesis if it is 
carcinogenic at all. 

Cholesterol s-oxide was hydrolyzed in the 
gastrointestinal tract to 50~-cholestane-3/3,5,N3- 
triol (10) which induced atherosclerotic lesions 
in rabbits in feeding studies (1 I) and also, in in 
vitro studies, caused acute cell death of the 
rabbit 's aortic smooth muscle (12). Gray et at. 
(13) reported the findings of 1,000,-4,000 Ng/dl 
of cholesterol c~-oxide in the sera of hyper- 
cholesterolemia patients but not in those of 
normal persons. These findings and the putative 
careinogenecity of cholesterol c~-oxide have 
prompted Benditt (14) to suggest that 
cholesterol ol-oxide may play a role in the 
initiation of atherosclerotic lesions. 

Despite its potential physiological effects, 

cholesterol c~-oxide in foods has not been 
examined except for the report by Chicoye et 
al. (15) on the isolation of /3-isomer, 5,613- 
epoxy-5t3-cholestan-3t3-ol from spray-dried egg 
yolk exposed to sun and fluorescent lights. 
However, the failure to detect cholesterol 
c~-oxide could be attributed to the insensitivity 
of experimental methods since t3- and s-isomers 
were found to be present in the ratio of 8-11 
to 1 in autoxidized cholesterol (16). 

In all the previous studies, gas liquid chroma- 
tography (GLC) was used exclusively for the 
determination of cholesterol oxides despite its 
incapability of resolving a- and 13-isomers in a 
mixture. Smith and Kulig (16) found that it 
was necessary to reduce the c~- and 13-oxides 
with lithium aluminum hydride to 501-cho- 
lestane-313,5-diol and 5c~-cholestane-313,613-diol, 
respectively, and resolve the dihydroxy-deriva- 
tires by thin layer chromatography (TLC) and 
GLC. Due to the lack of recovery data and their 
laboriousness, none of the reported procedures 
is readily adapted to the analysis of cholesterol 
o~-oxide in foods. 

The method described below allowed us to 
determine cholesterol c~-oxide directly in a 
relatively short time. It was developed using 
dried eggs as specimens for the obvious reason 
that eggs have the highest cholesterol content 
of all food systems. 

MATERIALS 

Cholesterol s-oxide (M.P. 137-139 C) was 
purchased from Steraloids Inc., Wilton, NH. 
The product was found by high pressure liquid 
chromatography (HPLC) analysis to contain 
5% B-oxide and was free from other contami- 
nants. Cholesterol/3-oxide was prepared by the 
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method reported by Chicoye et al. (5) and 
purified with HPLC. Hexane, ethyl ether and 
chloroform, were glass-distilled grade as they 
were purchased from Burdick and Jackson, 
Muskegon, MI. Methanol was glass distilled by 
ourselves. 

Silicic acid, Bio-Sil HA (minus 325 mesh), 
was the product of Bio-Rad Laboratories, 
Richmond, CA. 

Extraction of Lipids 

Dry egg sample (yolk, whole egg or egg 
blends) equivalent to 1 g of yolk solids was 
transferred to a 250 ml glass centrifuge bottle 
and 100 ml of chloroform/methanol (2: 1, v/v) 
was added. The mixture was blended with a 
Polytron (PCU-2 Kinematica GmbH, Lucerne, 
Switzerland) at speed 6 for 30 seconds and then 
filtered through a Millipore PTFE filter (0.5/.tM 
pore size) into a 250 ml evaporation flask. The 
residue was washed several times with a total of 
20 ml solvent. The combined filtrate was dried 
under vacuum with a rotary-evaporator. The 
lipid extracts were redissolved in 5 ml of 
hexane/ethyl ether (95: 5, v/v). 

Enrichment of Cholesterol Oxides 

A 1-g silicic acid column in a 5 ml graduated 
disposable glass pipet was dry packed. Its outlet 
was plugged with glass wool and the top surface 
protected with a layer of anhydrous sodium 
sulfate. The lipid extract was transferred to the 
column which was first wetted with 2 ml of the 
same solvent. Then a total of  15 ml solvent in 3 
x 5 ml aliquots was used to rinse the flask and 
applied to the column. The column was then 
eluted with 30 ml hexane/ethyl ether (90:10, 
v/v) and 20 ml hexane/ethyl ether (50:30, v/v). 
Twenty ml of the eluent was collected after the 
elution was changed to the latter solvent. 

Egg lipids contain ca. 65.5% triglycerides, 
28.3% phospholipids and 5.2% cholesterol (17). 
Triglycerides and the majority of cholesterol 
were eluted by the 30 ml hexane/ethyl ether 
(90:10, v/v). Phospholipids remained in the 
column. The 20 ml eluent collected contained 
all recoverable cholesterol oxides, some choles- 
terol and a host of other unknown compounds, 
none of which interfered with the quantitation 
of cholesterol oxides in GLC and HPLC 
analysis. The eluents were dried under nitrogen 
stream and redissolved in 50 ~1 chloroform in 1 
ml conical vial. 

Ouantitation of Cholesterol Oxides by 
Gas Liquid Chromatography 

A Hewlett Packard Model 5830A with dual 
flame ionization detectors and dual nickel 
columns (2.1 mm ID x 2 M) packed with 3% 

OV-17 on 100/120 mesh Gas Chrom Q was 
used. Carrier gas, nitrogen, was delivered at a 
rate of 31 ml/min. Oven temperature was 
programmed from 225 to 260 C at 4 C/rain. 
and isothermal at 260 C to completion. Injec- 
tion port and detector temperatures were 270 
and 325 C, respectively. 

One /~1 of the chloroform solution was 
injected into the GLC. The peak appearing 
within -+ 4% of the retention time of the 
standard cholesterol a-oxide was integrated. 
Peak area was converted to quantity of choles- 
terol oxides by the external standard method 
(18). The relative retention times of cholesterol 
a-oxide and its 3-isomer with respect to choles- 
tane  were  3.17 and 2.98 and their m i x t u r e  was 
unresolved by columns packed with OV-17, 
SE-30 or QF-1 as the liquid phase (5). 

The FID detector did not respond linearly to 
concentration of cholesterol oxide from 0 to 
1,000 ng//A (Fig. 1). Therefore, the external 
standard used for any given sample should be as 
close to the concentration in the sample as 
possible. This sometimes required repetitive 
chromatographs, The lowest detectable concen- 
tration of cholesterol a-oxide was 50 ng//al. 

Determination of the Ratio of Isomers of 
Cholesterol Oxides by HPLC 

A Waters Associates Model ALC/GPC-244 
Liquid Chromatograph with Differential 
Refractometer (Model R401) and a /a-Porasil 
column (3.9 mm ID x 30 cm) was used. The 
mobile phase was 3 ml 2-propanol in 100 ml 
hexane, and the flow rate was 1 ml/min. A 
Perkin Elmer Model I computing integrator 
interfaced with the detector was used to detect 
and integrate peak area and carry out mathe- 
matical conversion. 

Figure 2 shows the separation of cholesterol 
(II), cholesterol a-oxide (III) and its /3-isomer 
(IV) in a synthetic mixture and in a typical 
cholesterol oxide fraction of lipids from a 
spray-dried egg product containing cholesterol 
oxides. The complete resolution of the isomers 
and that from the other unidentified peaks 
made the quantitation of cholesterol oxides 
possible. The relative retention volumes of 
cholesterol oxides to cholesterol are 3.70 for 
0~-oxide and 4.43 for ~oxide.  The lowest 
detectable level of the Differential Refracto- 
meter was 5/~g, which was 100-fold greater than 
that of the GLC. The peak area responded 
linearly to the injected sample from 50 /lg to 
300 gg. 

Calculation of Cholesterol a-Oxide Content in 
Egg Products 

The quantity of cholesterol a-oxide in dry 
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FIG. 1. Calibration of cholesterol oxide concen- 
tration and peak area in GLC analysis. The peak 
area was represented by an arbitrary unit preset in the 
integrator by the manufacturer. 

egg p roduc t s  may  be calcula ted as follows: 
C = ( 5 0 G / W ) ( a / ( a + b ) )  

where C: choles tero l  a -ox ide  c o n c e n t r a t i o n  in 
egg solids in p p m ;  G: choles te ro l  oxide concen-  
t ra t ion,  inc lud ing  b o t h  a- and ~ i s o m e r s ,  in 
so lu t ion  ana lyzed  by GLC in /ag/tzl; W: weight  
of egg solid in gm; a / (a+b) :  f rac t ion  of  choles- 
terol  a -oxide  in choles tero l  oxide mix ture .  

Let  R = b /a :  the  rat io  of  choles tero l /3-oxide  
to cho les te ro l  a -oxide  as de t e rmined  by  HPLC. 

Then ,  
C = 5 0 G / W ( l + R )  1. 

H 

_l 
I 
0 6 

1]/ 

[ I I I I 
12 18 2 4  3 0  3 6  

MINUTES 

FIG. 2. HPLC separation of cholesterol (II), 
cholesterol a-oxide (Ill), and cholesterol r 
(IV) in a synthetic mixture (bottom chromatogram) 
and in a typical cholesterol oxides fraction of egg 
lipids (top chromatogram). See text for the condition 
used. Peak I was chloroform (solvent) and the other 
unmarked peaks were not identified. 

RESULTS AND DISCUSSION 

The eff ic iency of  recover ing choles tero l  
oxides f rom dried eggs was d e t e r m i n e d  wi th  a 
series of  repl icates  of  freeze-dried fresh yo lk  
con ta in ing  50 and 200  p p m  added choles te ro l  
oxides.  Three  of the  four  con t ro l  samples 
showed  def ini te ly  no  choles te ro l  oxides.  The  
c h r o m a t o g r a m  of  the  fou r th  sample had a 
mino r  choles te ro l  oxide peak  which  a m o u n t e d  
to less t h a n  0.25 p p m .  Since the  conf idence  of 
GLC analysis was 2.5 p p m  choles te ro l  oxides  in 
egg solid, the  f inding was cons idered  to be 
negligible. 

Each freeze-dried yo lk  spiked wi th  50 ppm  
of choles tero l  oxides  was ex t r ac t ed  in t r ipl icate .  
Each ex t rac t  was c h r o m a t o g r a p h e d  in t r ip l icate  
by GLC. The  m e a n  of  the  recovery of  the  nine 
analyses was 102% with  coeff ic ient  of  var iance,  
30%. The average recovery of  11 analyses of 
yo lk  con ta in ing  200 p p m  of choles te ro l  oxides  
was 113% and wi th  a coeff ic ient  of  var iance  of  
7%. 

Since the  reproduc ib i l i ty  of  ex te rna l  stan- 

dard m e t h o d  for  conver t ing  peak area to 
c o n c e n t r a t i o n  relies heavily on in jec t ion  
t echn ique ,  the  precis ion of  the GLC analysis 
was d e t e r m i n e d  by  in jec t ing  consecut ive ly  eight  
1 /~1 of  choles tero l  oxides  so lu t ion  (500  ng/~l) .  
The coeff ic ient  of var iance was 11% which  was 
comparab le  to t ha t  found  in yo lk  solids con-  
ta in ing 200 p p m  choles te ro l  oxides.  The 
coeff ic ient  of  var iance  of the  yo lk  spiked wi th  
low choles te ro l  oxides  was obviously  the  resul t  
of  c o m b i n e d  effects  of GLC analysis,  l ipids 
ex t r ac t i on  and  choles te ro l  oxides  f r ac t iona t ion .  

The  coef f ic ien t  of var iance of  HPLC deter-  
mined  by  in jec t ing  repet i t ively  5 or 100 /.lg 
cho les te ro l  a -oxide  were 15% and 3%, respec- 
tively. However ,  r ep roduc ib i l i t y  of  HPLC had  
very l i t t le  effect  on the  q u a n t i t a t i o n  of  
choles te ro l  a -oxide ,  since only  the  ra t io  of  a- 
and  H-isomers was sought  f rom each  c h r o m a t o -  
gram (see Equa t ion  1). The incons i s t ency  which  
may  occur  due to the  va r ia t ion  in sample size, 
e n v i r o n m e n t a l  cond i t ion ,  etc. shou ld  have 
ident ica l  effect  on b o t h  a- and  13-isomers. In 
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pract ice ,  the  repl icates  used in GLC analysis  
were c o m b i n e d ,  c o n c e n t r a t e d  and  ana lyzed  by  
HPLC to par t ia l ly  c o m p e n s a t e  for  its low 
sensi t ivi ty.  

Choles te ro l  is a lesser c o m p o n e n t  of  the  
to ta l  l ipids in mos t  foods.  The  level of  choles- 
terol  a -oxide  in foods  is expec t ed  to be low, 
since it is only  a m i n o r  c o m p o n e n t  of  the  
ox ida t ion  p r o d u c t s  of  cho les te ro l  (4),  t h o u g h  
its po t en t i a l  physiological  i m p o r t a n c e  is n o t  to  
be min imized .  The diff icul t ies  of  q u a n t i t a t i n g  a 
m i n o r  c o m p o n e n t  in a com p l ex  na tu ra l  p r o d u c t  
lie largely in e l imina t ing  the  c o m p o u n d s  which  
in te r fe re  wi th  the  q u a n t i t a t i o n .  Sapon i f i ca t ion  
is c o m m o n l y  used for  c o n c e n t r a t i n g  s terols  
f rom to ta l  l ipids ex t rac t s  and was used by  
Fior i t i  and  Sims (4), Gray et al. (13)  and  
Chicoye  et al. (15) ,  in the i r  work.  Dur ing  
saponi f ica t ion ,  glyceryl  l ipids are h y d r o l y z e d  
by  hea t ed  a lkal ine-a lcohol  so lu t ion  and  sepa- 
ra ted  f rom sterols  by  aqueous  e x t r a c t i o n  u n d e r  
alkal ine cond i t ion  (19).  The highly s t ra ined  
t h r e e - m e m b e r e d  epoxide  ring of  cho les te ro l  
oxides  is l ikely to unde rgo  a nuc leoph i l i c  
s u b s t i t u t i o n  reac t ion  resul t ing  in open ing  the  
r ing (20) .  A k n o w n  q u a n t i t y  of  choles terol  
a -ox ide  was saponif ied  accord ing  to s t andard  
AOCS m e t h o d ,  and  only  25% of the  original  
a m o u n t  was recovered ,  Table  I; this  ind ica ted  
t ha t  sapon i f i ca t ion  should  def in i te ly  be avoided 
in any  q u a n t i t a t i o n  p rocedure .  

Table I also showed  the  e f fec t  of  so lvent  on  
GLC analysis.  C h l o f o r o m  and  t e t r a h y d r o f u r a n  
appeared  to be the  best  solvents  f rom a 
recovery  s t a n d p o i n t ;  however ,  c h l o r o f o r m  
can cor rode  de t ec to r  parts  in e x t e n d e d  use. 
When m e t h a n o l  was used in c o m b i n a t i o n  wi th  
ch lo ro fo rm ,  the  recovery  was r educed  as the  
p r o p o r t i o n  of  m e t h a n o l  increased.  A ce t one  
was also f o u n d  unsa t i s fac tory .  I f  the  cho les te ro l  
in  the  m e t h a n o l i c  so lu t ion  was held  at  r o o m  

t e m p e r a t u r e  for  several days, t hen  dried,  
redissolved in c h l o r o f o r m  and  ana lyzed  by  
GLC, there  was n o  loss in recovery.  There fo re ,  
the  r eac t ion  b e t w e e n  m e t h a n o l  and  choles te ro l  
oxides  mus t  occur  at the  in jec t ion  po r t  where  
the  t e m p e r a t u r e  was above 270 C. 

CONCLUSION 

Q u a n t i t a t i o n  of  choles te ro l  a -ox ide  in eggs 
was achieved because  of  two  ma jo r  fac tors :  1) 
This  very m i n o r  c o m p o n e n t  of  the  to ta l  l ipids 
ex t rac t s  of eggs was successfully c o n c e n t r a t e d  
wi th  a p repara t ive  silicic acid c o l u m n  so t h a t  it 
could  be subsequen t ly  separa ted  f rom inter-  
fering c o m p o u n d s  by  GLC and  HPLC; and,  2) 
the  a- and  /3-isomers of  cho les te ro l  oxides  were 
comple t e ly  resolved by  HPLC. The a d a p t a t i o n  
of  the  p resen t  m e t h o d  to o t h e r  food  or 
biological  sys tems will depend  on  the  na tu re  of  
the  possible in te r fe r ing  c o m p o u n d s  and  may  
require  mod i f i c a t i on  of  the  p repara t ive  silicic 
acid c h r o m a t o g r a p h y .  
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Distribution of Neutral Lipids in the Tissues of the Oyster 
Crassostrea virginica 
MARY L. SWIFT, DEBRA WHITE and MOHAMMAD B. GHASSEMIEH, Department of 
Biochemistry, College of Medicine, Howard University, Washington, DC 20059 

ABSTRACT 

The content of neutral lipids was determined in the tissues of oysters (Crassostrea virginica Gmelin) 
collected in June, July and March. The lipid content of starved March oysters was also determined. 
Oyster tissue from the June harvest contained the highest quantities of triglyceride; starved and July 
(late spawning) oysters had decreased levels of triglycerides in all tissues except the digestive diver- 
ticula/gonad. Free sterol content of all the tissues averaged 1.21 mg equivalent cholesterol/g wet 
weight tissue, and the steryl ester concentration averaged about 10% of this value. Findings of this 
investigation indicate that the triglyceride content of oyster tissue fluctuates seasonally and is there- 
fore keyed to the physiological state of the animal. Furthermore, triglycerides may be an important 
energy reserve for reproductive tissue. 

INTRODUCTION 

Glycogen, because of the large quantity 
stored, is believed to be the major metabolic 
fuel reserve for adult bivalve molluscs (1,2). 
Indeed, during periods of starvation or hiberna- 
tion, the amount of glycogen changes more 
than any other tissue constituent (3,4). 

The importance of lipids in the metabolic 
economy of molluscs is only now being appre- 
ciated. It has been calculated, by noting 
changes in body composition, that both mature 
Pacific oysters, Crassostrea gigas, (3) and 
immature European oysters, Ostrea edulis, (5) 
may generate more calories from lipids than 
other reserves. Further, lipids appear to serve a 
unique role in maturing molluscan gonadal 
tissue, as the females of some molluscan species 
contain more total body lipid than the males. 
After spawning begins, the lipid content of 
both males and females declines rapidly (6-8). 

The present report concerns itself with the 
neutral lipid content of the American oyster, 
Crassostrea virginica Gmelin, in four physio- 
logical conditions. By providing data on the 
changes in tissue content of the individual 
classes of lipids, it is hoped that a better under- 
standing of the role played by lipids in the 
overall metabolism of oysters may be gained. 

MATERIALS AND METHODS 

Oysters (3-5 cm in height and 3-4 cm long) 
were obtained from a commercial source 
(Chesapeake Oyster Culture Co., Shadyside, 
MD) in late March, early June, and late July. 
Oysters obtained in March were divided into 

two groups. One group of oysters (starved) was 
held in the laboratory in 12 parts per thousand 
artificial sea water ("Instant Ocean," Aquarium 
Systems, Inc., Eastlake, OH) at 18 C (9) for 37 
days. During this time, no attempt was made to 
feed the animals; the saline was changed daily. 
The rest of the March oysters (normal) and all 
of the June (collected at or near the beginning 
of the spawning season - early spawning) and 
July oysters (collected towards the end of the 
spawning cycle - late spawning) were sacrificed 
immediately. 

Tissues from the four groups were treated as 
follows. The tissues from three to six animals 
(either whole oysters or animals separated into 
mantle and gills, adductor muscle, and digestive 
diverticula/gonads) were drained on filter paper 
for several minutes. Each group of tissues was 
then extracted for lipids according to Folch et 
al. (10) with the aid of a Sorvall Omni-Mixer 
(Dupont Instruments, Newtown, CT). Upon 
completion of the Folch wash, the pooled 
crude lipid extracts representing three to six 
oysters were reduced in volume and stored in 
chloroform/methanol (2:1, v/v) at -10 C until  
analyzed. 

Aliquots of the crude lipid extracts were 
separated on 0.25 mm silica gel 60 precoated 
thin layers without fluorescent indicator (EM 
Laboratories, Inc., Elmsford, NY) using n- 
hexane/diethyl ether/acetic acid, 90:10: 1, v/v/v 
(11). The bands were visualized by 12 vapor 
retention or under ultraviolet light after 
spraying the plate with 0.2% 2,7-dichloro- 
fluorescein in ethanol. Silica gel containing the 
lipid bands of interest was scraped off the plate. 
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The lipids were recovered by elution with thirty 
volumes of chloroform/methanol, 2:1, v/v. 
Aliquots of appropriate lipid fractions were 
analyzed in triplicate for triglycerides (12) or 
sterols (13,14). Triplicate values agreed to 
within 3%. The free sterol fraction, as obtained 
by thin layer chromatography (TLC), was also 
analyzed by gas liquid chromatography (GLC) 
on 1.5% SE-30 (15) or 3% SE-30 (16) using a 
Shimadzu Seisakusho Model GS-5A gas chro- 
matography (American Instruments Co., Silver 
Spring, MD). 

Lipid standards were obtained from the 
following sources.: cholesterol, triolein, oleic 
acid, methyl oleate, ethyl oleate, cholesteryl 
oleate, 5(x-cholestane, cholestanol, and copro- 
stanol-Sigma Chemical Co. (St. Louis, MO); 
cetyl alcohol, octadecyl palmitate and n-octa- 
triacontane-Analabs (North Haven, CT); /3- 
sitosterol and campesterol - Applied Science 
Laboratories, Inc. (State College, PA). 

RESULTS 

Tile results of the analyses of oyster neutral 
lipid classes after isolation by TLC are reported 
in Table I. Early spawning (June) oyster tissue 
contains the highest levels of triglycerides, 
normal (March) oyster tissue a lower amount, 
and the starved and late spawning (July) oyster 

tissue the least amount. Regardless of physio- 
logical state of the tissues analyzed, the diges- 
tive diverticula/gonad is richest in triglyceride. 

The distribution of total free sterols appears 
to be uniform in all tissues, averaging 1.21 mg 
equivalent cholesterol per gram wet weight 
tissue. Steryl ester content is low, averaging 
only ca. 10% of the total sterol value. Through- 
out the tissues of the late spawning (July) 
oyster, steryl ester content is the least, 
averaging 3.7% of the total sterol value. The 
greatest differences in steryl ester content 
appear in the extracts of the digestive diver- 
ticula/gonad where the early spawning (June), 
normal (March) and starved tissues contain 
ca. 25% of their sterols as the ester, but the late 
spawning tissue has only 2.8% of its sterols as 
the ester. The low steryl ester to free sterol 
ratio in oyster tissues was confirmed by 
examining the crude lipid extracts for total and 
free sterols. Estimates of free sterols averaged 
1.26 -+ 0.42 mg equivalent cholesterol/g wet 
weight in the crude extracts vs. 1.26 -+ 0.37 mg 
equivalent cholesterol/g wet weight recovered 
after thin layer separations. Average values for 
steryl esters were 0.25 -+ 0.12 mg equivalent 
cholesterol/g wet weight in the crude extracts 
as against 0.14 -+ 0.18 mg equivalent choles- 
terol/g wet weight recovered after TLC. 

GLC methods were employed in an attempt 

T A B L E  I 

Neut ra l  Lipid C o n t e n t  a o f  Oys te r s  in Four  Phys io logica l  C o n d i t i o n s  

Tissue 

Free Steryl  Total  
s te ro l  es te r  s te ro l  b 

(mg Equiv .  c cho les te ro l /g  w e t  
C o n d i t i o n  we igh t  t issue)  

Tr ig lycer ides  

(/~g Glycero l /g  we t  
we igh t  t issue)  

Tota l  oys t e r  Norma l  (March)  1.13 0 .14  1.27 
Ear ly - spawning  (June)  1.06 0.29 1.35 
La te - spawning  (Ju ly)  0 .72 0 .03  0 .75  
Starved 1.58 0.22 1.80 

Mant le  and Normal  (March)  1.10 0.01 1.11 
gills Ea r ly - spawning  (June)  1.23 0.13 1.36 

La te - spawning  ( Ju ly)  0 .87 0.07 0.94 
Starved 1.31 0.23 1.54 

A d d u c t o r  Norma l  (March)  1.22 0.01 1.23 
mus lce  Ear ly - spawning  (June)  0 .83 0 .07  0 .90  

La te - spawning  (Ju ly)  1.10 0.01 1.11 
Starved  1.69 0 .03  1.72 

Digestive Normal  (March)  1.21 0.31 1.52 
d iver t icu la  Ear ly - spawning  (June)  1.13 0.25 1.38 
and gonad  La te -spawning  ( Ju ly)  1.08 0.03 1.11 

Starved 2 .10  0.63 2.73 

930 
1432 

286 
420  

563 
911 
360 
358 

619 
226 
148 
450  

992 
1879 

607 
1935 

aRecove red  af ter  TLC. 

b S u m  of  free s terol  and  s te ry l  es ter  values .  
CDigi tonin p rec ip i t ab les .  
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to f u r t he r  charac ter ize  the  free s terol  f rac t ion  
of  oys te r  lipids. Resul ts  ob t a ined  using 1.5% or 
3% SE-30 were comparab le .  At  least  e ight  
s terols  are f o u n d  in oysters .  F r o m  area pe r cen t  
ca lcula t ions ,  i t  was d e t e r m i n e d  t h a t  choles te ro l ,  
brassicasterol ,  and  24 -me thy l enecho le s t e ro l ,  at  
36.5%, 11.8% and 27.9%, respect ively,  const i -  
t u t e  the  bu lk  of  the  sterols.  Minor  s terol  
c o m p o n e n t s  f o u n d  were: 6 .27% 22-dehydro -  
choles tero l ,  3.2% campes te ro l ,  and  three  
un iden t i f i ed  peaks  of  4.3%, 9.5% and 0.6% 
each.  

DISCUSSION 

The seasonal  var ia t ions  of  oys te r  g lycogen 
c o n t e n t  are well d o c u m e n t e d ,  especially the  
p rec ip i tous  decl ine jus t  a f te r  the  onse t  of  
spawning  (2). However ,  the  var ia t ions  a m o n g  
the  classes of  l ipids in oys te r  have n o t  been  
s tudied.  Oysters  u n d e r  physiological  stress show 
decreased tr iglyceride levels in all t issues excep t  
the  digestive d iver t icu la /gonad .  This  general  
decrease in t issue t r iglycerides  ind ica tes  t h a t  the  
Amer i can  oys ter  has the  abi l i ty  to  mobi l i ze  
b o t h  glycogen and t r iglycerides  to  m e e t  i ts  
me tabo l i c  demands .  In this  regard it  is like the  
Pacific oyster ,  C. gigas (3).  The  ef fec t  of  
p ro longed  storage at 2 C - 4 C in air on  the  
l ipids of  adu l t  l iving oys ters  has  been  r epo r t ed  
(4 ,17) .  U n d e r  these cond i t ions ,  the  oys te r  is 
anae rob ic  and unab le  to  ca tabol ize  lipids. 
There fore ,  i t  is n o t  surpris ing t h a t  the  previous  
e x a m i n a t i o n s  of  l ipids in oys ters  u n d e r  this  
type  of  physiological  stress did n o t  reveal  
m a r k e d  decreases in l ipid c o n t e n t .  

The  compara t ive ly  h igh levels of  trigly- 
cerides in the  digestive d ive r t i cu la /gonad  leads 
to  a specu la t ion  t ha t :  (a) some p o r t i o n  of  th is  
tissue is a s torage d e p o t  for  oys t e r  t r ig lycer ides ;  
(b)  some p o r t i o n  of  this  t issue is the  ma jo r  site 
for  me tabo l i sm of  t r ig lycer ides ;  (c) t r igiycer ides  
m a y  serve as a ma jo r  energy  reserve for  the  
gonads;  (d)  this  may  be the  poo l  f rom which  
t r iglycerides  are w i t h d r a w n  and  redepos i t ed  in 
the  ma tu r ing  ova ( the  eggs of  t w o  o t h e r  oys te r  
species, O. edulis (5)  and  C. gigas (3),  are r ich in 
t r iglycerides) .  With  re ference  to po in t s  c and  d, 
i t  shou ld  be re -emphas ized  t h a t  the  t issues were 
grossly dissected and t h a t  the  gonads  were 
t aken  a long wi th  the  digestive diver t icula .  It  has  
been  suggested t h a t  some mol luscs  ut i l ize  fat  as 
the  fuel in the i r  gonads  (1,7) .  The  p re sen t  
f indings  suppo r t  this  hypo thes i s .  F u r t h e r m o r e ,  
the  seasonal  shif ts  in c o m p o s i t i o n  and  weight  
of  the  digestive gland of  the  c lam,  Mytilus 
edulis, suggest an energy storage role (18) .  

The  l i t e ra ture  p resen t s  conf l ic t ing  and  
i n c o m p l e t e  r epor t s  of  oys te r  s terol  compos i -  

t ion.  All repor ts ,  inc lud ing  the  p resen t  s tudy ,  
ut i l ized only  one GLC phase.  Conc lus ions  
c o n c e r n i n g  the  i d e n t i t y  of  peaks  u n d e r  such 
c i r cums tances  mus t  be viewed wi th  cau t ion .  
C o m p a r i s o n  of  the  pe rcen tages  of var ious 
sterols  f o u n d  in the  p re sen t  s tudy  wi th  those  
r epo r t ed  in the  l i t e ra tu re  (19 ,20)  reveals close 
agreement .  The  p r e d o m i n a t e  oys te r  s terols  are 
cho les te ro l  (35%),  2 4 - m e t h y l e n e c h o l e s t e r o l  
(27%) and  brass icas terol  (12%).  

The decrease in s terol  c o n s t i t u e n t s  of  the  
pos t spawning  oys te r  t issues is p r o b a b l y  due to  
the  loss of  these l ipids dur ing  the  r ep roduc t ive  
process.  Such losses in b o t h  free and  ester i f ied 
s terols  have been  n o t e d  in the  scallop,  Placo- 
pectan magellanicus (6).  Conf l i c t ing  values for  
the  pe r cen t  of  c o n c e n t r a t i o n s  of  s teryl  esters to 
free s terols  in oys te r  t issue have been  publ i shed .  
Baker  et  al. (4) e s t ima ted  this  ra t io  to  be a lmos t  
50%, while  Watanabe  and A c k m a n  (21)  f o u n d  
it  to  vary f rom 9.3% to 28.5%. The  p re sen t  
r epo r t  agrees wi th  the  la t te r  s t udy  as values 
f o u n d  here in  for  this  ra t io  average 10% and 
vary f rom 1% to 30%. 
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LETTERS TO THE EDITOR 

Cholesterol Absorption 

Sir: The methods of determining cholesterol 
absorption which are in use all require assump- 
tions which make them impossible to interpret 
in absolute terms. Direct transfer of cholesterol 
to lymph is accurate, but its determination 
requires surgery which makes physiological 
interpretation difficult. Other methods resort 
to selected assumptions, and comparison of one 
method to another is not an indication of 
validity. 

The first problem is transit time through the 
gastrointestinal tract. Various markers have 
been used to enable correlation of time of the 
period of ingestion of a particular diet with the 
excretion related to that time period. Chromic 
oxide has been validated as suitable for that 
purpose (1). The authors recommended that 
only subjects who excreted greater than 90% of 
the chromic oxide dose/day be included in 
balance studies. Twenty percent of their 
subjects sequestered the Cr203 in the colon. 
This obviously eliminates 20% of the "normal" 
population from any study. 

The major problem is losses of neutral 
sterols during intestinal transit, which were 
considered to be unaccountable (2-3). Labeled 
/3-sitosterol has been considered to be a suitable 
nonabsorbable marker for sterols. The convic- 
tion that ~3-sitosterol is not  absorbed is based 
upon reports of Gould (4) for man and Sylven 
and Borgstrom (5) for the rat. In fact, Gould 
proved that /3-sitosterol was absorbed by 
humans, incorporated into tissues, esterified 
and excreted via bile (4). The efficiency of 
absorption was ca. 10% of that of cholesterol in 
his subjects. Sylven and Borgstrom (5) showed 
1.5 to 2.7% of fed sitosterol was transported to 
the lymph in the rat. 

Other reports have indicated absorption of 
22% (6), 2 to 23% (7), and 53% (8) of fed plant 
sterols by rats. These results were based on 
excretion of the apparently unabsorbed 
materials. Davignon et al. (1) reported failure of 
excretion of 8-43% of fed/3-sitosterol by human 
subjects. The excretion pattern was not corre- 
lated with intestinal transit time. 

The low concentration of /3-sitosterol in 
plasma has been one reason absorption has been 
considered low. Salen et al. (9) concluded that 
ca. 10% of/3-sitosterol was absorbed based upon 
measurements only of plasma concentration. It 

may be concluded that ~sitosterol disappears 
from the gut, enters the lymph, is incorporated 
into tissues and excreted in bile in varying 
proportions of what is ingested. The appearance 
of plant sterols in skin is further confirmation 
of their absorption (10). 

The failure of loss of carbons from the ring 
structure of cholesterol was verified in 1952 by 
Chaikoff et al. (11) and has been reconfirmed 
by Chevallier (12). In fact, intestinal bacterial 
degradation and carbon loss does not occur 
(13,14). The germ-free baboon has been shown 
to excrete only about half the administered 
/3-sitosterol determined either by recovery of 
mass or radioisotope (15). In that experiment, 
the fecal recovery of cholesterol was about the 
same as that of sitosterol, and neither was 
greatly affected by mono or polycontamination 
of the baboon's gastrointestinal tracts. 

Use of /3-sitosterol as a nonabsorbable 
marker is fallacious. The difference between 
ingested and excreted radiolabeled cholesterol 
is net absorption. What happens to the choles- 
terol which is not excreted must be accounted 
for. This use of radiolabeled cholesterol pro- 
vides information on net absorption which adds 
to the information which may be derived from 
chemical balance methods. Still unaccounted 
for is the actual absorption and enterohepatic 
circulation of cholesterol when these methods 
are used. 

The Plasma Isotope Ratio Method for 
determination of cholesterol absorption was 
proposed by Zilversmit for rats (16). It involves 
simultaneous administration of [3H]choles- 
terol orally and [14C] cholesterol intravenously 
(or vice versa) and subsequent analysis of the 
ratio of 14C and 3H in serum cholesterol. 

P e r c e n t a g e  o f  t he  ora l  dose  in an  a l i q u o t  
o f  p l a s m a  

x 1 0 0  
P e r c e n t a g e  o f  t he  i n t r a v e n o u s  dose  in t he  

s a m e  a l i q u o t  o f  p l a s m a  

In rats, the ratio was constant for several 
days after the first 24 hr. 

The plasma ratio is rationally sound. The 
intravenous injection of cholesterol results in 
100% of the dose being within the animal. 
When the two isotopes disappear at similar 
rates, as demonstrated in the rat, one or two 
measurements constitutes as valid a measure of 
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absorption as is presently known. The ratio 
incontrovertibly indicates internal/external 
cholesterol. If the curves are not parallel, then 
one must make measurements until  they 
become parallel and then calculate the area 
ratios, rather than the simple plasma ratio. 
Validity then becomes a question of mathe- 
matics rather than assumptions about losses of 
carbon. 

JACQUELINE DUPONT 
Food and Nutrition Department 
Iowa State University 
Ames, Iowa 50011 
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Analysis of Alpha Tocopherol in Red Blood Cells 
by Gas Liquid Chromatography 

Sir: A previous communication (Lehmann, 
J., Lipids 13:616 [1978])  described a proced- 
ure for the analysis of  c~-tocopherol in plasma 
and platelets by gas liquid chromatography 
(GLC). When we tried to extend this 
methodology to the analysis of  c~-tocopherol in 
red blood cells, an interfering substance thus 
far encountered only with red blood cells was 
not separated adequately from the 5,7-di- 
methyltocol  (5,7-T) internal standard on GLC 
(Fig. 1). The method now has been successfully 
adapted to the analysis of  red blood cells by the 
following modification. 

Nonsaponifiables from 0.5 ml of packed red 
cells were dissolved in 0.5 ml of  toluene 
(toluene was purified before using by passing 
through 80-200 mesh neutral alumina) and 
passed through 0.3 g of toluene-washed Unisil| 
(100-200 mesh activated silicic acid, Clarkson 
Chemical Co., Williamsport, PA) in a Pasteur 
pipet. The column was then rinsed with 1.6 ml 
of toluene and the total  effluent (2.1 ml) was 
collected in an evaporation tube,  evaporated 
to dryness with nitrogen and prepared for GLC 
as described previously. Elution volume 
characteristics of  different lots of  Unisil| may 
vary and should be determined. 

Recoveries of c~-tocopherol relative to 5,7-T 
added to vitamin E-deficient rat red blood cells 
(N=5) averaged 89% (range 87-92%). The 
coefficient of variation for replicate analyses 
(N=10) was 4.42% (x-1.94 /aga-tocopherol/ml 
packed cells). Red blood cells containing as 
little as 0.2/.tg of  o~-tocopherol/ml packed cells 
have been analyzed successfully by using these 
modifications and without increasing sample 
size. 

JOANNA LEHMANN 
Lipid Nutri t ion Laboratory 
Nutri t ion Insti tute 
Human Nutrit ion Center 
Beltsville, Maryland 20705 

(Z-T 

t B a-T 

t 
I 
0 llo 
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2 0 310 
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41o 

FIG. 1. Gas chromatographic separation of rat red 
blood cell a-tocopherol (A) after Unisil| column, (B) 
without Unisil| column, and of (C) a standard 
mixture of 5,7-dimethyltocol (5,7-T) and a-tocopherol 
(c~-T). Column treatment also improved GC resolution. 

[Received July 20, 1979] 
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Coloring Conditions of Thiobarbituric Acid Test 
for Detecting Lipid Hydroperoxides 
T. ASAKAWA 1 and S. MATSUSHITA,  Research Institute for Food Science, 
Kyoto University, Uji, Kyoto, 611, Japan 

ABSTRACT 

The coloring reaction of the thiobarbituric acid test for hydroperoxides was completely inhibited 
by the addition of EDTA. Therefore, it was necessary to add a metal salt to the reaction mixture to 
complete the reaction and also to add an antioxidant to prevent autoxidation when unoxidized un- 
saturated fatty acids co-exist. The optimal pH of the reaction was found at 3.6 using glycine-hydro- 
chloric acid buffer. 

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

Thiobarbituric acid (TBA) reaction has long 
been used to detect lipid oxidation(l) .  The 
TBA reaction has been considered to depend on 
the reaction forming red pigment by reacting 
with malonaldehyde produced by lipid oxida- 
tion, and generally used for detecting so-called 
secondary products (2). In recent years, this 
reaction has been used for the determination of 
hydroperoxides in living tissues (3,4). There- 
fore, basic studies using purified hydro- 
peroxides are necessary to establish the TBA 
test for hydroperoxides applied to serum or 
some biological systems. In our previous paper 
(5), we proposed to use iron salt and an anti- 
oxidant to elevate the sensitivity of the method 
when the TBA reaction is applied to the de- 
termination of hydroperoxides. After that 
paper (5) was submitted, Ohkawa and Yagi (6) 
reported a highly sensitive method whict~ uses a 
detergent and an acetate buffer, pH 4.0. There- 
fore, we again tried to find the best conditions 
for the TBA test by adopting the good points 
of their method. From the results, we realized 
that the TBA test for hydroperoxides depends 
on the catalytic action of contaminated metal 
ions in the reagent, because this coloring 
reaction was completely inhibited when EDTA 
was added. Therefore, the addition of a metal 
salt to the reaction mixture is necessary for 
completing the reaction. The best coloring was 
obtained by using glycine-hydrochloric acid 
buffer, pH 3.6, as determined by its high color 
formation and high color purity. Antioxidants 
were also indispensable to prevent autoxidation 
when unoxidized lipids co-existed. 

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

Materials 

Methyl linoleate and methyl linolenate were 
purchased from the Tokyo Kasei Co. Fatty acid 
esters were dissolved in hexane and were 

1present address, Doshisha Women's College, 
Imadegawa, Kamikyo-ku, Kyoto, 602, Japan. 

purified through a Florisil column (7). Methyl 
linoleate monohydroperoxides (MLHPO) and 
methyl linolenate monohydroperoxides 
(MLNHPO) were purified by silica gel column 
chromatography from fatty acid methyl esters 
autoxidized at 37 C (8). 

Butylated hydroxytoluene (BHT) was used 
as an antioxidant; ethanol solution was used. 

Determination o f  hydroperoxides. [odo- 
metric determination was used (9). 

TBA test. A modified Ottolenghi method 
(10) was used. To 0.1 ml of the sample in a 20 
ml test tube, 0.I ml of 5% sodium dodecyl 
sulfate (SDS), 1.5 ml of acid or buffer solution 
and 1.5 ml of 0.5% TBA solution (depending 
on the experimental conditions, 0.1 ml of ferric 
chloride solution, FeC13~ 270 mgin  100 
ml water and 0.1 ml of BHT ethanol solution, 
BHT 220 mg in 100 ml ethanol) were added. 
The tube was capped with a glass bead and the 
mixture was heated for 15 rain in a boiling 
water bath. After it was cooled in ice water, 1 
ml of glacial acetic acid and 2 ml of chloroform 
were added. The mixture was then shaken and 
centrifuged. The optical density of the super- 
natant was determined at 532 nm using a 1 cm 
cuvette. The final volume was ca. 4.2 ml. 

A reagent blank was run simultaneously. The 
molar extinction coefficient used to calculate 
the amount of malonaldehyde was 1.56 x 10 s 
M-1 cm-l (11). 

Final proposed TBA test. To 0.1 ml of the 
sample, 0.1 ml of ferric chloride solution (same 
as described above), 0.1 ml of BHT solution 
(same as described above), 1.5 ml of 0.2 M 
glycine-hydrochloric acid buffer, pH 3.6 (12), 
and 1.5 ml of TBA reagent were added. The 
procedures followed were the same as men- 
tioned above. The TBA reagent was made 
by dissolving 0.5 g of TBA and 0.3 g of SDS in 
100 ml water. The final volume was ca. 4.1 ml. 

RESULTS A N D  DISCUSSION 

Several kinds of buffer solution were tested 
for the coloring condition of hydroperoxides 
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TABLE I 

TBA Test for MLHPO and MLNHPO at Several pHs a 

Coloring (%) 

0.2 M 0.2 M c 0.2 M 
35% b 0.2 M glycine-HC1, acetate glycine-NaOH, 0.01 M 
TCA acetic acid pH 3.6 pH 4.0 NaOH, pH 8.8 NaOH 

MLHPO 11 58 100 d 102 90 80 
MLNHPO 20 64 103 89 90 75 

aThe reaction was carried out as described in "Methods." 0.5 /~mole each of either MLHPO o r  MLNHPO was 
used per tube. One #mole ferric chloride was added to each tube. Mean values from triplicate experiments are 
used. The absorption maxima of the final solutions are the same in all cases. 

bRef. 5 and 10. 
CSimilar values were obtained from using 20% acetic acid adjusted with sodium hydroxide to pH 4.0 (6). 
d25.0 nmoles malonaldehyde. 

wi th  TBA test.  At the  same t ime,  the  effects  of  
e thy lened iamine te t raace t i c  acid (EDTA) and 
iron salts were tested.  The results showed that  
the  TBA test  for  hyd rope rox ides  was com- 
pletely inhibi ted  by EDTA but  the so-called 
secondary  p roduc t s  reacted in its presence.  
These facts show that  the  react ion when 
applied to hyd rope rox ides  depends  on the 
catalytic ac t ion of con tamina ted  meta l  ions in 
the  reagents.  Tests were then  conduc t ed  using 
iron salts. Ferrous  sulfate was found  to be 
effective when t r ichloroacet ic  acid (TCA) was 
used, as shown in our  previous paper  (5), but  
only ferric chloride was effective under  o the r  
condi t ions ;  i.e., weak acid or alkaline pH. 
Therefore ,  1 ~mole  ferric chloride per tube was 
used in the  fol lowing exper iments .  

The TBA test  was carried out  at several pHs 
wi th  the addi t ion  of  ferric chloride.  The TBA 
color could not  be ob ta ined  when citrate or 
phospha te  buffers  were used.  This fact may also 
suppor t  the  necessi ty of  iron salts to the 
react ion.  In all cases, 15 min heat ing was 
enough to get m ax imum color. As shown in 
Table I, the  color intensi t ies  were higher 
when  glycine-hydrochlor ic  acid buffer ,  glycine- 
sodium hydrox ide  buffer  and acetate  buffer  
were used. But the  pur i ty  of  the  color  ob ta ined  
was more  p rominen t  in the  cases of  glycine- 
hydrochlor ic  acid and glycine-sodium hy- 
droxide  buffers  than  tha t  o f  aceta te  buffer .  The 
color ob ta ined  using g lyc ine-hydrochlor ic  acid 
buffer ,  pH 3.6, was pure pink (532 nm)  and 
did no t  contain  a yel low fract ion (about  450 
nm)  as shown in Figure 1. The color  result ing 
f rom glycine-sodium hyd rox ide  buffer ,  pH 8.8, 
was also pure pink.  

The op t imal  pH condi t ions  may  be de- 
t e rmined  by two factors,  the fo rma t ion  of  
coloring materials (e.g., ma lona ldehyde)  f rom 

the  decompos i t i on  of  hydroperox ides ,  and the  
react ion of  malona ldehyde  with TBA. Both 
glycine buffers ,  pH 3.6 and 8.8, were con- 
sidered to  be suitable for the  TBA test.  

When unoxidized  fa t ty  acids co-existed in 
the react ion condi t ion ,  au tox ida t ion  proceeded.  
To depress the  au tox ida t ion  of  unsatura ted  
fa t ty  acids, BHT was added.  As shown in Table 
II, BHT was effective in depressing autoxida-  
t ion.  The addi t ion  of  BHT, 1 #mole / t ube ,  was 
adopted  for the  fol lowing exper iments .  As the  
decompos ing  react ion of  hyd rope rox ides  to 
ma lona ldehyde  is a radical react ion,  BHT 
partially inhibi ted the TBA reac t ion  (Table III). 

0,8 

~0.6 

o 

0,4 

0,2 

1 

400 450 

y ~ 

500 550 

138 

Wavelength (nm) 

FIG. 1. Absorption spectrum of the color pro- 
duced by the reaction of MLHPO with TBA. The 
reaction was carried out with 0.5 lamole MLHPO in 
glycine-hydrochloric acid buffer, pH 3.6. Ferric 
chloride 1 gmole was added. Test are described under 
"Methods." 
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THIOBARBITURIC ACID TEST 

TABLE II 

Effect of BHT on the Autoxidation of Methyl Linoleate and Methyl Linolenate in 
Glycine-Hydrochloric Acid Buffer, pH 3.6, and Glycine-Sodium Hydroxide Buffer, pH 8.8. a 

139 

Coloring (%) 

Methyl linoleate Methyl linolenate 

pH 3.6 pH 8.8 pH 3.6 pH 8.8 

+ FeCI 3 1 /2mole 100 b 57 100 c 75 
+ FeCI 3 1 #mole 0 0 5 4 

+ BHT 1 /2mole 
+ EDTA 1 pmole 0 0 0 0 

aThe reaction was carried out as described under "Methods." Methyl linoleate and methyl linolenate 
used/tube were 50 #moles and 5 /~moles, respectively. Mean values from triplicate experiments are used. 

b21.8 nmoles malonaldehyde. 
c93.2 nmoles malonaldehyde. 

TABLE III 

Effect of BHT on the Coloring of Hydroperoxides a 

Coloring (%) 

MLHPO MLNHPO 

pH 3.6 pH 8.8 pH 3.6 pH 8.8 

+ FeC13 1 #mole 100 a 90 104 91 
+ FeCI 3 1 #mole 54 53 63 61 

+ BHT 1 pmole 
+ EDTA 1 gmole 0 0 0 0 

aMLHPO and MLNHPO used were all 0.5 Nmole/tube. Glycine-hydrochloric acid buffer, pH 3.6, and glycine- 
sodium hydroxide buffer, pH 8.8, were used. Values are the means from triplicate experiments and are expressed 
as percentages of those obtained from MLHPO without BHT. 

b25.0 nmoles malonaldehyde. 

However,  bo th  a ferric salt and an an t iox idan t  
are necessary for the  TBA test  o f  hydro-  
peroxides  when unox id ized  unsa tura ted  fa t ty  
acid co-existed.  An appropr ia te  balance of  
ferric salt and BHT may be impor tan t .  Autoxi-  
dat ion of  unsa tura ted  fa t ty  acids p roceeded  
faster  at pH 3.6 than at pH 8.8, but  it was 
almost  p revented  by the  addi t ion  of  BHT 
(Table II). The coloring of  hyd rope rox ide s  was 
depressed by adding BHT at b o t h  pH 3.6 and 
8.8, but  wi thou t  BHT, the  coloring was a little 
higher at pH 3.6 (Table l iD. Therefore ,  glycine- 
hydrochlor ic  acid buffer ,  pH 3.6, was finally 
chosen  for  the p roposed  m e t h o d  in this paper  
as descr ibed under  " M e t h o d s . "  

F r o m  the results ob ta ined  above, it should 
be no ted  that  the  TBA test  cannot  be used for 
de termining  the quant i ty  of  hydroperox ides ,  
but  it can be used for  obta ining the  rela- 
tive a m o u n t  of  hyd rope rox ides  in a def in i te  
sample.  

By using the TBA m e t h o d  descr ibed above, 
cal ibrat ion curves of  MLHPO and MLNHPO 
were ob ta ined  in the  presence  of  unoxid ized  
unsa tura ted  fa t ty  acids (Figs. 2 and 3). By 
adding me t h y l  l inoleate (Fig. 2), the  coloring 
was a little lower  than  simply by adding BHT. 
With me thy l  l inolenate  (Fig. 3), the values of  
the  curve ob ta ined  increased a little by con- 
taining a por t ion  of  the  color derived f rom 
autoxid ized  l inolenate.  As shown in these 
cal ibrat ion curves, only  5% of  hyd rope rox ides  
was de tec ted  as malona ldehyde .  One thing 
should be no ted  is that  pure l inoleate hydro-  
peroxides  fo rmed  TBA color  against the  results 
o f  Dahle et al. (13). 

When the  TBA test  is applied to de tec t ing  
hyd rope rox ides  in a system conta ining b o t h  
hyd rope rox ides  and unoxid ized  lipids, ferric 
chloride and BHT should be added as shown 
above. When the TBA test  is used for de tec t ing  
only  secondary  products ,  e i ther  BHT or EDTA 
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FIG. 2. Calibration curves of MLHPO with and 
without unoxidized linoleic acid. The TBA test was 
performed with 0.2 M glycine- hydrochloric acid 
buffer, pH 3.6. 

- o - o -  MLHPO only, tested according to our final 
proposed method except BHT was not added. 

- -  - -  MLHPO with 50-#moles  linoleic acid, 
tested according to our final proposed method. 

shou ld  be  added .  
This  m e t h o d  is n o t  cons ide red  to  be ap- 

p r o p r i a t e  to  app ly ing  a n y  mater ia l s ,  b u t  m a y  be 
use fu l  fo r  t he  m i c r o d e t e r m i n a t i o n  o f  h y d r o -  
p e r o x i d e s  in s e r u m  or  so. 
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Effect of Methyl 2-Hexadecynoate on Hepatic Fatty Acid 
Metabolism 
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ABSTRACT 

Normal and hepatoma bearing rats were fed a low level of methyl 2-hexadecynoate in a low fat diet 
for one month. The effect of the acetylenic acid on lipid metabolism as derived from mass analysis of 
lipid classes, fatty acids and positional monoene isomers isolated from the major lipid classes of liver 
and hepatoma has been assessed. Methyl 2-hexadecynoate caused a 25% decrease in body weight and 
the appearance of essential fatty acid deficiency symptoms within one week. Non-tumor-bearing ani- 
mals contained a seven-fold increase in all neutral lipid classes, except cholesterol, while host animals 
did nat contain fatty livers. The apparent protective effect of the host animal by the hepatoma also 
resulted in only marginal changes in the fatty acid and positiona~ m~noene isomers from host lh, er and 
hepatoma lipids. In contrast to host liver and hepatoma, methyl 2-hexadecynoate caused a massive 
accumulation of pahnitate and hexadecenoates with a concomitant decrease in stearate and octadecen- 
oates in most of the lipid classes from non-tumor-bearing animals. These changes were accompanied by 
a shift from the higher molecular weight triglycerides to lower molecular weights corresponding to 
carbon number 48. The high concentrations of hexadecenoates consisted predominantly of the 2x9 
isomer. Despite the high concentrations of eis A9 hexadecenoate, precursor of e~s a l  I octadecenoate 
(vaccenate), total vaccenate levels of the five major lipid classes were lower than control values. All 
of these data strongly suggest that long-chain 2-ynoic acids inhibit elongation of saturated and mono- 
ene fatty acids. 

INTRODUCTION 

We have made  use of a n u m b e r  of  com- 
p o u n d s  tha t  af fec t  l ipid m e t a b o l i s m  to s t u d y  
the  re la t ion  b e t w e e n  h e p a t o m a  and  hos t  an ima l  
l ipids (1-3). An ace ty len ic  f a t ty  acid, 5 ,8 ,11 ,14-  
e i cosa te t r ayno ic  acid, exh ib i t ed  mul t ip le  effects  
on  liver lipids, and  to a lesser degree the  hepa-  
t o m a  lipids (3) ,  and  appeared  to re tard the  ra te  
of  h e p a t o m a  g rowth  ( u n p u b l i s h e d  data).  
Because of  the  p o o r  solubi l i ty  and  appa ren t  low 
a b s o r p t i o n  of  5 ,8 ,11 ,14-e icosa te t r ayno ic  acid,  a 
more  effect ive ace ty lenic  acid was sought .  This  
r epo r t  describes the  effect  of  m e t h y l  2-hexa-  
d e c y n o a t e  on  the  lipid m e t a b o l i s m  of  n o r m a l  
liver, hos t  liver and  h e p a t o m a  7288CTC.  

METHODS AND MATER IALS 

G r o u p s  o f  male  Buffa lo  s train rats  weighing  
250-300  g were placed on  a fat-free diet  (U.S. 
Biochemica l  Corp. ,  Cleveland,  OH) supple-  
m e n t e d  wi th  0.5% saff lower  oil or supple-  
m e n t e d  wi th  0.5% saff lower  oil plus 0.5% 
m e t h y l  2 -hexadecynoa te .  The  level o f  the  
m e t h y l  2 -hexadecynoa te  was reduced  to 0.1% 
af ter  one  week.  A group of  rats  on  the  m e t h y l  
2 -hexadecynoa t e  diet  was t r an s p l an t ed  w i th  
h e p a t o m a  7288CTC at the  t ime  the  an imals  
were placed on  the  diet .  Af te r  four  weeks,  the  
animals  were killed, livers and  h e p a t o m a s  
excised,  weighed,  lyophi l i zed  and  the  to ta l  

1To whom correspondence should be addressed. 

l ipids ex t r ac t ed  b y  the  Bligh and  Dyer  pro- 
cedure  (4). Neu t ra l  l ipids and  polar  l ipids were 
f r a c t i ona t ed  by  silicic acid c h r o m a t o g r a p h y  (5).  
Neut ra l  l ipid classes were quan t i f i ed  by  h igh  
t e m p e r a t u r e  gas-liquid c h r o m a t o g r a p h y  (GLC) 
analysis  of  the  i n t ac t  l ipids (6). Phospho l ip id  
classes were resolved by  th in- layer  ch roma tog -  
r aphy  (TLC)  (7) and  quan t i f i ed  by  p h o s p h o r u s  
anaIysis (8) .  Ind iv idua l  lipid classes were 
isola ted by  TLC (6,7) ,  m e t h y l  esters p repared  
by acid ca ta lyzed es te r i f ica t ion  (6) and  ana- 
lyzed quan t i t a t i ve ly  by  GLC on  10% SP-2330 
(Supelco,  Inc. ,  Be l le fonte ,  PA) co lumns  pro- 
g r a m m e d  f rom 140 C to 220  C at 3 C / m i n  using 
a Var ian  Model  3700  c h r o m a t o g r a p h .  F a t t y  
esters  were resolved accord ing  to degree of  
u n s a t u r a t i o n  and  con f igu ra t ion  on  Silica Gel G 
Plates impregna t ed  w i th  6% sitver n i t r a t e  and 
deve loped  in c h l o r o f o r m  con ta in ing  1% etha-  
nol. The  eis m o n o e n e  f r ac t ion  was resolved by 
prepara t ive  GLC (9) on  a n o n p o l a r  c o l u m n  and  
the  h e x a d e c e n o a t e  and  o c t a d e c e n o a t e  f rac t ions  
were co l lec ted  (10) .  Ozonides  of  the  m o n o e n e s  
were p repa red  by  a m o d i f i c a t i o n  of  the  Beroza  
and  Bierl p rocedu re  (11 ,12)  and  ana lyzed  by  
GLC (11).  All GLC analyses  were t a k e n  wi th  a 
Spectra-Physics  digital i n t eg ra to r  (San ta  Clara, 
CA). 

The  2 -hexadecyno ic  acid was p repared  by 
the  add i t i on  of  c a r b o n  d ioxide  to  the  Gr ignard  
of  1 -pentadecyne .  The  m e t h y l  es ter  gave on ly  
one  spot  on  TLC. Analysis  of  the  m e t h y l  
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ester by GLC on polar (SP-2330) and nonpolar 
(OV-1) columns gave only one peak having an 
equivalent chain length of 19.4 and 16.6, 
respectively, on the two columns. After hydro- 
genation, only one peak was observed on the 
two columns corresponding to methyl palmi- 
tate. Ozonolysis of methyl hexadecenoate, 
resulting from partial hydrogenation of methyl 
2-hexadecynoate, gave only myristaldehyde 
confirming the position of the triple bond. The 
source and purity of solvents and standards 
used in these studies have been reported (11). 

RESULTS 

Effect on Intact Animal 

The methyl 2-hexadecynoate had an im- 
mediate and dramatic effect on the rats. By the 
second day on the diet, the animals had red, 
irritated eyes, noses, mouths and front paws. 
The irritation may have been produced directly 
by the acetylenic acid or by continued groom- 
ing and washing of the face. The face and paws 
were always wet, which probably resulted 
from nasal weeping or salivation. After a few 
days the hair on the face and paws became a 
dark brown to red which was assumed to result 
from blood. Within a week the animal had th.e 
appearance of severe essential fatty acid defi- 
ciency: the paws and face became scaly and the 
hair coat over the whole body was rough. These 
essential fatty acid deficiency symptoms 
may have resulted from other causes (hepato- 
toxicity) since the level of 18:2 and 20:4 in the 
liver lipids appeared normal. This does not 
preclude the possibility that the metabolism of 
the essential fatty acid or derived products was 
inhibited. 

Body weight decreased approximately 25% 
in one week for normal and hepatoma bearing 
animals being fed the 0.5% methyl 2-hexa- 
decynoate in the diet. Because it appeared the 
animals would die soon, the amount of methyl 
2-hexadecynoate was reduced to 0.1% of the 
diet for the remaining three weeks. The animals 
then maintained their weight the second 
week and gained weight the third and fourth 
weeks, reaching 87% of their original weight, 
but the appearance of the essential fatty acid 
deficiency persisted. Control animals gained 50 
to 60 g during the experiment. 

Lipid Classes 

Liver weights (5.6% -+ 0.3), expressed as 
percent of body weight, of normal animals fed 
the acetylenic acid were significantly higher 
than host liver (4.6% + 0.3 of rats fed methyl 
2-hexadecynoate or normal liver (4.6% -+ 0.04) 

of the untreated animals. The quantity of total 
neutral lipids, total phospholipids, and the 
percentage distribution of the individual lipid 
classes in each fraction are given in Tables I and 
II. Neutral lipid levels for control liver, host 
liver and hepatoma were similar to normal liver, 
host liver and hepatoma from chow fed animals 
reported previously (13). In contrast, normal 
liver from animals fed the acetylenic acid 
contained more than seven times the neutral 
lipids of control liver. Despite the high concen- 
tration, the percentage distribution of the lipid 
classes was not very different from control liver 
with the exception of the lower percentage of 
cholesterol (Table I). Generally, free fatty 
acids, cholesterol and cholesteryl esters were 
higher and triglyceride percentages were lower 
in host liver and hepatoma compared to control 
liver and liver from methyl 2-hexadecynoate 
fed animals. A comparison of the distribution 
of neutral lipid classes with values reported 
previously (13) for chow fed animals indicates 
the acetylenic acid lowered cholesterol and 
triglyceride levels in host liver and the hepa- 
toma. Lysophosphatidylcholine and phospha- 
tidylserine percentages were elevated in the 
liver of non-tumor-bearing animals fed the 
acetylenic acid. Generally, the effects of methyl 
2-hexadecynoate on liver phospholipid concen- 
trations and phospholipid class distributions 
were minimal (Table II) and values agreed with 
those reported earlier for chow fed animals 
(14). The lower concentration of phospho- 
lipids, the elevation of sphingomyelin and lower 
percentage of phosphatidylcholine in the 
hepatoma relative to liver have been observed 
earlier (14) and do not result from the acety- 
lenic acid. 

The carbon number distribution of the 
triglycerides from hepatoma and liver of 
animals fed the acetylenic acid is given in Table 
III. Liver from each group of animals and 
hepatoma exhibited a different distribution. 
Both host liver and normal liver of the animals 
fed the acetylenic acid contained a high per- 
centage of carbon number 48 and a much 
reduced percentage of carbon number 52 
relative to normal liver of untreated animals. 
The triglyceride carbon number distribution of 
control liver was intermediate to triglycerides 
from animals fed chow and fat-free diet (13). 
The higher molecular weight triglycerides of the 
hepatoma differed little from hepatomas 
obtained from host animals fed chow or fat-free 
diets (13). The higher percentage of high 
carbon number triglycerides is not unique to 
hepatomas, but is characteristic of a large 
number of transplantable rat and mouse tumors 
(15). 
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TABLE I 

Percentage Composition of Neutral Lipids from Hepatoma and 
Liver of  Animals Fed Methyl 2-Hexadecynoate 

143 

Lipid Class Percentages a 

Hepatic tissue Quantity NL 
and diet (mg/g wet wt) FFA Chol. DG TG CE 

ControllNer b 22.7• 3.7 2 . 6 •  7.8•  1.2 4 . 8 •  82.0• 1.7 2 .8 •  
Normalliver, treated c 174.1•  3 .6•  1 .1 •  3.5 • 1.3 87 .6 •  4 . 2 •  
Hostliver, treated 7 .2•  0.6 21 .8 •  23 .0 •  7 . 8 •  38 .8•  7 . 6 •  
Hepatoma, t reatedhost  7.0•  1.5 5 . 3 •  25 .2 •  0 . 9 •  41 .6 •  24 . 7 •  

Abbreviations: NL = total neutral lipid; FFA = free fatty acids; Chol. = cholesterol; DG = diglycerides; TG = 
triglycerides; and CE = cholesterol esters. 

apercentages represent the mean • standard deviation of three or four animals. 
bControl diet consisted of  fat-free + 0.5% safflower oil. 
CTreated diet consisted of  control diet + 0.1% of methyl 2-hexadecynoate. 

TABLE II 

Percentage Distribution of Phospholipid Class Phosphorus in Normal Liver, 
Host Liver and Hepatoma Lipid from Rats Fed Methyl 2-Hexadecenoate a 

Percentage P in lipid class from 

Lipid class Control Liver, Host liver Hepatoma, 
& quantity liver 16~1 diet 16~-1 diet host 16------1 diet 

Quant i tyPL 
( m g / g w e t w t )  4 0 . 2 •  34 .5 •  33 .8 •  11.1• 1.0 
Orig. 2 . 3 •  2 .5 •  2 . 3 •  3 .2•  
LysoPC 2 .8 •  6 . 7+2 .2  4 . 4 •  4 . 2 •  
SPH 5 .0 •  5 .9•  4 . 4 •  12 .6•  
PC 4 8 . 3 •  4 2 . 8 •  44.7 • 3.3 34 .8•  
PI 9 . 9 •  8 . 4 •  9 . 7 •  9.1 •  
PS 4 . 6 •  8.1 •  4 . 2 •  5 . 7 •  
PE 19 .9•  17 .5•  24 . 4 •  23.7• 1.9 
D P G & S F  7.4•  1.1 6 .5+1.1  6 . 3 •  7 .0 •  

Abbreviations: PL = total phospholipids; orig. = origin of thin-layer chromatogram; Lyso PC = lypophospha- 
tidylcholines; SPH = sphingomyelins; PC = phosphatidylcholines; PI = phosphatidylinositols; PS = phosphatidyl- 
serines; PE = phosphatidylethanolamines; DPG - diphosphatidylglycerols; SF = solvent front; and 16--~1 = methyl 
2-hexadecenoate. 

apercentages represent the mean +- standard deviation from three or four individual animals. 

Fatty Acid Composition 

T h e  f a t t y  acid c o m p o s i t i o n s  of  t h e  m a j o r  
neu t r a l  lipid classes i so la ted  f r o m  liver and  
h e p a t o m a  are given in Tab le  IV. Hexa-  
d e c e n o a t e s  were  d rama t i ca l ly  e levated in all 
t h r ee  neu t r a l  l ipid classes f r o m  n o n - t u m o r -  
bea r ing  an imals  receiving the  ace ty len ic  acid 
diet ,  b u t  on ly  marg ina l ly  e levated  in h o s t  liver. 
Pa lmi ta te  was  also e levated in all t h r e e  n e u t r a l  
l ipid classes f r o m  livers o f  n o r m a l  and  h o s t  
t r e a t ed  an imals ,  excep t  c h o l e s t e r y l  es ters  o f  
n o n - t u m o r - b e a r i n g  t r ea ted  animals .  C o m b i n e d  
p a l m i t a t e  and  h e x a d e c e n o a t e  p e r c e n t a g e s  o f  
f ree  f a t ty  acids,  t r ig lycer ides  and  c h o l e s t e r y l  
es ters  f r o m  n o n - t u m o r - b e a r i n g  t r e a t ed  an imals  
r e p r e s e n t e d  over  75% o f  t he  to ta l .  As a resu l t ,  

t he  o t h e r  m a j o r  f a t t y  acids f o u n d  in these  lipid 
classes o f  n o r m a l  liver were  r e d u c e d  in t he  
t r e a t ed  animals .  T h e  f a t t y  acid c o m p o s i t i o n  o f  
c o n t r o l  liver t r ig lycer ides  (Tab le  IV)  was  
ident ica l  to  t he  t r ig lycer ide  c o m p o s i t i o n  o f  
an ima l s  fed a fa t - f ree  diet  (13)  while  t he  
c h o l e s t e r y l  es ter  c o m p o s i t i o n  was  i n t e r m e d i a t e  
to  an imals  fed a c h o w  and  fa t - f ree  diet  (13) .  
T h e  p e r c e n t a g e  d i s t r i b u t i o n  o f  t he  f a t t y  acids in 
t h e  h e p a t o m a  lipid classes d i f fe red  d rama t i ca l ly  
f r o m  liver, was  v i r tua l ly  u n a f f e c t e d  b y  the  
ace ty len ic  acid,  and  d i f fe red  ve ry  li t t le f r o m  the  
c o m p o s i t i o n s  r e p o r t e d  earl ier  t ha t  were  ob-  
t a ined  f r o m  h o s t  an ima l s  fed c h o w  and  fat - f ree  
diets  (13) .  

T h e  p e r c e n t a g e  d i s t r i b u t i o n s  o f  f a t t y  acids in 
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phosphat idylchol ines ,  phosphat idyle thanol-  
amines and phosphat idyl inosi tols  isolated f rom 
liver and hepa toma  of animals fed me thy l  2- 
hexadecynoa te  are given in Table V. Palmitate  
percentages were elevated in all three lipid 
classes of  treated animals relative to control  
liver. Hexadecenoa te  percentages were also 
elevated in all three liver lipid classes, but  
phosphat idylchol ines  showed the largest in- 
crease�9 Stearate and oc tadecenoa te  percentages 
f rom treated animals were much  lower than 
control  liver percentages,  except  for  phospha- 
t idyl inosi tol  octadecenoates .  The effect  of  the  
acetylenic acid on the percentages of  the major  
polyunsatura ted  fat ty acids in the liver phos- 
pholipids was minimal.  Percentages o f  stearate 
in hepa toma phosphat idylchol ines  and phos- 
phat idyle thanolamines  were reduced approxi-  
mate ly  50% relative to previously repor ted  
percentages for hepa tomas  f rom host  animals 
maintained on chow and fat-free diets (1 4). The 
effect  of  me thy l  2-hexadecynoate  on the o ther  
fa t ty  acids in these two hepa toma  lipid classes 
and phosphat idyl inosi to l  was minimal  relative 
to  tumors  f rom chow and fat-free fed host 
animals ( 1 4). 

Positional Fatty Acid Isomers 

The percentage dis t r ibut ion of the cis 
hexadecenoa te  posi t ional  isomers of  the major  
lipid classes isolated f rom hepa toma  and liver of  
animals fed me thy l  2-hexadecynoate  is given in 
Table VI. The A9 isomer was the p redominan t  
isomer in all three lipid classes of  hepa toma  and 
liver f rom all animals�9 The A6, A7 and 2111 
isomers generally made up the balance of  the 
hexadecenoates  in liver tr iglycerides and 
phosp hatidylcholines.  Liver phosphat idyl-  
e thanolamines  contained only the 216 and 219 
hexadecenoates  and the acetylenic  acid had 
lit t le or no effect.  The A7 and A1 1 hexadecen-  
oate isomers were vir tually absent f rom the 
liver tr iglycerides of  the t reated animals. The 
dis t r ibut ion of  posi t ional  isomers in hepa toma  
triglycerides and phosphat idyle thanolamines  
was similar and bo th  classes contained relatively 
high percentages of  2112 and 2114 isomers, 
which were undetec table  in liver�9 The charac- 
ter iza t ion and ident i f icat ion of these two 
unique  hexadecenoa te  isomers in the lipids of 
hepatomas  will appear in a separate publicat ion.  

The percentage dis tr ibut ions of  the cis 
oc tadecenoa te  posit ional isomers in five lipid 
classes isolated f rom hepa toma and liver of  
animals fed methy l  2-hexadecynoate  are given 
in Table VII. Unlike the hexadecenoates ,  only 
two posit ional  isomers, the A9 and A l l ,  
p redominated .  The ratio of  the 219 isomer 
(oleate) to the 2111 isomer  (vaccenate) in 
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n o r m a l  l iver  was  d e p e n d e n t  o n  t h e  l ipid c lass  
a n d  was  a f f e c t e d  o n l y  m a r g i n a l l y ,  i f  a t  all,  b y  
t h e  a c e t y l e n i c  acid.  T h e s e  d a t a  a n d  t h o s e  in 
T a b l e  VI I I  i l l u s t r a t e  b e t t e r  t h a n  p r e v i o u s l y  
o b s e r v e d  ( 1 6 )  h o w  o c t a d e c e n o a t e  c o n c e n t r a -  
t i o n s  c an  be  c h a n g e d  d r a m a t i c a l l y  wh i l e  t h e  
r a t i o  o f  o l e a t e  to  v a c c e n a t e  r e m a i n s  u n c h a n g e d  
in  n o r m a l  l iver  p h o s p h o l l p i d  c lasses .  Al l  t h r e e  
o f  t h e  n e u t r a l  l ip id  c lasses  f r o m  h o s t  l iver  
e x h i b i t e d  t h e  s a m e  a p p r o x i m a t e  r a t i o  o f  o l e a t e  
t o  v a c c e n a t e .  H o s t  l iver  p h o s p h o l i p i d s  c o n -  
r a i n e d  a h i g h e r  p e r c e n t a g e  o f  o l e a t e  t h a n  
n o n - t u m o r - b e a r i n g  a n i m a l s .  In  c o n t r a s t  to  l iver,  
all h e p a t o m a  l ipid c lasses  e x h i b i t e d  t h e  s a m e  
a p p r o x i m a t e  r a t io  o f  o l ea t e  to  v a c c e n a t e .  T h e  
i n c r e a s e d  p e r c e n t a g e  o f  o l e a t e  in h o s t  l iver  l ip id  
c l a s ses  a n d  t h e  l a ck  o f  l ip id  c lass  o l e a t e  to  
v a c c e n a t e  r a t i o s  in  t h e  h e p a t o m a  t h a t  a re  
c h a r a c t e r i s t i c  o f  n o r m a l  l iver  c lasses  a re  in 
a g r e e m e n t  w i t h  o u r  ear l ie r  o b s e r v a t i o n s  (16 ) .  

DISCUSSIONS 

T h e  e f f e c t  o f  t h e  d i e t a r y  m e t h y l  2 - h e x a -  
d e c y n o a t e  o n  t h e  n o n - t u m o r - b e a r i n g  r a t s  was  
d r a m a t i c .  T h e  loss  o f  w e i g h t  d u r i n g  t h e  f i rs t  
w e e k ,  t h e  a p p e a r a n c e  o f  e s s e n t i a l  f a t t y  ac id  
s y m p t o m s  a n d  t h e  d e v e l o p m e n t  o f  f a t t y  l ivers  
m a y  h a v e  r e s u l t e d  in  p a r t  o r  t o t a l l y  f r o m  c a u s e s  

o t h e r  t h a n  t h e  e f f e c t s  o n  l ip id  m e t a b o l i s m  
d e s c r i b e d  in t h i s  p a p e r .  We do  n o t  k n o w  y e t  
w h e t h e r  t h e r e  is a d i r ec t  r e l a t i o n  b e t w e e n  t h e  
o b s e r v e d  e f f e c t s  o n  l ip id  m e t a b o l i s m  a n d  t h e  
o b s e r v e d  e f f e c t s  o n  t h e  i n t a c t  a n i m a l .  B e c a u s e  
o f  t h e  s e r i o u s  d e l e t e r i o u s  e f f e c t  o f  t h i s  c o m -  
p o u n d ,  all a c e t y l e n i c  f a t t y  a c i d s  s h o u l d  be  
h a n d l e d  c a u t i o u s l y  u n t i l  i t  c a n  be  d e t e r m i n e d  
w h e t h e r  t h e  o b s e r v e d  b i o l o g i c a l  e f f e c t s  a re  
a s s o c i a t e d  w i t h  t h i s  p a r t i c u l a r  a c e t y l e n i c  ac id  
i s o m e r  o r  a c e t y l e n i c  a c id s  in gene ra l .  

E f f o r t s  to  i d e n t i f y  m e t h y l  2 - h e x a d e c y n o a t e  
o r  a m e t a b o l i t e  in t h e  l ip ids  f r o m  l iver  a n d  
h e p a t o m a  were  u n s u c c e s s f u l .  T h i s  is n o t  u n -  
e x p e c t e d  s i nce  i t  h a s  b e e n  s h o w n  t h a t  s t e a ro l i c  
ac id  u n d e r g o e s  b o t h / 3 -  a n d  c o - o x i d a t i o n  to  y i e ld  
5 - d e c y n e d i o i c  ac id  (17 ) ,  i n d i c a t i n g  t h e  l a ck  o f  
e n z y m a t i c  a c t i v i t y  in t h e  v i c i n i t y  o f  t h e  t r i p l e  
b o n d .  O n  t h e  o t h e r  h a n d ,  t h i s  p o i n t  o f  v i ew  is 
i n c o n s i s t e n t  w i t h  t h e  o b s e r v e d  r e q u i r e m e n t s  f o r  
C o A  d e r i v a t i v e s  o f  s h o r t  c h a i n  y n o i c  a c id s  t o  b e  
e f f e c t i v e  i n h i b i t o r s  o f  f a t t y  ac id  s y n t h e s i s  in 
v i t ro  ( 18 )  a n d  t h e  f o r m a t i o n  o f  3 - d e c y n o a t e  
t h i o e s t e r  b y  m i c r o s o m a l  f a t t y  a c y l - C o A  s y n t h e -  
t ase  (19 ) .  I n h i b i t i o n  o f  f a t t y  ac id  e l o n g a t i o n  
(To  be  d i s c u s s e d  l a te r )  m a y  i n v o l v e  t h e  C o A  
e s t e r  o f  2 - h e x a d e c y n o a t e ,  b u t  b e c a u s e  o f  t h e  
p r o x i m i t y  o f  t h e  t r ip le  b o n d  to  t h e  c a r b o x y l  
g r o u p ,  e s t e r i f i c a t i o n  i n t o  g l y c e r i d e s  m a y  be  

TABLE VI 

Percentage Distribution of  the  Hexadecenoate  Positional Isomers in the  Three Major Lipids Classes 
Isolated from Hepatoma and Liver of  Animals Fed Methyl 2-Hexadecynoate  

Positional isomer percentages a 

Tissue and diet A6 A7 A9 A1 1 A12 A14 

Control liver b 8.4 -+ 1.7 7.2 • 0.7 
Liver, treated c 5.9 • 1.0 __d 
Host liver, treated 6.1 • 3.4 --  
Hepatoma, treated host 5.9 -+ 0.4 8.1 • 2.6 

Control liver b 6.9 -+ 3.4 2.0 • 1.4 
Liver, treated c 5.7 • 0.9 2.6 • 0.6 
Host liver, treated 4.1 _+ 1.8 2.2 +- 0.8 
Hepatoma, treated host  4.0 9.8 

Control liver b 5.7 
Liver, treated c 2.1 
Host liver, treated 5.0 
Hepatoma, treated host  

Triglycerides 

82.1 • 3.0 2.2 -+ 0.8 . . . . . .  
93.9 +- 1.2 . . . . . . . . .  
92.5 • 3.0 . . . . . . . .  
69.0 -+ 4.3 1.6 -+ 0.4 6.9 • 0.5 8.5 -+ 1.7 

Phosphatidylcholines 

86.4 -+ 5.1 4.9:1:1.1 . . . . . .  
91.7 • 1.5 . . . . . . . .  
93.8 -+ 1.7 . . . . . . . .  
61.3 5.4 11.6 8.0 

Phosphatid yle thanolamines  

94.3 . . . . . . . . .  
97.9 . . . . . . . . .  
95.0 . . . . . . . .  

Sample lost 

apercentages represent the  mean -+ standard deviation o f  three or four  animals. Values wi thout  standard de- 
viation represent the  analysis o f  a pooled sample. 

bControl  liver was obtained from animals maintained on the  fat-free diet supplemented with 0.5% safflower 
oil. 

CTreatment consisted of  control diet plus 0.1% methyl  2-hexadecynoate.  
dDenotes  amounts  of  less than 0.5%. 
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T A B L E  VII  

Pe rcen tage  Dis t r ibu t ion  of  the  O c t a d e c e n o a t e  Posi t ional  I somers  in the  Var ious  Lipid 
Classes Isola ted f r o m  H e p a t o m a  and Liver of  An ima l s  Fed Methyl  2 - H e x a d e c y n o a t e  

Hepat ic  tissue and diet  a 

Lipid N o r m a l  liver Host  liver H e p a t o m a  
class I s o m e r  Cont ro l  liver t rea ted  t r ea ted  t rea ted  host  

EEA A9 64.0  67.7 70.9 56.3 
A l l  36.0 30.1 27.1 35.0 

A9  75.1 -+ 1.3 82.9-+ 8.4 75.6-+ 8.4 62.3 +- 5.0 T G  
A l l  21.6 + 2.0 13.2-+ 0.9 20.5-+ 3.4 37.0+- 4.3 

CE A9 66 .5  78.3 73.9 58.9 
A l l  29.8 19.7 24.5 39.1 

PC A 9  38.6 -+ 0.5 40.6 -+ 2.4 57.7 -+ 7.8 60 .4  • 3.4 
A l l  57.6 + 1.1 5 8 . 8 -  + 3.4 38.8-+ 7.0 37.5-+ 3.5 

PE A9 27.4 27.2 42.3 62 .4  
A l l  65 .0  66.6 51.5 35.6 

Abbrev i a t i ons  are: F E A  = Free  fa t ty  acids; T G  = tr iglycerides;  CE = choles tero l  esters; PC = phospha t idy lcho-  
lines; and PE --- p h o s p h a t i d y l e t h a n o l a m i n e s .  

aPercen tages  r ep re sen t  the  m e a n  + s t anda rd  devia t ion  of  three  or four  animals.  Values w i t h o u t  s t anda rd  
devia t ion  r e p r e s e n t  the analysis  o f  a poo led  sample .  T h e  d i f fe rence  be tween  the sum of  the pe rcen tages  o f  the 
two  isomers  and 100 represen ts  m i n o r  a m o u n t s  of  o the r  isomers  n o t  given in the table. 

inhibited. 
The methyl 2-hexadecynoate did not appear 

to exhibit any antitumor activity as we had 
observed earlier with eicosatetraynoic acid 
(unpublished data). Actually, the tumor-bearing 
animals on the acetylenic acid diet had a better 
appearance than the non-tumor-bearing animals 
on this diet. This subjective evaluation was 
supported by the fact that the host animals did 
not contain fatty livers (Tables I and II). Host 
animals livers also did not exhibit the high 
percentage of hexadecenoates that was ob- 
served in the non-tumor-bearing animals fed the 
acetylenic acid (Tables IV and V). The de- 
creased level of hexadecenoates in the host liver 
lipids may have resulted from reduced desatu- 
rase activity in the host animal. We have re- 
cently shown that the A9 desaturase activity 
decreases to a very low level in the host animal 
liver within a week after hepatoma trans- 
plantation (20). The fall in desaturase activity 
and the inhibition of elongation might be 
expected to lead to higher palmitate per- 
centages in the host animal than the non-tumor- 
bearing animals fed the acetylenic acid, as 
observed in most lipid classes (Tables IV and 
V). This previously unreported protective 
effect exhibited by the host animal toward a 
compound that affects the metabolism of 
normal non-tumor-bearing animals adds to the 
mounting evidence that indicates the lipid 
metabolism of the host animal is affected by 

the tumor (20-23). 
The fatty livers of the non-tumor-bearing 

animals fed the acetylenic acid resulted from 
the accumulation of all neutral lipid classes 
except cholesterol (Table I). Treated non- 
tumor-bearing animals and control animals 
contained 1.9 and 1.8 mg/g wet wt, respec- 
tively. These results and the higher cholesteryl 
ester percentages indicate total liver cholesterol 
concentrations of treated non-tumor-bearing 
animals must have been equal to or greater than 
control liver. This lack of an effect of methyl 
2-hexadecynoate on cholesterol synthesis is in 
contrast to an in vitro study where alk-3-ynoyl- 
CoA esters and free acids were shown to inhibit 
cholesterol biosynthesis via irreversible inactiva- 
tion of cytoplasmic acetyl-CoA acetyl CoA 
acetyltransferase (19). These data suggest that 
the position of the triple bond can play an 
important role on the type of effects a ynoic 
acid can have on a biological system. The 
original use o f  the thioester of 3-decynoate to 
inhibit/3-hydroxy-decanoyl thioester dehydrase, 
a multifunctional enzyme with trans-2-decenoyl 
and cis-3-decenoyl isomerase activity (24), 
suggested that the triple bond was transformed 
into an allene,2,3-decadienoate, that was the 
ac t ive  inhibitory species (25). The circum- 
stantial evidence that suggested the intercon- 
version of the 3-yne to a 2,3-diene by t3- 
hydroxy dehydrase may be correct (26), but 
some of the reported enzymatic inhibitions 
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TABLE VIII 

Concentration of Monoene Fatty Acids in Various Liver Lipid Classes from 
Non-Tumor-Bearing Animals Fed Control and Methyl 2-Hexadecynoate Diets 

149 

Monoene concentration (mg/g wet w0 a 

Control diet Acetylenic acid diet 

Lipid class 16:1A9 18:1A9 18: IAl l  16:1A9 18:1A9 18:lAI1 

Free fatty acids 0.05 0.14 0,08 1.67 0.56 0,25 
Triglycerides 1.94 6.14 1.77 54.62 14.92 2.38 
Cholesterol esters 0.08 0.13 0.06 3.15 0.60 0.15 
Phosph atidylch olines 0.58 1.57 2.34 2.34 0.65 0.94 
Ph osph alidyle th anolamin es 0.15 0.32 0. 75 0,36 0.13 0.32 

aThe hexadec-9-enoates were assumed to represent 90% of the hexadecenoates in free fatty acids and cho- 
lesterol esters which are not given in Table VI. 

a t t r ibuted to the 2,3-diene, including those 
repor ted  here, may not  involve the rearrange- 
ment .  This conclusion is suppor ted  by the  fact 
that  rearrangement  of the 2-yne used in this 
s tudy would have given rise to the 2,3-diene 
also that would  have inhibi ted cholesterol  
biosynthesis  (19) which was no t  observed. This 
argument  can also be used to support  the 
posi t ion that  the 2-yne does not  rearrange and 
that  the observed effects are due to the  triple 
bond and no t  rearrangement  to the 2,3-diene. 

Al though methy l  2-hexadecynoate  appeared 
to have lit t le effect  on cholesterol  biosynthesis  
in the liver, the effect  on fa t ty  acid metabol i sm 
was dramatic,  as shown by the  massive accumu- 
lat ion of  palmitate  and hexadecenoates  (Tables 
I, III, IV and V). The accumula t ion  of  C-16 
fa t ty  acids could have arisen f rom increased 
lipogenesis, decreased oxidat ion,  decreased 
elongat ion or a combina t ion  of  these possi- 
bilities. An increased lipogenesis alone would  
have given rise to a fa t ty  acid profi le similar to 
control  liver, except  for decreased levels of  
l inoleic and arachidonic acids resulting f rom 
dilution.  Robinson et al. (18) have shown that  
2-ynes of  short  chain CoA esters act as strong 
noncompet i t ive  inhibi tors  of fa t ty  acid bio- 
synthesis. Al though  long-chain alk-2-ynoate 
CoA esters were no t  tested as inhibitors,  
Bloxham (19) has repor ted  that  3-decynoic acid 
did not  inhibit  fa t ty  acid synthesis and this 
acetylenic acid could be conver ted to the CoA 
ester by a microsomal  preparat ion.  These data 
indicate that  methy l  2-hexadecynoate  or its 
CoA ester might  inhibit  fa t ty  acid synthesis, 
but  would not  be expected to st imulate lipo- 
genesis. 

A decrease in the rate of  fa t ty  acid oxida- 
t ion,  wi thou t  a concomi tan t  decrease in synthe- 
sis, could lead to fa t ty  acid accumulat ion.  

However ,  again one would  expect  the fat ty  acid 
profile to be similar to control  liver, but  this 
was no t  observed (Tables IV and V). Bloxham 
(19) had suggested that  the alk-3-ynoic acid 
might  inhibit  fa t ty  acid oxida t ion  based upon  
the observed inhibi t ion of  cytoplasmic acetyl-  
CoA-acety l -CoA acetyltransferase,  but  there  
does not  appear to be data on the effect  of  
long-chain alk-2-ynoic acids. The present data 
can not  rule out  the possibili ty that  fa t ty  acid 
oxida t ion  was inhibi ted to some ex ten t  by the 
acetylenic  acid, but  if  inhibi t ion did occur,  
selectivity or preferential  ox ida t ion  must have 
also occurred.  

The  most  likely explanat ion  for the  accumu- 
lat ion of  C-16 fa t ty  acids in all the  lipid classes 
f rom non- tumor-bear ing animals is that the 
acetylenic acid inhibited e longat ion of satu- 
rated and monoeno ic  fa t ty  acids. The con- 
comi tan t  decreases in the percentages of  
stearate and oc tadecenoates  (Tables IV and V) 
are consistent with this conclusion.  The de- 
creased percentages of  A7 and A l l  hexa- 
decenoates  in the tr iglycerides of  the t reated 
animals (Table VI), presumably derived f rom 
chain shortening and elongat ion,  respectively,  
supports this view. One might  predict ,  if this 
hypothesis  were true,  that  the concent ra t ion  of  
vaccenate would be reduced since this fa t ty  
acid has been shown to be derived f rom the  
e longat ion of  hexadec-9-enoate  in liver and 
hepa toma cells (9,27). Neutral  lipids did exhibi t  
a decrease in the percentage of  vaccenate,  but  
the percentage of this oc tadecenoate  isomer 
was unchanged in the phosphol ipids  (Table 
VII). If  concent ra t ions  are calculated for the 
oc tadecenoates  and the vaccenate precursor,  
hexadec-9-enoate ,  a more convincing picture 
emerges. Al though the concent ra t ion  of  palmi- 
toleate  in a lipid class may not  hold a direct 
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relation to the vaccenate levels in the same 
class, the comparison of the concentration in 
several classes should indicate whether a rela- 
tion exists. Table VIII indicates that vaccenate 
concentrations were equal to five times higher 
than palmitoleate concentrations in control 
liver, while palmitoleate concentrations in the 
non-tumor-bearing animals fed the acetylenic 
acid were up to 23 times higher than vaccenate 
levels. Table VIII indicates that vaccenate 
concentrations of phospholipid classes, which 
showed no detectable changes in the percent- 
ages of oleate and vaccenate in Table VII, 
contain less than one-half the concentrations of  
control values while palmitoleate concentra- 
tions were two to four times higher. These data 
appear to illustrate strongly that elongation of 
saturates and monoenes was inhibited by the 
methyl 2-hexadecynoate in the diet. 

Methyl 2-hexadecynoate may also inhibit 
the elongation of polyunsaturated fatty acids. 
Although the unchanged to marginally lower 
percentages of arachidonate do not suggest 
this, we found the accumulation of two octa- 
decatrienoate isomers (2% of each) in only the 
phosphatidylcholines of the non-tumor-bearing 
animals fed the acetylenic acid. The position 
of the double bond was not determined, but 
one of the isomers was probably the 6,9,12 
isomers resulting from the desaturation of 
linoleate because of the inhibited elongation 
which normally preceeds desaturation. One 
might conclude that the other triene isomer 
might be linoleate, but this does not appear 
likely since the diet did not contain a detect- 
able amount of naturally occurring all cis 
9,12,15 triene. 

An alternate explanation for the near normal 
levels of arachidonate, while the elongation of 
saturated and monounsaturated fatty acids 
appears inhibited, might be that only one of 
the two elongation systems was inhibited by 
the acetylenic acid. The microsomal system 
which has been suggested to be responsible for 
the elongation of polyunsaturated fatty acids 
because of higher ratios of activity on these 
acids (28) may not be inhibited by the acetyl- 
enic acid. This possibility is supported by the 
fact that the microsomal system uses malonyl- 
CoA for elongation, the same as fatty acid 
synthetase (which was not affected). If the 
acetylenic acid inhibits only mitochondrial 
elongation, essentially the reverse of the /3-oxi- 
dation system (28), one might also expect fatty 
acid oxidation to be affected, which can not be 
ru led  out from the present study. Methyl 

2-hexadecynoate or other 2-ynoic acids may 
prove to be valuable compounds for determin- 
ing mitochondrial contributions to lipid metab- 
olism. 
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The Effect of Feeding Di-(2-ethylhexyl) Phthalate (DEHP) on the 
Lipid Metabolism of Laying Hens 
D.L. WOOD and JOEL BITMAN, Milk Secretion and Mastitis Laboratory, 
Animal Science Institute, SEA-AR, USDA, Beltsville, Maryland 20705 

ABSTRACT 

Di-(2-ethylhexyl)phthalate (DEHP), a commonly used plasticizer, is now seen as an environmental 
pollutant. DEHP has been found to inhibit lipid and sterol synthesis in rats and mice. The effects of 
DEHP on various aspects of lipid metabolism were examined in chickens. White Leghorn laying hens 
were fed either a standard laying mash control diet (C) or the control diet containing 1% DEHP 
(DEHP) or 1% DEHP and 5% tallow (DEHP-T) for 28 days. DEHP and DEHP-T lowered feed 
consumption 10% but did not significantly affect body weight. After 3 weeks on the diets, egg produc- 
tion was 15-20% less in DEHP-T than in C and DEHP hens. No differences were observed in egg 
weight, percent shell, white or yolk among the groups. DEHP and DEHP-T did not alter egg lipid or 
egg cholesterol concentrations. DEHP and DEHP-T lowered plasma lipid concentration about 20% 
and free and total cholesterol 20-30%. Liver weights increased, being 30, 34 and 39 g for C, DEHP and 
DEHP-T hens, respectively, after 28 days. Total liver lipid and cholesterol increased 19% and 26% in 
DEHP hens and 54% and 79% in DEHP-T hens when compared to controls. In contrast, the fat 
content of pectoralis major muscle decreased significantly in DEHP and DEHP-T hens. These results, 
in showing that DEHP alters plasma and tissue cholesterol but not yolk cholesterol, demonstrate again 
that egg cholesterol is remarkably resistant to alteration by dietary means. 

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

Di- (2 -e thy lhexy l )ph tha l a t  e (DEHP),  a 
ph tha l i c  acid es ter  c o m m o n l y  used as a plasti- 
cizer in t he  p r o d u c t i o n  o f  po lyv iny l  chlor ide ,  is 
n o w  cons idered  an e n v i r o n m e n t a l  pol lu t -  
an t  (1). Since the  ph tha l ic  acid esters are n o t  
chemica l ly  b o u n d  to the  plastics, t hey  can 
migra te  f rom the  plastics to the  e n v i r o n m e n t  
(2)  and  in to  m a n  (3) and  animals  (4,5) .  The  
wide d i s t r i bu t ion  in t he  e n v i r o n m e n t ,  and  t he  
a n n u a l  p r o d u c t i o n  o f  near ly  one  bi l l ion p o u n d s  
of  ph tha l i c  acid esters  in t he  U n i t e d  S ta tes  (6) ,  
has led to m a n y  s tudies  on  t he  toxicologica l  
and  biological  effects.  

Recen t  s tudies  have s h o w n  t h a t  DEHP 
affec ts  l ipid me tabo l i sm in t he  rat ,  decreas ing  
ace ta te  i n c o r p o r a t i o n  in to  liver l ipids (7) and  
sterots  (8)  in vitro.  DEHP also exer t s  hypo l ip id -  
emic effects  in ra ts  and  mice  (9). These  s tudies  
were done  to examine  the  effects  o f  d ie ta ry  
DEHP on  lipid m e t a b o l i s m  in the  hen,  and 
more  specifically,  to  d e t e r m i n e  w h e t h e r  DEHP 
would  lower  egg yo lk  choles tero l .  C o n t r o l  
laying hens  were compared  to  h e n s  fed DEHP 
and  to a group of  hens  fed DEHP and  ta l low.  
Tal low was added  to insure  t h a t  e n o u g h  lipid 
was available for  egg p r o d u c t i o n  in t he  event  
DEHP exer ted  severe lipid lower ing  effects.  

EXPERIMENTAL PROCEDURES 

Animals and Diets 

Single-comb White  Leghorn  pul lets  were 
ob t a ined  f r o m  a c o m m e r c i a l  h a t c h e r y  at  20 wk 
of  age and  caged individual ly .  T he  birds were 

given a 14-hr  l ight  r eg imen  daily and  a s tandard  
b reede r  mash  ra t ion .  When  the  bi rds  r eached  
70% egg p r o d u c t i o n ,  t h e y  were d i s t r ibu ted  i n to  
3 groups  of  15 each on  the  basis of  b o d y  
weight .  The  m e a n  ini t ia l  b o d y  weights  were 
1654,  1684,  and  1721 g for  t he  con t ro l  (C), 
DEHP (DEHP)  and  DEHP plus  ta l low 
(DEHP-T)  groups,  respect ively .  

The  con t ro l  group was fed ad l ib i tum the  
s t andard  laying mash  for  6 wk (1 wk pre- 
expe r imen ta l ,  4 wk e x p e r i m e n t a l  and  1 wk 
pos t - expe r imen ta l  periods) ,  Dur ing  the  4 wk 
e x p e r i m e n t a l  per iod,  the  DEHP group was fed 
ad l i b i t um the  s t andard  laying mash  con ta in ing  
I% DEHP and  the  DEHP-T group  was fed ad 
l i b i t um the  s t andard  laying mash  con ta in ing  1% 
DEHP and  5% tal low. Dur ing the  per iod  f rom 
days  28-35,  all g roups  were fed t he  s tandard  
laying mash  ad l ib i tum.  The  fa t  c o n t e n t  of  the  
diets  was d e t e r m i n e d  gravimetr ica l ly  af te r  e thy l  
e the r  e x t r a c t i o n  using a Goldf i sch  fa t  extrac-  
t i on  appara tus .  

The  con t ro l  die t  was a s tandard  laying mash  
t h a t  c o n t a i n e d  63.2% corn  meal ,  19.0% soy- 
bean  meal ,  5.0% alfalfa meal,  2.0% mea t  and  
bone ,  7.0% l imes tone ,  2.5% dica lc ium phos-  
phate ,  and  1.3% sal ts-vi tamins-minerals .  The  
diets  con ta in ing  1% DEHP or  1% DEHP plus 5% 
tal low were prepared  jus t  pr ior  to  the  s tar t  of  
t he  e x p e r i m e n t  b y  adding  the  appropr i a t e  
a m o u n t  to  the  laying mash  and  mixing.  The  
DEHP was ob t a ined  f rom E a s t m a n  Kodak  Co., 
Roches te r ,  NY, and  the  ta l low was s tabi l ized 
whi t e  tal low. The  diets  were s tored in a 4 C 
r o o m  unt i l  used. The  con t ro l  and DEHP die ts  
c o n t a i n e d  16.1% pro te in ,  3.5% calcium, and  
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2727 kcal/kg metabolizable energy. The diet 
containing DEHP and tallow had 15.2% pro- 
rein, 3.3% calcium and 2943 kcal/kg metaboliz- 
able energy. The control diet, the DEHP diet 
and the DEHP-T diet were 90.9, 90.6 and 
88.4% dry matter, respectively. The control 
and DEHP diets contained 5.0% fat and the 
DEHP-T diet contained 9.7% fat, on a wet 
weight basis. 

Experimental Protocol 

The variables studied were: feed consump- 
tion, body weight changes, egg production, egg 
weight, egg composition (percent shell, white 
and yolk), yolk fat, total yolk cholesterol, 
free yolk cholesterol, plasma cholesterol (free 
and total), liver composition, liver lipids and 
cholesterol. 

Blood was collected from the brachial vein 
of 4 hens from each group on days 0, 7, 14 and 
21. Brachial veto blood withdrawal from White 
Leghorn hens is difficult and frequently causes 
substantial hematomas, consequently, the birds 
could not be bled from that wing vein at the 
succeeding time period. Plasma lipid and 
cholesterol data thus are not from the same 
hens at all time periods. The difficulty in 
bleeding dictated an observation number of 4 
for the experimental variables at 0, 7, 14 and 
21 days. At 28 days, all hens were bled and 
4 hens from each group were randomly selected 
and killed to obtain livers and pectoralis major 
muscle for analysis. 

The following orthogonal contrasts were 
studied: C vs DEHP + DEHP-T, DEHP vs 
DEHP-T. Analysis of covariance for hetero- 
geneity of slopes was used to examine egg 
production, feed consumption and body weight 
data (10). The rest of the data was subjected to 
a one-way analysis of variance based on the a 
priori contrasts. 

Egg Yolk Analyses 

Eggs collected daily were stored at 13 C and 
80% humidity. Within 4 days of collection, eggs 
were hard boiled, weighed and percentage of 
shell, white and yolk determined gravimetrical- 
ly. Yolk was stored at -20 C until analyzed. 

Petroleum ether-ethanol was found to 
extract egg yolk cholesterol satisfactorily. A 
weighed sample of yolk (0.8 g) was homogen- 
ized in a 50 ml teflon-lined, screw-capped test 
tube with 18 ml petroleum ether-ethanol (2:1) 
using a Polytron homogenizer (Brinkmann 
Instruments, Westbury, NY). After 6 ml of 
distilled water were added, the tubes were 
shaken by hand, phases separated by centri- 
fuging 10 min at 260 x g, and a 1.0 ml aliquot 
of the petroleum ether phase was transferred to 

a small vial for gas liquid chromatographic 
analysis (GLC) of free cholesterol. After 
evaporation of the petroleum ether, 1.0 ml of a 
20% solution of TRI-SIL (mixture of hexa- 
methyldisilazane and trimethylchlorosilane, 
Pierce Chemical Company, Rockford, IL) in 
pyridine, containing 0.5 mg cholestane as an 
internal standard, was added to each vial. The 
GLC vial was capped and heated at 75 C for 30 
min to form the trimethylsilyl (TMS) deriva- 
tives. The GLC analyses of cholesterol were 
made on a 6 ft glass column containing 3% 
OV-17 coated on GAS-CHROM Q (1001120 
mesh) with a Model 7620 Hewlett Packard gas 
chromatograph (column temp.: 250 C, He flow 
rate: 30 ml/min). 

Percent yolk lipids were determined by 
transferring a 4.0 ml aliquot of the petroleum 
ether phase to a weighed 50 ml screw-capped 
test tube, then by evaporating the solvent and 
weighing the residue. Total yolk cholesterol was 
determined by adding 0.3 ml distilled water and 
6.0 ml of 2.5% KOH in ethanol to the dried 
residue and heating at 70 C in a shaking water 
bath for 90 min to saponify cholesteryl esters. 
Cholesterol was extracted by adding 12 ml 
petroleum ether and 6 ml distilled water, 
shaking and phasing by centrifugation. A 
1.0 ml aliquot of the petroleum ether phase was 
taken for TMS-derivatization with GLC analysis 
as described for free cholesterol. 

Analysis of Liver, Muscle and Blood 

Samples of liver, muscle and plasma were 
frozen, later homogenized in petroleum ether- 
ethanol and the lipids extracted by the pro- 
cedure outlined above for egg yolk lipids. 
Lipids were determined gravimetrically on dried 
aliquots of the extracts. Total and free choles- 
terol also were determined as TMS derivatives 
by GLC analysis as described for yolk cho- 
lesterol. 

RESULTS A N D  DISCUSSION 

Data for feed consumption and body weight 
are presented in Figure 1 and Table I. DEHP 
and DEHP-T caused a decrease in intake which 
was observed within the first wk (Fig. 1). Feed 
consumption for the entire 4-wk experimental 
period was 10% lower, being 102 for controls, 
but only 93 and 91 g/hen/day for DEHP and 
DEHP-T hens. During the second half of the ex- 
perimental period, the DEHP hens appeared 
to adapt to the DEHP diet and feed consump- 
tion approached control intake. The DEHP-T 
hens showd a greater decline in feed consump- 
tion during the last week of the experimental 
period but recovered somewhat during the 
post-experimental period. These depressions of 

LIPIDS, VOL. 15, NO. 3 



EFFECTS OF DEHP ON HEN LIPIDS 153 

120  

~. I I 0  
0 

-O 

100 

O 

9 0  

8 0  

�9 C O N T R O L  

o D E H P  

�9 D E H P + t a l l o w  

'\. 

. ,  ...o 
~ .  .~1~ " ~ ' ~ "  "%.......~ 

\ ":.r ...- . 
�9 / ".... ...: \ 

\ ""'.a-'"** 
" \  

' \  

I I I I 

7 14 21 28  

D A Y S  

FIG. 1. Feed consumption of hens fed control, 
DEHP or DEHP + tallow diets for 28 days. 

a b o u t  10% in feed c o n s u m p t i o n  were signifi- 
cant  at  P < .05 ( c o n t r o l  vs DEHP and DEHP-T).  
No overt  signs of  deb i l i t a t ion  were observed in 
any  group.  The  10% decrease in feed consump-  
t ion  was n o t  ref lec ted  to the  same degree in 
b o d y  weight  changes.  Cons i s ten t  losses in b o d y  
weight  of  a b o u t  2-3% were observed in the  
DEHP and  DEHP-T hens  (Table  I), bu t  these  
var ia t ions  were no t  s ta t is t ical ly  s ignif icant  
di f ferences .  

Dur ing  t he  th i rd  wk of  feeding DEHP + 
ta l low,  egg p r o d u c t i o n  was 20% less t h a n  
con t ro l s  (Table  II). Egg p r o d u c t i o n  for  t he  
4-wk e x p e r i m e n t a l  per iod  was 14% lower  in 
DEHP-T,  and  5% lower  in DEHP,  t h a n  in 
con t ro l  hens .  No differences ,  however ,  were 
observed  in egg weight ,  pe rcen t  shell, whi te  or  
yo lk  a m o n g  the  groups  ( c o n t r o l  egg da ta :  57 .0  
g egg weight ,  11.0% shell, 57.2% whi te  and 
31.8% yolk) .  Yolk  lipid and  cho les te ro l  of  eggs 
f rom DEHP and  DEHP-T hens  were no t  dif- 

f e ren t  f rom con t ro l s  (% lipid, 33 .8 ;  t o t a l  
choles terol ,  14.58 mg/g yo lk ;  % free choles- 
terol ,  91.0).  

T h e  effects  of feeding DEHP or DEHP + 
ta l low on  plasma lipid and  choles te ro l  concen-  
t ra t ions ,  expressed as pe rcen t  of  con t ro l  values 
are s h o w n  graphical ly  in Figure 2. Because of  
small  sample  size (n  = 4), levels dur ing  t he  
p re -exper imen ta l  pe r iod  (0 wk)  were h igher  
t h a n  controls .  Plasma l ipids were reduced  a b o u t  
20% bu t  t he  var ia t ions  were no t  s tat is t ical ly 
d i f ferent .  Plasma t o t a l  and free cho les te ro l  were 
lowered  a b o u t  20% relat ive to  con t ro l s  (P < 
0.01).  Free  cho les te ro l  r ema ined  a b o u t  77% of  
to t a l  cho les te ro l  in C, DEHP and  DEHP-T 
plasma.  

Liver weights  of  the  hens  fed DEHP or  
DEHP + ta l low increased (Tab le  III)  bu t  the  
d i f ferences  were no t  s ta t is t ical ly  s ignif icant .  
Liver compos i t i on ,  fat  and wate r  were n o t  
d i f fe ren t  in DEHP and  DEHP-T groups  com- 
pared  to  controls .  To ta l  liver lipid increased 
19% in DEHP and  54% in DEHP-T hens  (P < 
0.01).  The  c o n c e n t r a t i o n  of  choles te ro l  and  
cho les te ry l  es ter  increased in t he  DEHP and  
DEHP-T livers (P < 0.04).  Because of  t he  
a c c o m p a n y i n g  increase in liver size, t o t a l  
cho les te ro l  increased 29% in DEHP and  81% in 
DEHP-T livers. 

Choles te ro l  and  lipid were also measu red  in 
the  pectora l i s  ma jo r  muscle  (Table  IV). Tota l  
cho les te ro l  and  free cho les te ro l  c o n c e n t r a t i o n s  
increased (P < 0 .05)  bu t  fat  c o n t e n t  decreased 
s ignif icant ly  in b o t h  DEHP and  DEHP-T muscle  
(P < 0.05).  

Our  s t u d y  has  d e m o n s t r a t e d  t h a t  feeding 1% 
of  the  plast ic izer  DEHP in t he  diet  modi f i ed  
some aspects  o f  lipid m e t a b o l i s m  in laying hens.  
Body  weight  did no t  s ignif icant ly  change  b u t  
feed c o n s u m p t i o n  and  egg p r o d u c t i o n  were 
lowered.  The  decreased feed c o n s u m p t i o n  
in the  DEHP-T hens  may  have b e e n  
the  resul t  of  the  increased caloric con- 
t e n t  of  the  diet .  However ,  t he  caloric 
c o n t e n t  of  the  DEHP feed was similar to  t h e  

TABLE I 

Body Weight Changes of White Leghorn Hens Fed DEHP 

Initial body Change from initial body weight (g) 
weight a Days of experiment 

Treatment (g +- SE) 7 14 21 28 35 

Control 1654 +- 30 +18 -3 +1 +7 
DEHP 1684 -+ 26 -99 -25 -21 -39 
DEHP-T 1721 -+ 24 +6 -30 -56 -85 

+33 
-25 
-60 

aValues are means -+ SEM for 15 White Leghorn hens in each group. 
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TABLE II 

Effect of DEHP and Tallow Feeding on Egg Production a 

% Egg production during week: 

Treatment 1 2 3 4 S 

% Egg 
production 
0-28 days 

Control 80 75 80 81 75 79 
DEHP 74 69 70 77 81 73 
DEHP-T 79 72 60 61 66 68 
C vs DEHP and DEHP-T NS NS < .01 < .01 NS 
DEHP vs DEHP=T NS NS < .0l < .01 NS 
Standard error of the mean 4 4 3 3 4 

aEgg production was calculated weekly on a percentage basis, 100% being 1 egg/hen/day; each group con- 
sisted of 15 hens, 

con t ro l  die t  and  a depress ion  in feed consump-  
t ion  was still apparen t .  T he  decreased egg 
p r o d u c t i o n  in b o t h  groups  m a y  have resul ted  
e i the r  f rom the i r  decreased feed c o n s u m p t i o n  
or  f rom a physiological  effect  of  DEHP. Liver  
weights  increased bu t  this  t r e n d  was n o t  statis- 
t ically significant .  In  cont ras t ,  rats  fed DEHP 
usually show a marked  h e p a t o m e g a l y  (7, 
1 1-14) .  

In our  s tudy,  plasma lipids and  choles te ro l  
showed  a 20% decrease af te r  feeding 1% DEHP 
for  I wk,  effects  similar to those  observed in 
ra ts  and  mice (9 ,11 ,14) .  However ,  m u c h  grea te r  
effects  were "observed on  lipid and  choles te ro l  
levels in t he  ch icken  liver: t o t a l  lipid and  t o t a l  
cho les te ro l  c o n t e n t  increased a b o u t  70%. 
Plasma cho les te ro l  decreased in DEHP-fed rats  
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FIG. 2. Plasma lipids and cholesterol of hens fed 
control, DEHP or DEHP + tallow diets for 28 days. 
The overall means (-* SE) of control plasma concentra- 
tions were: total lipids 2382 • 144 rag/100 ml; 
cholesterol 127 -+ 6 mg/100 ml. n at 0, 7, 14, 21 days: 
4 ;n  at day 28:15. 

and  rabb i t s  w i t h o u t  an  a c c o m p a n y i n g  increase 
in liver choles te ro l  c o n c e n t r a t i o n  (11 ,15) .  
Studies  in rats, however ,  general ly  show in- 
creases in the  t o t a l  l ipid and  cho les te ro l  c o n t e n t  
of  the  liver of  a b o u t  this  m a g n i t u d e  w h e n  
placed on  a whole  organ basis (11 ,14 ,16) .  Thus ,  
ou r  results  conf i rm t h a t  DEHP affects  lipid 
m e t a b o l i s m  in an avian species in a m a n n e r  
similar to  t ha t  r epo r t ed  for  m a m m a l i a n  species. 

The  m e c h a n i s m  b y  which  choles te ro l  lowers  
p lasma lipids and  choles te ro l  has  no t  been  
e luc ida ted .  The  presence  of  de smos t e ro l  was 
no t  observed in the  plasma,  liver or muscle  
samples  of  the  hens  in this  expe r imen t ,  indica t -  
ing the  cho les te ro l  and  lipid r e d u c t i o n  did n o t  
t ake  place by  i n h i b i t i o n  of  the  A24-s tero l  
reduc tase  step in t he  convers ion  of  desmos te ro l  
to  cho les te ro l  (17).  

Several h y p o t h e s e s  have been  p roposed  for  
the  hypoLipidemic m e c h a n i s m  of  ac t ion  of 
DEHP: (a) increased lipid o x i d a t i o n  Caused by  
DEHP- induced  pe rox i some  p ro l i f e ra t ion ;  (b)  
decreased lipid b iosyn thes i s ;  (c) i n h i b i t i o n  of  
energy- l inked reac t ions ,  and  (d) f eedback  
con t ro l  of  choles te ro l  on  its own  b iosynthes i s .  

Peroxisome Proliferation 

Liver pe rox i some  p ro l i f e ra t ion  is charac-  
ter is t ic  of  h y p o l i p i d e m i c  c o m p o u n d s  and  has  
been  d e m o n s t r a t e d  for  m a n y  unre l a t ed  lipid 
lower ing  agents  (18-22) .  Several ca tabol ic ,  
l ipid-related e n z y m e s  have been  s h o w n  to  be 
associated wi th  l iver pe rox i somes ,  inc lud ing  
catalase (23) ,  ca rn i t ine  acetyl  t ransferase  (24)  
and  recent ly ,  t h e / l - o x i d a t i v e  e n z y m e s  (25) .  An  
increase in liver catalase and  ca rn i t ine  acetyl  
t ransferase  act iv i ty  was f o u n d  w h e n  DEHP was 
fed to roden t s  (9 ,13 ,26) .  In add i t ion ,  liver 
~ -ox ida t ion  increased  s igni f icant ly  in ra ts  
admin i s t e r ed  DEHP for  1 wk (26) .  Therefore ,  
increased  act ivi t ies  of  ca tabol ic  lipid enzymes  
associated w i t h  l iver pe rox i somes  could  be 
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responsible for DEHP's plasma lipid lowering 
effects. 

Decreased Lipid Synthesis 

A consistent decrease in labeled acetate and 
mevalonic acid incorporation into various lipid 
fractions was found in both in vitro and in vivo 
experiments with rats (7-8,11,27-28). De- 
creased incorporation of label into squalene and 
sterols was observed and significant reductions 
in fatty acyl lipids were also noted, implying 
inhibition of an enzyme common to both 
groups. A decrease in acetate activation has 
been suggested as a possibility (11), since that 
enzyme would be required for de novo synthe- 
sis of cholesterol and fatty acyl lipids. A 
reduction in acetate incorporation before an 
effect upon mevalonic acid incorporation into 
rat liver squalene and sterols suggested a possi- 
ble site for DEHP's inhibitory effect on liver 
cholesterol biosynthesis would be at the en- 
zyme 3-hydroxy-3-methyl-glutaryl CoA reduct- 
ase, the rate-limiting enzyme in cholesterol 
biosynthesis (11). 

Inhibition of Energy Linked Reactions 

A reduction in liver electron transport 
enzyme activities and inhibition of succinic 
dehydrogenase and adenosine triphosphatase in 
heart, liver, kidney, testes and ovaries of 
DEHP-treated rats have been found (15). In 
addition, an inhibition of liver mitochondria 
respiration and uncoupling of oxidative phos- 
phorylation by phthalate esters (29-30) has led 
to a conclusion that the suppression of energy- 
linked reactions may be a generalized DEHP 
effect on cholesterol content (16). 

Feedback Control 

The accumulation of liver cholesterol could 
inhibit 3-hydroxy-3-methyl-glutaryl CoA re- 
ductase, reducing liver synthesis of cholesterol 
(31). Accumulation of liver cholesterol on a 
total liver basis was found in hens fed DEHP. It 
is possible this resulted in decreased liver 
cholesterol biosynthesis which reduced circulat- 
ing cholesterol. 

Egg lipids and cholesterol were unaffected in 
spite of a 20% reduction in plasma cholesterol, 
demonstrating that egg cholesterol is resistant 
to alteration by dietary agents (32,33). This 
may reflect the removal of a negative feedback 
inhibition upon ovarian cholesterol bio- 
synthesis. As plasma cholesterol falls, the 
feedback inhibition on ovarian cholesterol 
biosynthesis may be removed, resulting in 
normal levels of yolk cholesterol, even though 
plasma cholesterol has been depressed. Signifi- 
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TABLE IV 

Effect of Feeding DEHP or DEHP + Tallow on Cholesterol 
and Lipid Content of the Pectoralis Major Muscle a 

Group 

Total Free 
cholesterol cholesterol Lipid 

mg/100 g WW mg/100 g WW % 

Control 60.9 55.9 4.3 
DEHP 67.1 57.8 3.6 
DEHP + Tallow 73.7 65.7 1.6 
Standard error of the mean 3.4 2.7 0.6 
C vs DEHP and DEHP-T P<0.05 NS P<0.05 
DEHP vs DEHP-T NS P<0.05 P<0.05 

aValues are the means of 4 hens. 

cant in vitro ovarian cholesterol synthesis has 
been reported (34). However, in vivo experi- 
ments indicate that little, if any, ovarian 
synthesis occurs under normal conditions (35). 
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ABSTRACT 

The effects of level and feeding frequency of retinoic acid (OIC) or retinyl acetate (YL) on the 
accumulation of lipids in the serum and liver of rats were investigated. Male Sprague-Dawley rats were 
fed ad libitum 1% cholesterol diets with or without supplemental OIC or YL. Vitamin A-fed groups 
included (per g of dry diet): 105 ~g of OIC or 1 I3 ~g YL daily for 28 days, 735 #g OIC or 791 gg 
YL once each week for 28 days; and 735 or 105 ~g OIC on day 1 or 105 ~g OIC daily for the week 
experiment. Daily feeding of OIC or YL increased serum triglyceride concentrations as compared to 
controls. Several days after removal of OIC or 1 week after removal of supplemental YL from the rat 
diets, serum triglyceride concentrations returned to basal levels. Cholesterol feeding elevated serum 
cholesterol as well as hepatic cholesterol, total lipids and vitamin A concentrations. Daily OIC feeding 
depressed serum and hepatic cholesterol concentrations. These results show that daily supplement of 
vitamin A increased serum triglycerides and reduced serum and hepatic cholesterol concentrations. 
Serum and liver alterations were dependent on continued feeding. 

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

Studies  have d e m o n s t r a t e d  an t ihype rcho le s -  
t e ro lemic  effects  of  v i t amin  A and  f i -carotene 
admin i s t e red  to choles terol - fed rats  (1,2).  Erd- 
m a n  et al. (3-4)  r epo r t ed  var ious  active fo rms  
of  v i t amin  A, especially re t ino ic  acid (OIC),  
no t  on ly  r educed  cho les te ro l  synthes is  b u t  also 
s t imula ted  glycer ide synthes is  in pos t -mi to-  
chondr ia l  s u p e r n a t a n t  f rac t ions  of  rat  l iver 
homogena te s .  

The  purpose  of  these expe r i m en t s  was to 
d e t e r m i n e  the  effects  of  OIC feeding u p o n  tri- 
glyceride and  choles te ro l  a c c u m u l a t i o n  in t he  
se rum and  liver o f  choles tero l - fed  rats. 

METHODS 

Experiment 1 

Table  1 shows the  expe r i m en t a l  design and 
d ie tary  c o n s t i t u e n t s  for  the  first expe r imen t .  
F o r t y  male  Sprague-Dawley rats  weighing 
120-160 g were weight-averaged in to  5 groups.  
Groups  B-E received a 1% cho les t e ro l  condi-  
t ion ing  diet  for  8 days whereas  group A re- 
ceived the  c o n t r o l  die t  for  th is  per iod.  Af te r  
cond i t ion ing ,  the  groups  u n d e r w e n t  a 7-day 
e x p e r i m e n t a l  pe r iod  (groups  B-E c o n t i n u e d  to 
receive the  1% choles te ro l  con t r o l  diet) .  F o r  the  
first day,  groups  C and  D received 735 and  105 
/Jg of  OIC per  g o f  diet  (d ry  basis),  respect ively,  
whereas  g roup  E was fed 105/2g OIC per  g diet  
for  t he  d u r a t i o n  of  t he  e x p e r i m e n t a l  per iod.  All 
diets  c o n t a i n e d  a basal level of  6.0 /2g re t iny l  

1presented in part at the Federation of American 
Society for Experimental Biology, Chicago, 1977 
(Abst. No. 4576). 

2Current Address: Miles Lab Inc., 601 E. Algon- 
guin, Schaumburg, IL 60195. 

3To whom reprints requests should be sent. 

ace ta te  (YL)  per  g diet.  This  represen t s  approxi-  
ma te ly  10 t imes  the  R D A  for  the  rat  (5). 

All diets  were gelled by  hea t ing  disti l led 
wate r  to  100 C, removing  the  hea t  and  vigor- 
ously  mixing  the  wate r  w i th  an  equal  weight  
of  dry  ingred ien ts  (Table  I). The  order  of  addi- 
t i on  of  ingred ien ts  was: agar dispersed in suc- 
rose, casein,  co rn  s tarch ,  c o t t o n s e e d  oil (wi th  
or  w i t h o u t  dispersed choles te ro l )  and  minera l  
mix.  Crys ta l l ine  cho les te ro l  was first dissolved 
in abso lu te  ether .  This  m ix tu r e  was added  to 
warmed  c o t t o n s e e d  oil, and the  e the r  was dissi- 
pa ted  by  b u b b l i n g  n i t rogen  t h r o u g h  t he  st i rred 
oil (see re fe rence  6). Af t e r  suff ic ient  cooling,  
the  v i t amin  mix  was added  (w i th  or w i t h o u t  
OIC. OIC ( c o m p l i m e n t s  of  H o f f m a n n - L a R o c h e  
Inc.,  Nut ley ,  NJ) was added  to  diets  in  crystal-  
l ine form.  Diets  were evenly b lended ,  poured  
in to  plastic t ubs  wi th  air- t ight  covers, gelled 
and  refr igera ted un t i l  use. The  eff icacy of  gel 
diet  use in lipid s tudies  and  the  p rocedure  for  
dispersing choles te ro l  in oil were r e p o r t e d  pre- 
viously (6). 

In o rder  to min imize  l ight  de s t ruc t i on  of  
v i t amin  A, t he  opaque  gel diets  were fed daily 
at 1800 h r  - t he  beg inn ing  of  the  dark  cycle. 
Diet and wa te r  were provided  ad l ib i tum.  Blood 
was ob ta ined  per iodical ly  dur ing  t he  experi-  
m e n t s  and  pr ior  to sacrifice via hea r t  punc tu re .  
All hear t  p u n c t u r e s  were pe r fo rmed  b e t w e e n  
the  hours  of  0600  and  0900 ,  thus  the  experi-  
m e n t a l  per iods  were in ha l f -day  mul t ip les .  The  
rats  were no t  fasted,  t he re fo re  t h e  t ime  o f  t he  
mos t  r ecen t  in t ake  of  food in re la t ion  to the  
t ime  of  b leeding  c a n n o t  be es tabl ished.  One- 
hal f  of  the  animals  f rom the  e x p e r i m e n t a l  
g roup  were killed af te r  6�89 and  27�89 days for  
e x p e r i m e n t s  1 and 2, respect ively.  The  remain-  
ing animals  were kil led a f te r  7�89 or  28�89 days. 
The  final  results  have been  labeled as day 7 or 
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day 28 results, whereas serum data prior to the 
kill day have been referred to as half-day data. 
At the end of the feeding period, livers were 
removed, rinsed, blotted dry and frozen at -20 
C until analysis. Whole blood was centrifuged 
and serum was decanted and frozen. 

Experiment 2 

This experimental design was similar to ex- 
periment 1 except there was no preconditioning 
period. Rats were fed for 4 weeks, repeating the 
7-day design of experiment 1 four times. An 

additional form of vitamin A, YL (Sigma Chem- 
ical Co., St. Louis, MO), was fed at 113 or 791 
pg/g of diet. These fortification levels corres- 
pond on a molar basis to dietary OIC levels. For 
this experiment, weanling rats were fed the vari- 
ous gel diets according to the design described 
in the lower portion of Table I. 

A N A L Y T I C A L  METHODS 

Total serum cholesterol was determined 
colorimetrically with a stable Liebermann- 
Burchard cholesterol reagent (Hycel Inc., 

T A B L E  I 

E x p e r i m e n t a l  Design and Die ta ry  Makeup  for E x p e r i m e n t s  1 and  2 

E x p e r i m e n t  1 (7 days )  

Die tary  g roups  b 

Diet  c o m p o s i t i o n  a Con t ro l  Con t ro l  735 OIC 105 OIC 105 OIC 
and v i t amin  A -chol  +chol  +chol  +chol  +chol  
a d m i n i s t r a t i o n  (day  1) (day'  1) (days  1-7) 

A B C D E 

1% cho les te ro l  c, d 
a d d i t i o n  --  + + + + 

Vi t amin  A f . . . . . .  735 pg o I C g  105 #g o I C g  105 #g OIC 
s u p p l e m e n t a t i o n  /g diet  /g diet  /g d ie t  

on day  1 on day  1 for 7 days  

E x p e r i m e n t  2 (28 days)  

Die tary  groups  b 

Diet c o m p o s i t i o n  a Con t ro l  Con t ro l  735 OIC 791 YL 105 OIC 113 YL 
and v i t amin  A -chol  +chol  +chol  +chol  +chol  +chol  
a d m i n i s t r a t i o n  (days, 1, (days  1, (days  1-28) (days  1- 

7 ,14 ,21)  7 ,14 ,21)  -28) 
A B C D E F 

1% choles te ro ld ,  e 
a d d i t i o n  --  + + + + + 

V i t a m i n  A f . . . . . .  735 #g  OIC h 791 #g  YL h 105 #g  OIC 113 # g Y L  
s u p p l e m e n t a t i o n  /g d ie t  /g diet  [g d ie t  [g d ie t  

on days  on days  for 28 for 28 
1,7,14,21 1,7,14,21 days  days  

aBasal  d ie t  cons is ted  of  43 .0% starch,  21 .7% sucrose,  22 .0% casein, 6 .0% c o t t o n s e e d  oil, 4 .0% minera l  mix ,  
1% v i t a m i n  mix  and 2.0% agar. For make -up  of  v i t amin  mix  and minera l  mix  see ref. 6. Agar  was bac te r io log ica l  
grade by  Gibco,  Grand Island,  NY. All o ther  ingred ien t s  were  suppl ied  by  Teklad,  Madison,  WI. 

bOIC = re t ino ic  acid, YL  = r e t iny l  ace ta te .  

CCholes terol  d ie t  fed for  8-day p r e c o n d i t i o n i n g  per iod  and  7-day e x p e r i m e n t a l  per iod.  

dCho les t e ro l  added  to  basal  d ie t  a t  the  expense  o f  0 .5% s tarch and  0 .5% c o t t o n s e e d  oil. 

eNo cho les t e ro l  p r e c o n d i t i o n i n g  per iod  was  used in e x p e r i m e n t  2. 
fThe basal  diet  v i t a m i n  mix  con ta in s  6.0 ~g re t iny l  a ce t a t e /g  diet .  
gOn days  2-7 these  g roups  received c o n t r o l  d ie t  B. 
hOn days  2-6, 8-13, 15-20, 22-28 these  g roups  received con t ro l  diet  B. 
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Houston, TX). Serum triglycerides were anal- 
yzed by triglyceride reagent kit (Sigma Chemi- 
cal Co., St. Louis, MO). Hepatic lipids were 
extracted with chloroform/methanol (2:1) 
using a modification of the procedure outlined 
by Folch et al. (7). Hepatic phospholipid and 
cholesterol were assayed by the methods de- 
scribed by Bartlett (8) and Zlatkis et al. (9), 
respectively. Hepatic and serum vitamin A anal- 
yses were accomplished spectrophotofluoro- 
metrically following the procedure of Thomp- 
son et al. (10). 

R ESU LTS 

Experiment 1 

The results from the first experiment are 
found in Table ]l. No significant differences 
in mean weight gains during the total (condi- 
tiOning-plus-experimental) feeding period were 
observed. Analysis of weight gains during the 
conditioning or the experimental period (not 
shown) also revealed no difference between 
groups. Cholesterol feeding significantly (P < 
0.05) increased total hepatic lipids, hepatic 
cholesterol and hepatic vitamin A but had no 
effect upon hepatic phospholipid concentra- 
tions. Feeding of 105 /ag of OIC per g diet 
(groups D and E), but  not 735 /ag (group C) 
resulted in reduced hepatic cholesterol concen- 
trations compared to the cholesterol-fed con- 
trol group B (P < 0.05). 

Figure 1 shows the serum triglyceride levels 
of animals from groups B through E obtained at 
days 1�89 2�89 4�89 5�89 and day 7. Elevated tri- 
glyceride concentrations were noted after 1�89 
days in both 105 /lg OIC-fed groups (D and E) 
(P < 0.05), compared to the I% cholesterol 
control. At day 2�89 and 4�89 only group E, which 
was still receiving OIC, demonstrated elevated 
triglyceride concentrations (P < 0.05). No sig- 
nificant differences between groups were noted 
after 5�89 days. The final data again showed 
that daily administration of OIC elevated serum 
triglyceride concentrations (P < 0.01). The 
final triglyceride levels of all groups are found 
in Table II. It should be noted that cholesterol 
feeding also elevated serum triglycerides. 

Serum from intermediary heart punctures 
revealed no differences in cholesterol concen- 
trations between groups (not shown). Final 
serum cholesterols were slightly elevated in 
cholesterol-fed groups and only group D 
exhibited significantly lower serum cholesterol 
concentrations compared to group B, the cho- 
lesterol-fed control. No significant differences 
in final serum vitamin A were found; however, 
serum vitamin A for the animals that received 
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OIC for the entire exper imenta l  period (group 
E) was lower  (N.S.) than all o ther  groups. 

E x p e r i m e n t  2 

The res.ults of  the 28-day study are found in 
Table III. OIC feeding resulted in lower weight 
gains of  animals, probably caused by reduced 
feed intake in the 105 OIC (group E ) a n d  by 
reduced feed eff ic iency in the  735 OIC (group 
C) (P < 0.05). Some group mean liver weights 
were larger than the non-cholesterol-fed con- 
trol, group A. When liver weights were put  on a 
percent  of body  weight basis (not  shown),  no 
differences be tween  groups were noted.  Choles- 
terol  feeding resulted in increased total  hepat ic  
lipids and hepatic  cholesterol  concentra t ions  
compared to the non-cholesterol  cont ro l  (group 
A). Feeding 105 or  735 ng of  OIC (groups C 
and E) resulted in significantly depressed hepa- 
tic cholesterol  concentra t ions  compared to the 
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FIG. 1. Effect of feeding frequency and level of 
retinoic acid (OIC) upon serum triglycerides, exp. 1. 
Each data point on day 11/2, 21/z, 4V2 or 5Y= repre- 
sents the average serum level from blood obtained by 
heart puncture from three animals. Data points at 
day 7 represent the average of 7 or 8 animals sacri- 
ficed on day 6V2 or 7Y2. Symbols: ; ; = 735 #g 
OIC/g diet provided on day one only; ~ = 105 
#g O1C/g diet provided on day one only; e = = 
105 ~g OIC/g diet provided throughout the experi- 
mental period; e----o = 1% cholesterol control diet. 

cholesterol-fed control  (group B). YL feeding 
increased hepat ic  vi tamin A; weekly feeding 
resulted in greater liver accumulat ions  of  the 
vi tamin than daffy feeding. 

Serum analysis revealed that  final serum 
triglyceride concent ra t ions  were elevated by 
daffy feeding of  YL (P < 0.05) or OIC (P < 

0.01). Weekly doses of  ei ther form of  the vita- 
min had no significant effect  on serum lipids 
after 28 days of  feeding. Serum cholesterol  was 
slightly elevated when cholesterol  was fed, and 
was reduced to non-cholesterol-fed cont ro l  
levels (group A) with the daffy OIC t rea tment  
(group E). 

D I S C U S S I O N  

The  most  notable  observat ion in this set of  
exper iments  was the  elevation of  serum triglyc- 
eride concent ra t ions  resulting f rom the OIC and 
YL dietary regimens. F rom Figure 1, it is clear 
that  1�89 days after feeding 105 /2g OIC/g diet, 
serum triglyceride concent ra t ions  increased. A 
few days after cessation of  OIC feeding, the 
serum triglyceride concent ra t ion  re turned to 
the  control  non-fasted level. The short dura t ion 
of  elevated serum triglycerides after removal  of  
OIC f rom diets corresponds closely to the  pur- 
por ted metabol ic  active life of  OIC of  about  2 
days (I 1). The higher dose level (735/2g of  OIC 
did not  cause any greater increase in triglycer- 
ide concentra t ions  than was seen with the lower  
level. The daffy OIC feeding regimen main- 
tained elevated serum triglycerides except  at 
5�89 days after the start o f  the exper iment .  

No explanat ion can be offered for the  vari- 
abil i ty of  the  serum triglycerides over the  week. 
A similar weekly rhy thmic  elevation and de- 
cline o f  tr iglycerides was no ted  in serum f rom 
heart punctures  (not  shown) obtained periodi- 
cally during the  4-week exper iment .  

The hyper t r ig lycer idemic  effect  of  vi tamin A 
was substantiated in exper iment  2, as two 
analogs (OIC or  YL) of  the vi tamin were fed 
over a longer period. After  28 days of  feeding, 
serum triglyceride concent ra t ions  were elevated 
in bo th  groups receiving daily adminis t ra t ion 
o f  ei ther  form of vi tamin A (Groups E and F;  
Table III). Those animals who received vi tamin 
A adminis t ra t ion once weekly failed to show 
hyper t r ig lycer idemia at the  end of  28 days. 
It should be noted  that  even though YL is 
metabol ical ly  active longer than  OIC (11,12),  
YL did not  maintain elevated serum triglycer- 
ides except  when administered on a daily basis. 
Excess dietary YL is taken up by the liver, 
stored and released to tissues as required.  The 
results f rom this s tudy suggest the  stored vita- 
min A may  have no funct ional  role in the  ele- 
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vation of  serum triglyceride concentrations. 
The underlying mechanism of increased 

serum triglyceride concentrations is unknown. 
Since the fiver functions as a major site for 
synthesis of  serum triglycerides, vitamin A may 
stimulate hepatic triglyceride synthesis and/or 
release. Recent studies from this laboratory 
using fasted rats fed with or without OIC (13) 
have indicated that elevation of  plasma tri- 
glycerides by OIC is not chylomicron-linked. 
Increased serum triglyceride concentrations 

+, may reflect decreased breakdown of  VLDL tri- 
glyceride and/or reduced uptake by tissues. We 
have substantial evidence that the adrenal gland 
was not mediating vitamin A's lipogenic effect 
(14). This work also suggested fatty acids were 
not being mobilized from adipose tissue to gen- e~ 

�9 ~ erate triglycerides. 
.~ OIC feeding significantly reduced group 

mean weight gains in the 4-week, but not in the 
1-week experiment. Although growth was re- 
duced by less than 10%, the reduction suggests 
a mild toxicity occurred when feeding rats 
approximately 1300 /~g OIC per day for 28 

o days. A possible relationship between vitamin A 
V 

toxicity and the genesis o f  elevated lipids may 
exist but remains unanswered at this time. OIC 
feeding of  105 #g/g diet for 7 days or 26/ag/g 
diet for 28 days did not cause weight reduction 
in non-cholesterol-fed rats (14). The oral LDs0 
of aU-trans OIC for mice is 1.1 g per kg body 

~Z weight (15). This dose level is over 125 times 
=~ the level fed to rats in the present study. Food 
"~ intake data from this study indicates rats fed 

a 105 /lg/g diet consumed from 1200-1600-ng 
OIC per day. In this study, YL feeding at 113 

-~ g g / g  d i e t  for  2 8  d a y s  h a d  n o  a d v e r s e  e f f e c t  o n  
g r o w t h .  

"~ F u r t h e r  s t u d i e s  o f  v i t a m i n  A a n d  o t h e r  
~ retinoid-induced hypertriglyceridemia is neces- 

-~ ~ sary considering the potential applications of  
o = retinoids as antitumorogenic agents (16). Re- 

.~ ~ cent anticarcinogenic feeding studies with rats 
~ have successfully used levels of  the 13-cis 
~ isomer that were 3 times greater than the levels 
.~ o f  the all-trans OIC used in the present study 

,~ .~ (17-18). 
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The Free Radical Oxidation of Polyunsaturated Lecithins 
NED A. PORTER, R ICHARD A. WOLF and HUGO WEENEN, Paul M. Gross Chemical 
Laboratory, Duke University, Durham, North Carolina 27706 

ABSTRACT 

Two unsymmetric polyunsaturated lecithins were allowed to air oxidize and the primary products 
of autoxidation were isolated and characterized. 1-Palmitic-2-1inoleic-phosphatidylcholine undergoes 
significant oxidation after 16 hr at room temperature under air, A new phospholipid product may be 
isolated by reverse phase high pressure liquid chromatography (HPLC) and this HPLC fraction is 
shown to be made up of lipid hydroperoxides formed by free radical oxidation of the homoconjugated 
diene of the linoleate component of the lecithin, l-Stearic-2-arachidonic-phosphatidylcholine under- 
goes a similar oxidation with the arachidonate polyunsaturated functionality being oxidized. The 
structure of the oxidation products was established by reduction of hydroperoxide with triphenyl- 
phosphine, snake venom hydrolysis of the C-2 ester, and HPLC analysis of the resulting hydroxy 
fatty acids or their methyl esters. 

INTRODUCTION 

The oxidation of membrane phospholipid 
has been suggested to be the primary chemical 
reaction in a variety of pathological events. For 
example, membrane damage induced by radia- 
tion (1) and carbon tetrachloride or ethanol 
poisoning (2-4) has been proposed to be the 
result of phospholipid destruction by molecular 
oxygen. In fact, a theory of aging has been 
proposed that rests, in part, on the free radical 
oxidation of membrane lipid (5). 

In light of the potential importance of phos- 
pholipid oxidation products, it seems remark- 
able that little effort has been made to purify 
and chemically characterize these species. Oxi- 
dation of polyunsaturated phospholipid leads 
to conjugated diene as detected in the ultra- 
violet and also to peroxide products (6) as 
indicated by titration. However, no primary 
phospholipid oxidation products have as yet 
been purified and the standard methods of 
phospholipid purification (silica gel column and 
thin-layer chromatography) would appear to 
offer little hope for isolation of these primary 
oxidation products. 

Recently, high pressure liquid chromatog- 
raphy (HPLC) has been shown to be a powerful 
tool for use in the purification of fatty acid 
oxidation products. For example, the lipid 
hydroperoxide products formed from lipoxy- 
genase reactions of arachidonic acid (7,8) have 
been prepared by air oxidation of the fatty acid 
and purified by HPLC (9,10). Further, the 
first isolable products in prostaglandin bio- 
synthesis, PGG 2 and PGH2, (11,12) have 
recently been purified by HPLC (13). PGG~ 
and PGH 2 are both peroxide products of 
limited stability as are the lipoxygenase pro- 
ducts 12-hydroperoxy and 5-hydroperoxy 
arachidonic acid. The fact that these com- 
pounds may be purified by HPLC suggested to 

us that HPLC might also be used in the study of 
phospholipid oxidation. 

We recently reported (14) that different 
lecithin molecular species could be separated by 
reverse phase HPLC and the primary compo- 
nents of egg lecithin could also be purified by 
this technique. Further, it was noted that after 
storage at low temperature for several months, 
1-palmitic-2-1inoleic-phosphatidylcholine was 
converted to a new product. This new product 
was readily separated from the unreacted 
lecithin by reverse phase HPLC and we sus- 
pected it to be an oxidation product of 1-pal- 
mitic-2-1inoleic-phosphatidylcholine. We report 
here on the isolation and characterization of 
lecithin air oxidation products. HPLC may be 
used to purify the primary lecithin oxidation 
products and we note that these primary 
oxidation products are lecithin hydroperoxides. 

MATERIALS AND METHODS 

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

Lecithin Synthesis 

l-Palmitic-2-1inoleic-phosphatidylcholine (1P, 
2L-PC) was prepared by the method 
reported by Gupta et al. (15). Thus, egg lecithin 
was converted to glycerophosphorylcholine 
which was then diacylated to give dipalmitic 
phosphatidylcholine (di P-PC). Snake venom 
hydrolysis followed by reacylation gave 1P, 
2L-PC. The product was characterized by 1H 
and t3C nuclear magnetic resonance (NMR) 
spectroscopy and was pure by thin-layer 
chromatography (TLC) and HPLC. 1-Stearic-2- 
arachidonic phosphatidylcholine was prepared 
by a similar approach (15). 
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Autoxidation of 1P, 2L-PC 

The 1P, 2L-PC solution was evaporated to 
dryness under vacuum so that the lecithin 
formed a thin layer on the inside of a round 
bot tom flask. The flask was then exposed to a 
stream of dry air, and the reaction was moni- 
tored by reverse phase TLC (RP-TLC) and 
RP-HPLC. After 16 hr the primary product was 
isolated by RP-HPLC and analyzed. 

TLC 

Normal phase TLC was carried out on silica 
gel 60F-254 precoated plates (Merck), using 
CHC13-MeOH-H20 (70:25:4, v/v) as the eluent. 
This gives a good separation of lecithins from 
lysolecithin (16), but an incomplete resolution 
of IP, 2L-PC and its primary oxidation pro- 
duct. The oxidized product moved somewhat 
slower than the starting material. 

Reverse phase TLC (RP-HPLC), precoated 
silanized silica gel 60F-254 (Merck) was carried 
out using MeOH-NH4OH-0.6% CHC13 (7:2:1, 
v/v) as the mobile phase. This method gave an 
excellent separation of the lecithin and its 
primary oxidation products, and was therefore 
useful in monitoring the oxidation in an early 
stage. However, in a later stage, other oxidation 
products gave rise to very large spots interfering 
with both the starting material and the primary 
oxidation products. Phospholipids were visual- 
ized with molybdenum blue spray (zinzadre 
reagent) (16) and peroxides were detected with 
the Kl/starch assay (17). 

HPLC 

A/~ Bondapak C-I 8 column (Waters Assoc., 
Milford, MA) was used with CH3OH-H20- 
CHC13 (solvent proportions described in figure 
captions) as the eluent (14). The 
flow rate was 3.0 ml/min; detection was by 
refractive index or UV (240 nm). For prepara- 
tive purposes, large amounts (20 mg in 200/21 
solvent) of the oxidation mixture could be 
separated per injection. Hydroxy fatty acid 
methyl esters were separated by normal phase 
HPLC using a Waters Associates 10 /2 Porasil 
column (7.8 mm ID x 30 cm) and .5% EtOH 
in hexane as the eluent. The flow rate was 4.0 
ml/min, detection was by UV at 235 nm. Free 
hydroxy fatty acids were analyzed using acetic 
acid-isopropanol-hexane (1:16:983, v/v) as 
solvent and the same 10/2 column as was used 
for the hydroxy fatty acid methyl ester 
analysis. 

Analysis of Lecithin Autoxidation Products 

Fractions collected by reve r se -phase  HPLC 
were concentrated in vacuo at ambient t e m -  

perature until only water remained. The residue 
was freeze dried or evaporated to dryness 
after adding CH2C12 and MeOH, to obtain 
azeotropic water removal. Samples of the 
isolated product were reduced with triphenyl 
phosphine (10). The reduced lecithin was then 
specifically hydrolyzed at the C 2 position with 
phospholipase A 2 (Sigma, Crotalus adamanteus  
snake venom) to isolate the 18:2 hydroxy fatty 
acids (16). This was done at ambient tempera- 
ture to keep decomposition or isomerization of 
the product to a minimum. The hydroxy fatty 
acid mixture was methylated with diazo- 
methane (10) to obtain the methyl esters, 
which were separated by normal phase chroma- 
tography (18). For purposes of efficiency in 
routine analyses, the methylation step was 
omitted and the hydroxy fatty acids were 
analyzed by HPLC. The order in which the 
isomers were eluted was the same as for the 
methyl esters. This was found by methylating 
each hydroxy fatty acid separately and resub- 
jeering it to chromatography. The isolated 
hydroxy fatty acid methyl esters were charac- 
terized by GC-MS after hydrogenation over 
PtO 2 and trimethyl silylation with N,O-bis- 
(trimethylsilyl)trifluoroacetamide (BSTFA) (19). 
Characteristic fragmentation patterns (19) 
indicated that the hydroxyl groups were 
formed at the C 9 and C 13 positions. GC-MS 
was carried out with a 3 ft OV-1 column at a 
temperature ranging from 200-230 C over a 10 
min period. The silylated saturated 9 - a n d  
13-hydroxy methyl esters had retention times 
of 9.3 and 9.7 min, respectively. 

RESULTS 

l-Palmitic-2-1inoleic-phosphatidylcholine re- 
acts readily with oxygen when neat films, 
aqueous emulsions, or solutions (t-butanol, 
benzene solvent) of the lecithin are exposed to 
oxygen. The oxidation of thin films is particu- 
larly rapid at room temperature but dilute solu- 
tions are considerably more stable to air than 
the neat lecithin. 

The reaction of the polyunsaturated leci- 
thins with oxygen is inhibited by butylated 
hydroxy toluene (BHT), a known free radi- 
cal inhibitor, and the oxidation is thus ap- 
parently a free radical chain process (see 
Discussion). 

After exposure of neat 1-palmitic-2-1inoleic- 
phosphatidylchotine to oxygen at 25 C for 16 
hr, significant oxidation of the lecithin had 
occurred. Figure 1 shows the HPLC chroma- 
togram obtained from such an oxidation, with 
two new fractions, 1 and 2, being observed in 
addition to the starting lecithin, 3. Oxidation of 
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fraction 2 

fraction I 

0 6 12 18 24 :30 36 

ml. 

FIG. 1. HPLC chromatogram of  product  mixture  
obtained from a 16 hr oxidation of 1-palmitic-2-1in- 
oleic phosphatidylcholine.  Solvent, CH3OH-H20-  
CHC13 (100:10:10,  v/v); 10 u C-18 reverse phase 
co lumn;de tec t ion  by refractive index. 

275 mg of 1-palmitic-2-1inoleic-phosphatidyl- 
choline for 16 hr (about 20% theoretical 
oxygen consumption) led to 32 mg fraction 2 
and 6.6 mg fraction ] as isolated by HPLC. By 
following an oxidation over time with HPLC, it 
was determined that fraction 2 was the first 
formed lecithin oxidation product. When 
fraction 2 was isolated, allowed to stand at 
room temperature and then rechromato- 
graphed, significant amounts of fraction ] had 
been formed from 2. Thus, fraction ] appears 
to be a secondary oxidation product formed by 
decomposition of the compound(s) making up 
2. Fraction 2 is apparently identical to the 
previously reported (14) contaminant of 
1 -p almit ic-2-1in oleic p h o s p h a t i d y l c h o l i n e  
formed upon storage at -20 C for several 
months. 

Fraction 2 showed a maximum in the 
ultraviolet at 230-235 nm, indicating the 
presence of a conjugated diene. Further, it was 
shown to be a peroxide by the potassium 
iodide/starch test. NMR spectroscopy of 
fraction 2 showed that the bisallylic protons 
(2.8 6) -CH=CH-CH -CH=CH - present at C-11 

of linoleic acid had2disappeared and the vinyl 
region had been broadened, an observation 
consistent with the formation of a conjugated 
diene. We thus tentatively concluded that 
fraction 2 was a diene hydroperoxide, or a 
mixture of various diene hydroperoxides, 
like 2a. 

Triphenylphosphine reduction of 2 pro- 
duced a new product, 4, that was no longer 

2a c~OHH H H O 
II 

O C H2-O-C-(CH2) 14-CH 3 
/CH C\\ /C=C\ // r 

CH3-(CH2) 4 C (CH2)7-C. O-CH O 
I I II 

H CH2-O-PO-CH2-CH2-~(CH3) 3 
I 

O 

p e r o x i d e  pos i t i ve ,  b u t  sti l l  c o n t a i n e d  a c o n j u -  
g a t e d  d i e n e  as  d e t e r m i n e d  b y  i t s  U V  s p e c t r u m .  
S n a k e  v e n o m  h y d r o l y s i s  o f  4 f o l l o w e d  b y  
HPLC analysis of the resulting free fatty acid 
led to the HPLC chromatogram displayed in 
Figure 2. Four major products were observed in 
the chromatogram, and these four products 
have been assigned the structures 5a-5d. 5a, the 
first hydroxy fatty acid eluted, contains a 
13-hydroxyl group with 9-cis,1 l-trans diene 
stereochemistry. 5b is a l 3-hydroxy-9-trans, 11- 
trans compound and 5e and 5d are the 9- 
hydroxy trans, cis and trans, trans dienes, 

O H H  H 

5a CH3-(CH2)4-CH-C ~ C=C 

C / \ 
L (CH2)7-COOH 

H 

OH H H 
I I i 

5b CH3-(CH2)4-CH -C C (CH2)7-COOH 
~ / \ \ /  

C C 
I I 
H H 

H H  H O H  
I [ I /  

5e C=C C-CH-(CH2)7-COOH 
/ \ // 

CH3(CH2) 4 C 
I 

H 

H H OH 
I I I 

5d CH3-(CH2)4-C C CH-(CH2)7-COOH 
~ / \ \  / 

C C 
I I 

H H 

respectively. These structural assignments were 
based on: (a) spectral comparison of the 
products obtained from methylation of 5a-5d 
with the hydroxy linoleate methyl esters 
previously prepared and chromatographed by 
Chan and Levett (18) and (b) hydrogenation of 
the methyl esters (vide supra) followed by 
silylation and GC/MS analysis to indicate the 
position of oxygen substitution on the carbon 
chain. It should be noted that the diene stereo- 
chemistry of the hydroxy linoleate methyl 
esters was previously established by infrared 
and ultraviolet spectroscopy and we have 
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conf i rmed  these  s t e reochemica l  ass ignments .  
The  ra t io  of  p r o d u c t s  f o r m e d  in the  au tox ida-  
t ion  was 13, cis, trans, 18%; 13, trans, trans, 
34%; 9, trans, cis, 14%; and  9, trans, trans, 34%. 

1 -St ear ic-2-arachid on i c - phos pha t i dy l cho l i ne ,  
6, is even more  react ive  toward  o x i d a t i o n  
t h a n  was the  palmit ic- l inole ic  lec i th in .  Af ter  
on ly  5 hr, s ignif icant  ox ida t i on  of  6 had  oc- 
curred  and  the  HPLC trace  s h o w n  in Figure 3 
was ob ta ined ,  As can be  seen f rom the  ch roma-  
togram,  several p roduc t s  are f o r m e d  f rom 
the  leci th in .  Separa t ion  of  the  var ious  ox ida t i on  
p roduc t s  by  HPLC fo l lowed by:  (a) t r ipheny l -  
p h o s p h i n e  r educ t ion ,  (b)  snake  v e n o m  hydro ly -  
sis, and  (c) HPLC analysis  of  the  h y d r o x y  

a r ach idona t e  m e t h y l  esters (10)  led to the  
conc lus ion  tha t  the  f rac t ion  e lu t ing  f rom the  
HPLC co lumn  at 28 ml  ( f rac t ion  7) c o n t a i n e d  
the  p r imary  p roduc t s  of 6 ox ida t ion ,  the  
a rach idon ic  ester  hyd rope rox ides .  The  p roduc t  
d i s t r i bu t ion  o f  h y d r o x y  a r ach idona t e  m e t h y l  
esters ob t a ined  by  the  sequence  ou t l ined  here  
was very similar to  the  d i s t r i bu t ion  ob ta ined  
f rom air ox ida t i on  of  a rach idon ic  acid m e t h y l  
ester  (9). The  air ox ida t ion  of  6 t hus  fol lows a 
course  similar to ox ida t i on  of 1-palmitic-2- 
l ino le ic -phospha t idy lcho l ine .  T h a t  is, conju-  
gated d iene  h y d r o p e r o x i d e s  are fo rmed  first 
and  these p r imary  c o m p o u n d s  decompose  to 
give a complex  m i x t u r e  of  p roduc t s .  

FIG. 2. HPLC chromatogram of hydroxylinoleate 
methyl esters obtained from 1-palmitic-2-1inoleic 
phosphatidylcholine oxidation. Solvent ethanol- 
hexane (5:995 v/v); detection by UV at 235 nm; 10 

silica column 7.8 mm x 30 cm. 

-d 

/ 
I [ ', ,!,, 

4 8 2 16 20 24 25 52 36 4(3 44 

FIG. 3. HPLC chromatogram of product mixture 
obtained from a 5 hr oxidation of 1-stearic-2-arachi- 
donic phosphatidylcholine. Solvent, CH3OH-H20- 
CHCI 3 (100:12:10, v/v); 10 g O18 reverse-phase 
column; detection by UV at 240 nm. 

DISCUSSION 

P o l y u n s a t u r a t e d  fa t ty  acids and  esters are 
par t icu lar ly  p rone  to unde rgo  air o x i d a t i o n  by  a 
free radical  chain  mechan i sm.  A u t o x i d a t i o n  has  
been  inves t iga ted  in detai l  (20)  and  the  gener- 
ally accepted  m e c h a n i s m  involves the  two 
p ropaga t ion  steps (I)  and  (II).  The  overall  ra te  
of  a u t o x i d a t i o n  is re la ted  d i rec t ly  to kp,  

kp 
R-O-O ~ + R'-H --~ R-OOH + R'. (I) 

R'. + 02 ~ R'-OO. (II) 

the  ra te  c o n s t a n t  of  h y d r o g e n  a t o m  abs t r ac t i on  
by  a pe roxy  radical.  This  ra te  cons t an t ,  kp,  is 
d ramat ica l ly  d e p e n d e n t  on  the  s t ruc tu re  of  
R ' -H and  the  h o m o c o n j u g a t e d  diene present  in 
l inoleic as well as o the r  p o l y u n s a t u r a t e d  f a t t y  
acids and  esters is a par t icu la r ly  good h y d r o g e n  
a tom d o n o r  (21).  Abs t r ac t i on  of  the  bisallylic 
h y d r o g e n  of  the  h o m o c o n j u g a t e d  d iene  leads to  
a free radical  t h a t  is s tabi l ized by  de loca l iza t ion  
over  five ca rbon  a toms  and  reac t ion  of  this  
radical  wi th  molecu la r  oxygen  fo l lowed by  
h y d r o g e n  a tom abs t r ac t i on  leads to the  h y d r o -  
pe rox ides  s h o w n  (Scheme  I). 

R/=k/="R+R '-oo. " R R+R'-00. 
OOH HO0 J 

R R R 

SCHEME I. 

P o l y u n s a t u r a t e d  lec i th ins  are n o t e d  for  the i r  
ins tab i l i ty  in air. 1-Palmit ic-2-1inoleic-phospha- 
t idy lcho l ine ,  3, readi ly  undergoes  air ox ida t ion  
and  our  evidence indica tes  t h a t  a m ix tu r e  of  
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four hydroperoxides, 2(a-d)similar to those 
shown in Scheme 1 is formed. Reduction of the 
hydroperoxides with triphenylphosphine to 
give the alcohols 4(a-d) is followed by snake 
venom hydrolysis, a method known to specific- 
ally remo.ve the fatty acid ester from position 2 
of the glycerol moiety. The four hydroxy fatty 
acids formed by this sequence are shown here 
to be identical to the alcohols formed from 
autoxidation of free linoleic acid or its methyl 
ester (18). (Scheme II). 

C H 3 ( C H 2 ) 4 ~ ( C H 2 )  7-COOR 1 ~ 2(a-d) 

3 

2(a-d) PPh3 ~ 4(a-d) snakevenom " 5(a-d) 

R 1 = l-palmitoyl glycerophosphatidylcholine 

SCHEME II. 

The autoxidation of polyunsaturated leci- 
thins thus appears to follow a course similar 
to the autoxidation of the free fatty acids or 
esters, with conjugated diene hydroperoxides 
being the primary products formed in the free 
radical chain process. Both the hydroperoxides 
2(a-d) and the alcohols 4(a-d) are not separated 
from the starting material by normal phase 
chromatography, whe reas  RP-HPLC or RP- 
TLC readi/y separate these compounds from 
the starting lecithin. 

The procedures reported here make available 
lecithin hydroperoxides for potential biological 
study. Further, the methods outlined here pro- 
vide a framework for the study of the oxidation 
of more complex mixtures of lecithins such as 
those found in biological membranes. In this 
regard, we are currently investigating the oxi- 
dation of egg lecithin aqueous emulsions and 
our preliminary observations suggest that the 
approach may well provide detailed chemical 
information about the oxidation of model 
membrane systems. 
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A Lipid Mobilizing Factor in Serum of Tumor-Bearing Mice 
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ABSTRACT 

There is considerable evidence that the growing tumor requires a source of unsaturated fatty acids, 
but the nature of this source and the mechanism of mobilizing the fatty acids from it are obscure. 
These experiments make use of AKR mice with implanted adipose tissue labeled with 1-14C linoleic 
acid. With this experimental animal, it has been found that: (a) in the normal, fed mouse, fat is 
mobilized slowly and appears largely as respiratory CO2, following oxidation, (b) in the normal, fasted 
mouse, fat is mobilized rapidly and appears largely as respiratory CO2; (c) in the tumor-bearing, fed 
mouse, fat is mobilized rapidly and appears largely in the tumor; and (d) the serum from tumor- 
bearing mice, when injected into normal mice, produces an immediate massive fat mobilization that 
does not respond to feeding, whereas the serum from normal, fed mice does not. It is concluded that a 
mobilizing factor of unknown nature is present in the serum of tumor-bearing AKR mice. 

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

Many obse rva t ions  have ind ica ted  a growing 
t u m o r  is able to  derive the  f a t t y  acids necessary  
for  m e m b r a n e  f o r m a t i o n  f rom the  hos t  tissues. 
Fo r  example ,  Smedley-Maclean  and  coworker s  
(1 ,2)  r epo r t ed  i m p l a n t e d  Walker  t u m o r s  caused 
a decrease in p o l y u n s a t u r a t e d  fa t ty  acids in 
su r round ing  tissues. Mead and  Decker  (un- 
pub l i shed  results)  f o u n d  t h a t  chronica l ly  
fa t -def ic ien t  mice died wi th  acute  fat  def ic iency  
s y m p t o m s  fgl lowing t r a n s p l a n t a t i o n  of  an  
Ehr l ich  t u m o r .  The  source  of  the  f a t ty  acids 
was no t  clear f rom these  and similar experi-  
ments .  S tudies  specifically designed to answer  
this  ques t i on  have no t  been  helpful ,  possibly 
because  of  t he  he t e rogene i t y  of  the  t u m o r s  
used and  the  d i f fe ren t  r eac t ions  in d i f fe ren t  
e x p e r i m e n t a l  animals.  F o r  example ,  Spec to r  
and  B r e n n e m a n  (3) r epo r t ed  l i t t le  intra-  
pe r i tonea l ly  in jec ted  glucose rad ioac t iv i ty  ap- 
peared  in the  t u m o r  hpid  of  Ehr l ich  ascites 
t u m o r - b e a r i n g  mice,  and  Baker  and  his associ- 
a tes  (4,5)  have r epo r t ed  an  i m p a i r m e n t  of  l ipid 
t r a n s p o r t  in these  mice  and  have ind ica t ed  t he  
liver is n o t  t he  d i rec t  source  of  the  hyper t r i -  
g lycer idemia  seen. 

On  t he  o t h e r  hand ,  it seems ev ident  t ha t  in 
mammals ,  a t  least, t he  ma jo r  source  of  rapid ly  
available f a t t y  acid mus t  be  adipose  t issue and  
m a n y  obse rva t ions  of  t u m o r - b e a r i n g  animals  
and  pa t ien t s  have revealed a p ic ture  of  fat  
dep l e t i on  wi th  advanced  mahgnancies .  

In  p re l imina ry  expe r i m en t s  in th is  labora-  
to ry ,  it was f o u n d  t ha t  in A K R  mice wi th  
advanced  l y m p h o m a s ,  in j ec t ion  or oral  adminis-  
t r a t i o n  of  [1 -14C] l ino le i c  acid resul ted  in 
relat ively increased i n c o r p o r a t i o n  in to  liver and  
t h y m u s  p h o s p h o l i p i d s  and  decreased incorpora -  
t ion  in to  t r ig lycer ides  as c o m p a r e d  to  con t ro l s  
(6). The  hypo thes i s  advanced  at the  t ime  

was tha t ,  in t u m o r - b e a r i n g  mice,  an  increased 
t r anspo r t  of  f a t t y  acid to the  t u m o r  and  
increased i n c o r p o r a t i o n  in to  t u m o r  cell mem-  
b ranes  was occurr ing.  Obse rva t ions  of  th is  sort  
have been  made  previously  (7).  

Clearly,  t he re  is a need  for  a def in i t ive  s tudy  
to iden t i fy  the  source of  t u m o r  lipid, t he  means  
of  t r anspor t  to  t he  t u m o r  and  t he  m e c h a n i s m  
by  which  the  lipid t rans fe r  is induced .  These  
expe r imen t s  were designed to  answer  those  
ques t ions ,  at least for  one  an imal  and  t ype  of  
t u m o r .  

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

Experimental Animals 

B o t h  male and  female  A K R  mice  were  used. 
This  s t ra in  has  an a lmos t  100% mor t a l i t y  f rom 
t h y m i c  l y m p h o m a  b e t w e e n  the  ages of  6 and 
14 m o n t h s  wi th  a peak  inc idence  at 9-10 
m o n t h s  (8). If  i n j ec ted  w i th  Gross  Mur ine  
Leukemia  Virus  at  3 days, the  onse t  of  t he  
disease is accelera ted  and peak inc idence  occurs  
at  2.7 m o n t h s  (9). Animals  were housed  in 
groups  of  6-7 and  fed l a b o r a t o r y  mouse  chow 
ad l ib i tum.  

Animal Procedures 

[ I A 4 C ]  Linoleic  acid was admin i s t e red  
oral ly to  a h e a l t h y  A K R  mouse  and af te r  4 hr  
t he  mouse  was sacrif iced and  the  resul t ing  
labeled r e t rope r i t onea l  and suprapelvic  adipose  
t issue was r emoved  and divided in to  pieces of  
a b o u t  0.1 g ( 1 0 0 , 0 0 0  cpm).  These  were t rans-  
p l an t ed  in to  d i f fe ren t  loca t ions  of  the  peri- 
t onea l  cavity of age-matched  l y m p h o m a - b e a r i n g  
and  con t ro l  A K R  mice  u n d e r  l ight  e ther  anes- 
thes ia  (10) .  Vascu la r iza t ion  of  the  t r an sp l an t ed  
adipose  t issue occur red  in a b o u t  2 days, as 
s h o w n  microscopica l ly ,  and  these  mice were 
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used for the experiments described in the 
following text. In all, 8 lymphoma-bearing mice 
and an equal number of normal controls were 
used. In some cases, mice bearing radioactive 
grafts were used for several experiments and 
thus served as their own controls. Animals with 
both spontaneous and accelerated lymphoma 
were used as recipients of labeled adipose 
tissue grafts. The serum for lipid mobilization 
experiments was taken from 2 to 3-month-old 
mice with accelerated lymphoma and from 
1-month-old healthy controls. 

For collection of respiratory CO2, special 
plexiglass cages holding a single mouse were 
used. (These cages were generously furnished 
by Dr. M. Ookhtens of the Tumor Lipid Labor- 
atory, Wadsworth Veterans Administration 
Hospital, Los Angles, CA) (I 1). The cages had 
one air inlet allowing air to enter from the rear 
and one outlet directly in front of each mouse 
to permit collection of expired CO 2. Dimen- 
sions of the cages were such that the mice could 
not turn around throughout the period of 
breath collection. Air was swept at a rate 
of 500 ml/min/cage (dead space swept at least 
10 times per min) and bubbled through 40 ml 
of hydroxide of hyamine 10-x (Rohm and 
Haas) solution. The 0.032 M solution was 
prepared in absolute ethanol containing phen- 
olphthalein as an indicator. Each CO 2 col- 
lection funnel was supplied with 40 ml of this 
solution. Disappearance of  the pink color of  the 
solution indicated the completion of the 
titration, i.e., the saturation of  the hyamine by 
expired CO 2. Four separatory funnels were 
arranged to collect CO2 from a pair of mice 
simultaneously. Aliquots of hyamine solution 
were collected after the pink color of the 
hyamine solution disappeared and were used 
for 14C assay. 

Radio Gas Liquid Chromatography 

Methyl esters of component fatty acids were 
prepared from the separated lipids by meth- 
anolysis with 4% HC1 in methanol for 1 hr at 
80 C. The methyl esters were extracted with 
pentane and were analyzed for mass and 
radioactivity on the Packard, Model 824, gas 
chromatograph with gas proportional counter, 
Model 894, fitted with a 6 ft x 4 mm glass 
column with a liquid phase of Apolar 10 C. 

R ESU LTS 

Findings after Transplantation 
of Adipose Tissue 

Figure 1 shows transplanted adipose tissue 
in a lymphoma-bearing mouse. There are intact 
blood vessels containing red blood cells. New 
vascularization has taken place between the 
peritoneum and transplanted adipose tissue. 
In this mouse, the transplanted adipose tissue 
had decreased in size during 3 days. About 80% 
of the radioactivity from the transplanted tissue 
was found incorporated in the various tumor 
tissues - liver, thymus, spleen, mesenteric 

Liquid Scintillation Counting 

Aliquots (5 ml) of the hyamine solution 
were taken after disappearance of the pink 
color and were mixed with 10 ml of Dimilume- 
30 in glass counting vials and kept in the dark 
at 4 C overnight. Appropriate blanks and 
experimental samples were counted on a 
Beckman LS 8100 liquid scintillation spectro- 
meter. 

Extraction and Analysis of Lipids 

Tissue samples, after weighing, were ex- 
tracted by the method of Bligh and Dyer (12). 
Total lipid was separated into nonpolar and 
polar fractions by elution from small silicic acid 
columns with chloroform and methanol, 
respectively. 

FIG. 1. Transplanted adipose tissue from a lymph- 
oma-bearing mouse. (Data shown in Table 1). Hema- 
toxylin and eosin are used for staining; figure is 
magnified x 400. The graft in this lymphoma mouse 
survived as well as that in control mice. 
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lymph  nodes,  inguinal l y m p h  nodes,  and cervi- 
cal l ymph  nodes,  for example.  

In advanced l y m p h o m a  cases, thymus,  
l ymph  nodes  and spleen cells were largely re- 
placed by l ymphoma  cells, and in the liver ex- 
tensive invasion by l y m p h o m a  cells was seen, 
part icularly around the  b lood vessels. In control  
mice,  the  grafts in general had more  extensive 
vasculari ty and be t te r  survival than those in the  
lymphoma-bear ing  mice. The  cont ro l  grafts did 
no t  decrease not iceably  in size and lit t le radio- 
act ivi ty was found in tissues o ther  than the  
t ransplanted adipose tissue. 

Analysis of Tissue Lipids 

As shown in Tables I and II, after sufficient  
t ime for vascularizat ion of  the t ransplanted 
tissue, significant amount s  of radioact iv i ty  were 
found in all tumor-conta in ing  tissues - liver, 
thymus,  spleen and l ymph  nodes.  Considerable 
variabil i ty occurred in the  incorpora t ion  of  
radioact iv i ty  into the tissues of  these mice be- 
cause of  several factors such as stage of  lymph-  
oma and vascularizat ion of  graft. Only small 
amounts  of radioact ivi ty  were found in the  
liver and thymus  of  cont ro l  mice. The  most  
extensive mobi l iza t ion  was found in those 
animals in which the  best vascularizat ion 
occurred,  as seen microscopically.  In the t umor  
tissues, most  of  the  radioact ivi ty  was found in 
the  phosphol ipid  fract ion,  as repor ted  previous- 
ly, fol lowing [1-14C]l inole ic  acid administra- 
t ion (5). Radio gas chromatography  showed the  
fa t ty  acid radioact ivi ty  pat tern  of  the phospho-  
lipid f rom t u m o r  tissue was 85% linoleic acid 

and 15% arachidonic acid (Fig. 2). 

Fasting Experiments 

Since lipid mobi l iza t ion  also is caused by 
fasting, a comparison was made of  the trans- 
fer of  radioact ivi ty induced by fasting or by the  
growing tumor .  In a sense, this had already 
been done since it had been found that ,  in the 
normal  mice, radioact ivi ty  f rom adipose tissue 
was not  extensively transferred to o ther  tissues, 
whereas in the  tumor-bear ing mice  much  of the  
radioact ivi ty  was found in the t umor  or in the  
tissues, such as the liver, which were extensively 
invaded by tumor .  These findings take on ad- 
di t ional  significance since it was found that  the  
tumor-bear ing mice ate approx imate ly  the same 
amounts  as the  controls  (3-4 g/day).  

Fo r  the  fasting study, mice wi th  the  radioac- 
tive grafted adipose tissue were placed in the 
metabol ism cages, radioactive CO2 was col- 
lected and the radioact ivi ty  per m m o l  CO 2 was 
measured.  In the cases of  bo th  fed control  and 
lymphoma-bear ing  mice, a low level (less than 
100 c p m / m m o l  CO2) was produced  through- 
out  the  period. Prolonged fasting in the normal  
mouse  with  radioact ive adipose tissue graft, 
however ,  produced an increase in expired 
14CO2 with  a peak value of  1700 c p m / m m o l  
(which corresponds to about  3000 cpm/hr) .  
This was conf i rmed by col lect ing CO 2 for 1 hr  
with a more concent ra ted  hyamine  solution. 
When the fasting was in ter rupted  by  feeding a 
minimal  amount  of  diet (0.5-2 g), the  radioac- 
tive C02  fell to baseline values precipi tously 
and then  slowly rose as fasting was resumed. 

TABLE I-A 

Radioactivity Incorporated into Various Tumor Tissues in Lymphoma-Bearing Mouse 

Radioactivity in Radioactivity in 
total lipid (cpm) phospholipids (cpm) 

Radioactivity in 
neutral lipid (cpm) 

Liver 57340 
Thymus 7620 
Spleen 11830 
Inguinal and cervical lymph nodes 8280 
Mesenteric lymph node 2150 

41930 (80%) 10810 (20%) 
6610 (89%) 820 (11%) 

10870 (97%) 290 (3%)  
5017 (67%) 2460 (33%) 

TABLE I-B 

Distribution of Radioactivity in Neutral Lipids of 
Thymus and Liver of Lymphoma-Bearing Mouse 

FFA Chol. TG Chol. E 
cpm FFA/TL% cpm Chol./TL% cpm TG/TL% cpm Chol. E/TL% 

Liver NL 50 0.1% 438 0.8% 7770 14% 730 1.3% 
Thymus NL 7 0.1% 74 1.0% 395 5% 200 2.6% 
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TABLE II 

Radioactivity Incorporated into Tissues of  Lymphoma-Bearing and Control Mice 

171 

Mice 

Radioactivity in 
Days after Radioactivity in Radioactivity in mesenteric lymph 

Sex t ransplantat ion liver TL (cpm) thymus  TL (cpm) node TL (cpm) 

Lymphoma(1 )  F 6 6650 473 
(2) F 4 9330 1660 
(3) M 3 57340 7620 
(4) F 5 23970 2810 
(5) M 3 3920 733 
(6) F 4 8030 680 
(7) a M 4 3635 530 
(8) a F 3 5610 540 

1195 
910 

2150 
9850 

Control (1) F 5 560 44 
(2) M 6 380 12 
(3) M 3 840 33 
(4) F 4 385 260 
(5) M 5 665 
(6) F 4 200 
(7)~ M 3 380 
(8) ~ F 4 665 

M = Male; F =  Female. 
aLymphoma (7) and (8) are spontaneous lymphoma mice. (Lymphoma [ 7] = 9 months  old, Lymphoma [ 8] 

= 7 months  old). 
bControl  (8) is a 1-year-old heal thy mouse. The rest of the lymphoma mice are virus accelerated (2-3 

months  old), The rest of  the control  mice are age-matched (2-3 months  old). 

100" 
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FIG. 2. Liver phospholipid fat ty  acid pat tern from lymphoma-bearing mouse. Mass peaks (lower curves) 
are from a standard mixture.  Radioactivity is present only in 18:2 and 20:4. 
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FIG. 3. Radioactivity of expired CO 2. The abscissa shows days after transplantation. Fasting started 2�89 days 
after transplantation of labelled adipose tissue. The ( )g shows the amount of food given to the fasted mouse. 

This  process  could be  r epea ted  con t inuous ly ,  
each  cycle br inging  a b o u t  an increase ( fas t ing)  
or  decrease ( feeding)  of  radioac t iv i ty .  In th is  
m a n n e r ,  t he  rad ioac t iv i ty  in the  t r a n s p l a n t e d  
adipose  could be, in a sense, t i t r a t ed  un t i l  all 
t he  rad ioac t iv i ty  of  the  ad ipose  t issue had  ap- 
peared as 1 4 C O 2  and th is  was conf i rmed ,  a f te r  
sacrifice, since negligible rad ioac t iv i ty  r ema ined  
in t h e  graft .  One  such series is s h o w n  in Figure 
3. It  should  be emphas ized  t h a t  the  c o n d i t i o n s  
in th is  e x p e r i m e n t  are d i f fe ren t  f rom t h o s e t h a t  
fol low in t h a t  t h e  f o r m e r  represen t s  severe star- 
va t ion  and  the  l a t t e r  mild fast ing.  

Test for Mobilizing Factor 

Since, by  the  m e t h o d  ou t l ined  above,  each 
mouse  could be  its o w n  cont ro l ,  an e x p e r i m e n t  I 

was in i t ia ted  in which  a n o r m a l  mouse  bear ing  [ 
a rad ioac t ive  ad ipose  t issue graf t  was tes ted  for  

i quan t i t a t i ve  response  to  feeding or fasting. As 
usual,  feed ing  0.5 g food  b r o u g h t  a b o u t  a pre- 30o 

cip i tous  decl ine  in radioac t ive  CO2 emiss ion  to 
very low values w i th in  45 rain.  As fas t ing pro- 2, 
dressed, the  rad ioac t iv i ty  slowly increased,  2oo 

reach ing  150 c p m / m m o l  in 3 hr  (Fig. 4). A 
more  gradual  increase  was seen fo l lowing 1.0 or  zs+ 

1.5 g f o o d ;  in t he  l a t t e r  case, 150 c p m / m m o l  
was reached  in 6-7 hr  (Fig. 4). 100 

F r o m  the  i n f o r m a t i o n  gained in th is  experi-  
men t ,  t he  fo l lowing s tudies  were c o n d u c t e d  af- so 
ter  ~A-day of fast ing - a l lowing liver g lycogen to 
be  largely dep le ted  t h e n  giving 2 g food  and  ad- 
d i t iona l  food  at app rop r i a t e  t imes  - in such a 
way t h a t  the  effect  of  fast ing was no t  a f ac to r  
in t h e  studies.  

Two h r  fo l lowing the  feeding of  2.0 g chow,  

w h e n  t he  rad ioac t ive  CO2 was at  a low po in t ,  
0.3 ml  of  serum f rom a m o u s e  wi th  advanced  
l y m p h o m a  was in jec ted  b y  tai l  vein. There  was 
an  immedia t e  d rama t i c  increase  in expi red  
rad ioac t iv i ty  ( to  200  c p m / m m o l )  and  a f u r t he r  
increase  to  300  c p m / m m o l  in 5 h r  (Fig. 5). 
A t  9 hr,  0.5 g food  was given bu t  did no t  resul t  
in a decrease  of  rad ioac t iv i ty .  In jec t ion  of  0.3 
ml serum f rom a normal ,  fed con t ro l  mouse  
did no t  resul t  in any  change u n d e r  the  ident ica l  
e x p e r i m e n t a l  c o n d i t i o n s  (Fig. 5). 

This  e x p e r i m e n t  was r epea ted  us ing  a mouse  
in which ,  fo l lowing feeding,  t he  expi red  CO 2 
had an act iv i ty  of  5.6 c p m / m m o l .  In jec t ion  of  
0.3 ml of  serum f rom a l y m p h o m a - b e a r i n g  
mouse  caused an increase to  120 c p m / m m o l .  

C P II/m m ol e CO 2 

,. . / / o  

1 2 ] 4 5 g 7 8 9krs 

FIG. 4. Appearance of respiratory 14CO2 in mouse 
with radioactive adipose tissue graft with time and 
treatment (see Results). (g) Indicates the amount of 
food given at time 0. 
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FIG. 5. Appearance of respiratory 14CO2 in mouse 
with radioactive graft with time and treatment (see 
Results). ( )g Indicates the amount of food given at 
time 0 or the indicated time periods. Arrows show 
times of injections. 

An extract of thymus from a lymphoma- 
bearing mouse caused an increase to 134 cpm/ 
mmol, whereas an extract of pooled thymus 
glands from two control mice had no effect. 
Also, injection of conditioned medium from 
growth phase culture of an AKR SL3 lymph- 
oma cell line (13) caused an increase to 134 
cpm/mmol. No increase was observed with 
serum from a control mouse or control culture 
medium. (RPMI 1640 with 10% fetal calf 
serum). 

DISCUSSION 

The use of mice bearing transplanted radio- 
active adipose tissue permits the rapid and 
sensitive assessment of the state of mobiliza- 
tion of adipose tissue. It is evident that the 
graft behaved qualitatively similarly to the en- 
dogenous adipose tissue since under conditions 
of release of radioactivity from the graft, the 
endogenous adipose tissue decreased in size. 
A check on the measurement of 14CO 2 appear- 
ance was obtained after sacrifice, by measuring 
the radioactivity of all tissues. This indicated 
that in the fed normal mouse, mobilization 
is slow and much of the released fatty acid is 
oxidized. In the fasted normal mouse, mobiliza- 
tion is rapid and, again, most of the released 
fatty acid is oxidized. In contrast, in the fed, 
tumor-bearing mouse (these animals did not 
survive fasting), most of the fatty acid was 
mobilized but, in this case, it appeared in the 
tissues. 

As discussed above, there is ample evidence 
that growing tumors require a source of un- 
saturated fatty acids for formation of mere- 

brane phospholipids. There is also a great deal 
of indirect evidence implicating fatty acids as 
growth promoting agents in carcinogenesis 
(14-15). In the same light, indirect evidence 
has supported the idea that mobilizing factors 
are produced by the growing tumor: the 
unsaturated fatty acids are made available for 
its growth. The above experiments furnish 
direct evidence that there is a potent mobiliza- 
tion i nduc ing  factor in the serum of tumor- 
bearing mice but not in that of controls. That 
it is different from the mobilization inducing 
factors (e.g., epinephrine) produced in fasting 
is evident, since feeding has little or no effect 
on the tumor serum induced mobilization, 
whereas it inhibits that produced by fasting. 
Since the factor is also present in tumor ex- 
tract and in culture medium from lymphoma 
cell culture, it is evidently not produced indi- 
rectly from some other tissue but is a direct 
product of the tumor. 

Future experiments will include attempts to 
isolate and identify the factor or factors. It is 
anticipated that these results will require time 
but will be immeasurably aided by the techni- 
que described in this paper. 
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Inhibition of Mitochondrial Fatty Acid Elongation 
by Antibodies to 3-KetoacyI-CoA Thiolase 
HAROLD STAACK, BRUCE DAVIDSON, and HORST SCHULZ 1, Department of Chemistry, 
City College of the City University of New York, New York, NY 10031 

ABSTRACT 

Antibodies to pig heart 3-ketoacyl-CoA thiolase inhibited almost completely and in a paraUel 
fashion thiolase and the acetyl-CoA-dependent fatty acid elongation system present in an acetone 
powder extract of pig heart mitochondria. This finding leads to the conclusion that mitochondrial 
fatty acid elongation occurs by reversal of fatty acid oxidation. Several lines of evidence point to the 
thiolase-catalyzed condensation reaction as the rate-limiting step in the formation of elongated 
products. However, the accumulation of hydroxy acids suggests the enoyl-CoA reductase activity is 
limiting in the synthesis of saturated fatty acids. 

INTRODUCTION 

Fatty acid synthesis in mitochondria occurs 
by an acetyl-CoA-dependent elongation of fatty 
acids (1). A number of details for this meta- 
bolic pathway as well as its physiological 
function have not yet been elucidated. Specifi- 
cally, the nature of the enzymes involved in 
this process has not been esta.blished although it 
has been suggested the elongation occurs by 
reversal of/~-oxidation, except that the last step 
is catalyzed by a distince NADH- or NADPH- 
dependent enoyl-CoA reductase (1,2). This 
suggestion is supported by the observed elonga- 
tion of acyl-CoA primers in the presence of a 
mixture of purified enzymes consisting of 
3-ketoacyl-CoA thiolase (EC 2.3.1.16), 3- 
h y d r o x y a c y l - C o A  d e h y d r o g e n a s e  (EC 
1.1.1.35), enoyl-CoA hydratase (EC 4.2.1.17) 
and eoyl-CoA reductase (EC 1.3.1.8) (2). 
However, other reports represent evidence that 
the fatty acid elongation activity behaves like a 
single protein with a molecular weight of 
maximally 135,000; these reports do not agree 
with the proposed involvement of /3-oxidation 
enzymes in this process (3,4). 

In order to determine whether mitochon- 
drial fatty acid synthesis occurs by reversal of 
fatty acid oxidation, we studied the effect of 
antibodies to 3-ketoacyl-CoA thiolase on 
the elongation activity. Also, we attempted to 
identify the rate-limiting step in this pathway. 

EXPERIMENTAL PROCEDURES 

Materials 

Acetyl-CoA, CoASH, octanoyl-CoA, NAD + 
and NADH were obtained from P-L Bio- 
chemicals, Inc. (Milwaukee, WI). [ 1-14C]- 
Acetyl-CoA and [ 1,3-14C] malonyl-CoA were 
purchased from New England Nuclear, Inc. 

iTo whom correspondence should be directed. 

(Boston, MA). The following substrates were 
synthesized according to established proce- 
dures: Acetoacetyl-CoA (5), 3-ketodecanoyl- 
CoA (2), A2,3_decenoyl_Co A (6). d,l-3- 
Hydroxydecanoyl-CoA was prepared from 
d,I-3-hydroxydecanoic acid and CoA by the 
Goldman and Vagelos mixed anhydride method 
(7). The concentrations of all acyl-CoA com- 
pounds except for that of 3-ketodecanoyl-CoA 
were determined by the Ellman method (8) 
after cleaving the thioester bond with 
hydroxylamine at pH 7. The concentration of 
3-ketodecanoyl-CoA was determined by 
recording the oxidation of NADH in the 
presence of 3-hydroxyacyl-CoA dehydrogenase. 
The purification of 3-ketoacyl-CoA thiolase 
from pig heart and the preparation of rabbit 
immunoglobulins against 3-ketoacyl-CoA thio- 
lase from pig heart and against acetoacetyl-CoA 
thiolase from Escherichia coli have been de- 
scribed previously (9). Pig heart mitochondria 
were isolated as described for beef heart mito- 
chondria (10). An acetone powder of pig heart 
mitochondria was prepared according to the 
Dahlen and Porter procedure (3). 

Methods 

Thiolase activity was routinely measured as 
described in principle by Lynen and Ochoa (11) 
and as detailed by Staack et al. (9). 3-Keto- 
decanoyl-CoA served as a substrate. 3-Hydroxy- 
acyl-CoA dehydrogenase was assayed by 
measuring the oxidation of NADH in the 
presence of acetoacetyl-CoA or 3-ketodecanoyl- 
CoA as previously described (12). Enoyl-CoA 
hydratase was measured spectrophotometrically 
at 263 nm. A typical assay mixture contained 
in a total volume of 0.6 ml: 30/amol of glycyl- 
glycine (pH 7.8), 1.4 pmol of 2-mercapto- 
ethanol, 21 nmot of d,l-3-hydroxydecanoyl- 
CoA and enzyme to give a AA/min of 0.01 to 
0.02. The acetyl-CoA-dependent fatty acid 
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elongation was determined by measuring the 
incorporation of [1-14C] acetyl-CoA into ether 
extractable fatty acids at 38 C. The reaction 
mixture contained in a total volume of 1 ml:40 
btmol of glycylglycine (pH 7.8), 130 nmol of 
octanoyl-CoA, 65 nmol of [ 1-14C] acetyl-CoA 
(6000 dpm/nmol),  0 .56/Jmol  of NADH and 25 
/lmol of rotenone. The reaction was started 
by the addition of an acetone powder extract 
containing 65 /2g of protein. The extract was 
prepared by sonicating a suspension of acetone 
powder from pig heart mitochondria for 30 sec 
at 0 C with a Branson sonifier (equipped with a 
microtip) in 0.05 M glycylglycine (pH 7.8) 
containing 2.8 mM mercaptoethanol. Reactions 
were terminated after 15 min by the addition 
of either KOH or HC1 to give a final concentra- 
tion of 3 M. Termination with HC1 permitted 
the separate extraction of free fatty acids, 
followed by the extraction of CoA-bound fatty 
acids after alkaline hydrolysis for 1 hr at 90 C. 
After washing the ether extracts with water, the 
solvent was removed in vacuum and the resi- 
dues were counted in a liquid scintillation 
counter. In experiments where 3-ketoacyl-CoA 
thiolase was removed from the acetone powder 
extracts by immunoprecipitation, the acetone 
powder extracts were first centrifuged at 

31,000 x g for 30 min and were then reacted 
with 0-400 /ag of antibodies per 140 /~g of 
extracted protein. After 1 min at room tem- 
perature, 0.05 M glycylglycine (pH 7.8) con- 
taining 10 mM 2-mercaptoethanol and bovine 
serum albumin (0.18 mg/ml) was added to a 
final volume of 1 ml. The solution was centri- 
fuged at 31,000 x g for 30 rain and the re- 
sulting supernatant was immediately assayed 
for thiolase and fatty acid elongation activities. 
Units of enzyme activity are expressed as gmol 
of substrates used or as products formed per 
rain. Protein concentrations were determined 
by the method of Lowry et al. (13). 

RESULTS A N D  DISCUSSION 

We have studied mitochondrial fatty acid 
elongation with an acetone powder extract of 
pig heart mitochondria because this elongation 
system is soluble and has recently been investi- 
gated by Hinsch et al. (14), who demonstrated 
(a) it catalyzes most efficiently the acetyl-CoA- 
dependent elongation of medium chain fatty 
acyl-CoA's and (b) requires as an electron 
donor only NADH. Similar results have been 
obtained by Dahlen and Porter with an acetone 
powder extract of beef heart mitochondria (3). 

T A B L E  I 

Fa t ty  Acid Elongat ion  wi th  an Ace tone  Powder  Ex t rac t  o f  Pig Hear t  Mi tochondr i a  a 

Spec. Rel. 
Exp.  Addi t ions  Delet ions act iv i ty  act ivi ty  

m U / m g  % 
of  pro te in  

No.1 none  none  1.00 100 
none  o c t a n o y l - C o A  0 0 

9.7 m U  thiolase none  1.34 134 
19.5 m U  thiolase none  1.62 162 
39.2 m U  thiolase none  1.91 191 

404  m U  thiolase none  2.66 266 

No.2 none  none  0 .587 100 
94 #g Ab to  thiolase none  0 .016  2.7 
m a l o n y l - C o A  ace ty l -CoA 0.02 3.4 
m a l o n y l - C o A  + 94 ~tg ace ty l -CoA 0.015 2.6 

Ab to  thiolase 

No.3  b none  none  0.211 100 
47 gtg Ab to thiolase none  0 0 
43 #g Ab to thiolase none  0.301 143 

+ 91 m U  thiolase 
43 #g  Ab to thiolase none  0 .455 216 

+ 182 m U  thiolase 

a E x p e r i m e n t s  were  p e r f o r m e d  as descr ibed in Expe r imen ta l  Procedures .  

b e a c h  assay con ta ined  200 /~g of  p ro t e in  as c o m p a r e d  to  65 big used in e x p e r i m e n t s  
No. 1 and 2 in o rder  to ob ta in  m a x i m a l  a m o u n t s  of  p roduc t .  H o w e v e r ,  w i th  200 /.tg of  
p ro te in ,  the  reac t ions  were  not  l inear  for  15 rain; thus  the specific activities are lower  than  
those  ob ta ined  wi th  65 ~tg o f  p ro te in .  
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Table I shows the elongation activity of the 
acetone powder extract was between 0.2 and 1 
nmol of acetyl-CoA incorporated per min and lo ~ 
mg of extractable protein. In the absence of o 
octanoyl-CoA, no ether-extractable fatty acids 
were formed; the system thus is not capable of 
de novo fatty acid synthesis. In agreement with 
previous reports, malonyl-CoA could not 
substitute for acetyl-CoA in the elongation 
reaction (15). The slight incorporation of 
malonyl-CoA into fatty acids most likely 
resulted from the presence of small amounts of ~ 50 I 
acetyl-CoA in the malonyl-CoA preparation. 

The removal of 3-ketoacyl-CoA thiolase-  v< 
which acts on substrates of various chain -~ o ,  
lengths-from the acetone powder extract by \ immunoprecipitation resulted in a nearly 
complete inhibition of the fatty acid elongation 
system (see Table I). When 3-ketoacyl-CoA , ~ , ~ . . .  ,__ . . . . . . . .  
thiolase was first removed from the extract by " ~ - = = = _ = ~ _ _ , _ - - - - - - -  
immunoprecipitation and then replaced by 
purified 3-ketoacyl-CoA thiolase, the elonga- o so loo 1so 
tion activity was reconstituted (see Table I). 
The results of a detailed inhibition study of 
both 3-ketoacyl-CoA thiolase and the fatty 
acid elongation system by antibodies to 3-keto- 
acyl-CoA thiolase are presented in Figure 1. 
This data shows that antibodies to 3-ketoacyl- 
CoA thiolase, in contrast to antibodies against 
acetoacetyl-CoA thiolase from E. coli, inhibited 
thiolase and the fatty acid elongation system in 
parallel, a finding that suggests 3-ketoacyl-CoA 
is a component enzyme of the mitochondrial 
fatty acid elongation system and possibly 
catalyzes the rate-limiting step in this pathway. 
The small thiolase activity not precipitated at 
optimal antibody concentrations was most 
likely the cause for the residual fatty acid 
elongation activity. Since this experiment 
suggests the thiolase-catalyzed condensation of 
octanoyl-CoA and acetyl-CoA is the rate- 
limiting step of the elongation reaction, the 
effect of added purified 3-ketoacyl-CoA 
thiolase on the rate of fatty acid elongation was 
investigated. Table I shows the elongation 
activity was stimulated by the addition of 
3-ketoacyl-CoA thiolase, a finding which 
supports the conclusion concerning the rate- 
limiting step of the pathway. To further sub- 
stantiate this conclusion, the individual reac- 
tions of the fatty acid elongation system 
(except for the NADH-dependent enoyl-CoA 
reductase) were measured. The latter enzyme 
could not be measured because 3-hydroxyacyl- 
CoA dehydrogenase is present in the acetone 
powder extract at much higher levels and 
interferes with both the spectrophotometric 
and radioactive assay of the NADH-dependent 
enoyl-CoA reductase. The activities of thiolase, 

Antibody (pg) 
FIG. 1. Effects of antibodies to 3-ketoacyl-CoA 

thiolase on the activities of 3-ketoacyl-CoA thiolase 
and of the mitochondrial fatty acid elongation system. 
Experiments were performed as described in Experi- 
mental Procedures. Thiolase activity {A) and fatty acid 
elongation activity (e) after addition of antibodies pre- 
pared against 3-ketoacyl-CoA thiolase. Thiolase 
activity (zx) and fatty acid elongation activity (o) after 
addition of antibodies prepared against E. coli aceto- 
acetyl-CoA thiolase. 

3-hydroxyacyl-CoA dehydrogenase and enoyl- 
CoA hydratase in the direction of fatty acid 
elongation are listed in Table II. These approxi- 
mate values indicate again that the rate of fatty 
acid elongation is determined by the rate of the 
thiolase-catalyzed condensation reaction. The 
lower values of the condensation reactions, as 
compared to the elongation activities, probably 
result from differences in conditions at which 
the two types of assays were performed. 

Analyses of the elongation products revealed 
that ca. 50% of the fatty acids were present as 
free acids; the free and CoA-bound fatty acids 
were found to be mostly hydroxy acids. The 
ratios of hydroxy acids to saturated and unsatu- 
rated acids were ca. 3:1 and thus were similar 
to those observed by Hinsch et al. (14). The 
high percentage of hydroxy acids, which is 
typically observed with mitochondrial extracts 
of heart, skeletal muscle and other extrahepatic 
tissues, but not with liver mitochondria 
(14,16), points to enoyl-CoA reductase as the 
rate-limiting enzyme in the formation of 
saturated fatty acids. We conclude that the 
condensation reaction catalyzed by 3-ketoacyl- 
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TABLE II 

Activities of the Fat ty  Acid Elongation System and of Several of Its Component  
Enzymes in a Homogenate and Acetone Powder Extract  of  Pig Heart Mitochondria 

Specific activity 

Enzyme a Homogenate Acetone powder 

Fatty acid elongase 
3-Ketoacyl-CoA thiolase b 
3-Hydroxyacyl-CoA dehydrogenase c 
Enoyl-CoA hydratase 

mU/mg of protein 

0.88 0.37 
0.5 0.25 

586 173 
34 18 

aEnzyme assays are described in Experimental  Procedures. 
bThiolase activities were measured in the cleavage direction with 3-ketodecanoyl-CoA 

as substrate. The ratio of activities in the cleavage vs the condensation direction of 210 
determined with purified thiotase was used to calculate the listed values. 

C3-Hydroxyacyl-CoA dehydrogenase was assayed with acetoacetyl-CoA as a substrate. 
An activity ratio of 2 determined for the reduction of acetoacetyl-CoA vs that of 3-keto- 
decanoyl-CoA with pure enzyme was used to calculate the listed values. 

CoA thiolase is the rate-limiting step in heart 
mitochondria when the incorporation of 
acetyl-CoA into all ether-extractable fatty acids 
(including 3-hydroxy acids and enoic acids)is 
measured, whereas the reduction of the enoyl- 
CoA intermediates is possibly the rate-limiting 
step in the formation of saturated fatty acids. 
The parallel and virtually complete inhibition 
of 3-ketoacyl-CoA thiolase and of the fatty acid 
elongation activity by antibodies to 3-ketoacyl- 
CoA thiolase provides proof that fatty acid 
elongation in heart mitochondria occurs by 
reversal of fatty acid oxidation. Since enoyl- 
CoA reductase is membrane-bound (2) and 
since a significant fraction of the /3-oxidation 
enzymes remains membrane-associated even 
when mitochondria are broken (H. Staack and 
H. Schulz, unpublished observation), the fatty 
acid elongation is best characterized as mem- 
brane-associated. Because of the well known 
location of the enzymes of fatty acid oxidation 
within the space surrounded by the inner 
mitochondrial membrane (17), the fatty acid 
elongation system is assumed to be associated 
with the inner mitochondrial  membrane. In 
view of our conclusion about the enzymes of 
the mitochondrial fatty acid elongation system 
in heart, we suggest the observed behavior of 
the elongation activity as a single protein with a 
molecular weight of 135,000 (3) may reflect 
the molecular weight range in which the four 
component enzymes of the system are present 
in optimal amounts. 
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Incorporation of [1-14C]Octadecanol into the Lipids of Leishmania 
donovani 
H. HERRMANN and G. GERCKEN, Department of Organic Chemistry 
and Biochemistry, University of Hamburg, Hamburg, Germany 

ABSTRACT 

After incubation of stationary phase Leishmania donovani with [ 1-14C] octadecanol, about 70% 
of the precursor was taken up within 3 hr. Wax esters and acyl moieties of glycerolipids contained 
most of the 14C-activity from 3 to 6 hr, because octadecanol was partly oxidized to stearate. Ether 
moieties were only weakly labeled. After 40 hr, 1-0-alkyl and 1-0-alk-l'-enyl diacylglycerols as well as 
1-0-alkyl and 1-0-alk-l'-enyl-2-acyl-sn-glycero-3-phosphoethanolamines contained nearly all of the 
radioactivity. Most of the label in the neutral ether lipids was located in the alkyl ether side chain, 
whereas, in the phosphatidylethanolamine fraction, most of the label was found in the alkenyl ether 
side chain. Administration of 1-0-[1-t4c1 hexadecyl glycerol resulted in rapid labeling of the vinyl 
ether side chain of phosphatidylethanolamine plasmalogen (1 hr) increasing further at 2.5 hr. Most of 
the radioactivity in the alkoxy diacylglycerols was found in the 1-0-alkyl moiety. 

INTRODUCTION 

As stated by Thompson and Nozawa (1), 
ether lipids are characteristically found in 
protozoa. Hack et al. (2) examined five species 
of trypanosomatid flagellates including Leish- 
nania donovani and found all of them gave a 
positive reaction for ethanolamine plasmalogen 
staining on thin layer plates. Considerable work 
on lipid metabolism has been done with the 
ciliate, Tetrahymena pyriforrnis, which contains 
1-0-alkyl glycerophospholipids but no plasma- 
logens (3). Ether analogues of triacylglycerols 
have not been reported. 

In the promastigote form of the haemo- 
flagellate, L. donovani, cultured in a lipid-free 
medium, the main phospholipids are phospha- 
tidylcholine (52%) and phosphatidylethanol- 
amine (23%). Whereas the former contains only 
traces of plasmalogens, 56% of the latter exists 
in the plasmalogen form and 2.6% in the 
1-0-alkyl-2-acyl form. In addition, 1-0-alkyl and 
1-0-alk-l'-enyl diacylglycerols (1.2% and 0.7% 
of neutral lipids, respectively) are found in L. 
donovani (4). This demonstrates these proto- 
zoans are able to synthesize ether lipids from 
basic metabolites like glucose or amino acids 
and that they are not dependent on the uptake 
of direct precursors, such as long chain 
alcohols, from the host. The occurrence of 
neutral and polar plasmalogens in this parasite 
suggests an investigation of their biosynthesis in 
this organism would be of interest. 

This paper describes the synthesis of alkoxy 
lipids after administration of a long chain 
alcohol, the incorporation into individual lipids 
and the distribution of radioactivity in the 
aliphatic side chains. In addition, the metabo- 
lism of radioactive 1-0-hexadecyl glycerol is 
investigated. 

MATERIALS AND METHODS 

Cell Culture and Incubations 

L. donovani, LRC-51, was obtained from the 
Bernhard-Nocht-Institut fiir Schiffs- u n d  
Tropenkrankheiten, Hamburg. Organisms have 
been maintained at 27 C in a modified lipid- 
and protein-free Nakamura medium (5) since 
1971 with serial transfers every 7 days. For 
incubation, cells were obtained from 16 Erlen- 
meyer flasks (2 ~), containing 1 ~ medium after 
inoculation. Cells were harvested at the end of 
the logarithmic phase of growth by centrifuga- 
tion (2000 g), pooled and checked for viability 
by phase contrast microscopy. Ceil counting 
was performed by means of a haemocytometer 
(improved Neubauer type). For turnover 
experiments, 1.0 to 4.4 x 10 l~  ceils were 
grown for various times at room temperature 
(22 C) with a cell density of 4.5 x 109 cells/ml 
in 0.9% NaC1/Nakamura medium (1:1, v/v) 
yielding 12 to 51 /~mol lipid phosphorus. F o r  
incubations longer than 16 hr, a density of 3 x 
109 cells/ml was used. Incubation vessels were 
round bottom flasks equipped with magnetic 
stirrers. Cell numbers did not change under 
these conditions. [1 -~4C] Octadecanol (7.4 
mCi/mmol, Amersham Buchler, Buckingham- 
shire, U.K.) was dissolved in absolute ethanol 
and added dropwise with a Hamilton syringe. 
The concentration of octadecanol was kept 
between 0.15 and 0.30 mmol/~. The pH was 
near neutral and changed slowly toward growth 
optimum (pH 7.3) during incubation. For 
experiments lasting 142 hr, the inoculum was 2 
x l0 s cells/ml in two Erlenmeyer flasks (2 ~), 
with 680 ml fresh Nakamura medium each. The 
concentration of [1-14C]octadecanol was 0.4 
pmol/~. 1-0-[1-14C]Hexadecyl glycerol (56 
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mCi/mmol) was prepared according to 
Baumann and Mangold (6) and used for incor- 
poration studies (1 x 108 cell/ml PBS-buffer, 
0.008 /lmol 0-alkyl glycerol/ml). Incubations 
were stopped by extracting the lipids using the 
procedure of Folch et al. (7). Lipids were 
stored in chloroform under nitrogen at -20 C. 

Measurement of Radioactivity 

Radioactivity was measured in a Packard 
Tricarb Model 3320 liquid scintillation spectro- 
photometer. Quench was controlled by use of 
an external standard. Counting efficiency 
was approximately 82% for 14C. The uptake of 
[1-14C)octadecanol was measured by taking 
two separate 100 /ll samples from an incubated 
cell suspension (3 x 109 cells/ml). The samples 
were diluted with 5 ml PBS-buffer, centrifuged 
(1000 g), washed a second time and extracted 
using the Dawson and Kemp procedure (8). The 
chloroform-methanol mixture was dried in a 
counting vial and dissolved in 15 ml Riasolve 
(Koch-Light Lab., Colnbrook, Bucks., U.K.). 
Recoveries of 14C-activity were in excess of 
95% for all incubation periods. Radioactivity in 
the upper Folch phase was always less than 2% 
of the activity incorporated into lipids indi- 
cating little degradation into water-methanol 
soluble compounds such as peptides, amino 
acids or TCA cycle acids. Proteins were not 
labeled at all. 14C-activity of carbon dioxide 
was not determined. 

Analysis of Lipids 

Aliquots of lipid extracts were taken for 
determination of total recovered 14C activity 
and the individual lipids were analyzed for 
distribution of radioactivity by subjecting 
aliquots of the total lipids (1 to 5 x l0 s dpm) 
to two-dimensional thin layer chromatography 
(TLC) on Silica Gel HR 60 (Merck, Darmstadt, 
Germany). The first solvent system consisted of 
hexane/diethyl ether (70:30, v/v) and the 
second of hexane/diethyl ether (95:5, v/v). 
Additional one-dimensional runs were done 
using hexane/diethyl ether/acetic acid 
(50:50: 1, v/v) on Silica Gel G. Phospholipids 
were run on high performance thin layer chroma- 
tography (HPTLC) plates (Merck, Darmstadt, 
Germany) with the solvent systems chloroform/ 
methanol/25% NH 3 (65:35:8, v/v) and chloro- 
form/methanol/acetic acid (50:25:8, v/v) (9). 
Lipids were identified as previously described 
with standards prepared from rabbit or ox 
erythrocytes (4). Solvents were reagent grade 
(Merck, Darmstadt, Germany). Diethyl ether 
was distilled before use. Lipids were visualized 
by exposure to iodine vapor, spots marked with 
a needle and the plates left overnight to elimi- 

nate iodine. Spots were scraped into scintilla- 
tion vials, the silica gel was deactivated by 
addition of 0.5 ml water and 15 ml Riasolve 
was added. 

For analysis of aliphatic chains, aliquots of 
the total lipids representing 1-5 /lmol lipid 
phosphorus were used. Neutral lipids were 
separated from phospholipids by preparative 
TLC on Silica Gel HR 60 using hexane/diethyl 
ether (40: 60, v/v) as developing solvent. Acetic 
acid was omitted whenever plasmalogens were 
present and nitrogen was used for all opera- 
tions. Triacylglycerols, ether analogs of triacyl- 
glycerols and sterol esters were eluted with 
chloroform/methanol (2:1, v/v) and diethyl 
ether/methanol (10: 1, v/v) and separated on 
Silica Gel HR 60 with hexane/diethyl ether 
(90:10 or 95:5, v/v) (9). Phospholipids were 
separated into the major phospholipid classes 
by TLC on Silica Gel HR 60 with chloroform/ 
methanol/water (70:30: 5, v/v) (10). Visualiza- 
tion of single fractions was accomplished by 
exposure of standards to iodine vapor. Phos- 
pholipids were eluted as reported elsewhere 
(10,11). Single phospholipid classes were 
purified by TLC with chloroform/methanol/ 
25% NH 3 (65:35:8, v/v). 

1-0-Alkyl- and 1-0-alk-l'-enylglycerols were 
prepared from neutral and polar ether lipids by 
reduction with vitride [NaaA1H2(OCH2 - 
CH2OCH3)2 70% in benzene] following the 
procedure of Snyder et al. (11), as modified by 
Blank et al. (12). The separation of reaction 
products was performed on HPTLC plates with 
diethyl ether/water (100:0.5, v/v). Recovery 
percentage from 14C_labele d ethanolamine 
phosphatides as reported by Blank et al. (90%, 
92%) (12) were not achieved in the course of 
our work (70-85% for phosphatidylethanol- 
amine, 94-99% for the neutral ether lipid). 
Spraying with the 2,4-dinitrophenylhydrazine 
reagent indicated occurrence of condensation 
products running just ahead of the fatty 
alcohols (13,14). 

As the method of choice, aldehydogenic 
moieties were converted into the corresponding 
dimethyl acetals (DMAs) from plasmalogens with 
BF 3 methanol (15). Separation of simul- 
taneously formed 1-0-alkylglycerols and fatty 
acid methyl esters (FAMEs) was carried out on 
HPTLC plates (10 x 20 cm) by double develop- 
ment, first with dichloroethane (15 cm) (16) 
and second with diethyl ether/water (100:0.5, 
v/v) (8 cm) in order to move the 1-0-alkylglyc- 
erols away from the origin. FAMEs were 
checked for absence of aldehydes (17). Re- 
covery of 14C.activity for phosphatidyl- 
ethanolamine was between 85% and 95%, and 
for the neutral ether lipid more than 95%. 
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The sterol es ter /wax ester fraction was 
treated according to the Morrison and Smith 
me thod  (15). Fa t ty  alcohols, sterols and 
FAMEs were separated on silica gel using 
hexane /d ie thy l  e ther /acet ic  acid (50 :50 :1 ,  
v/v). Aliquots  of  the total  lipids were taken for 
de terminat ion  of  lipid phosphorus  which was 
per formed by the Broekhuyse  me thod  (18). 
Results are presented as dpm per cell number  
(promastigotes) .  

Gas-Liquid Chromatography 

FAMEs were analyzed on a 2 m x 3 mm 
coiled glass co lumn packed with 3% EGSS-X on 
Gas Chrom Q, 100-120 mesh, long chain 
alcohols on Apolar  10 C (Applied Science 
Lab., Inc., State College, PA), and DMAs on 3% 
EGSS-X and Apolar  10 C. The ins t rument  was 
a Packard, mode l  472. The co lumn tempera ture  
was 165 C or 185 C (FAMEs),  140 C or 170 C 
(DMAs) and 190 C (fa t ty  alcohols).  Peaks were 
ident i f ied by comparison of  re tent ions  times 
with known standards (NuChek Prep, Inc., 
Elysian, MN). In addit ion,  DMAs were analyzed 
by GC/MS analysis (Varian MAT CH 7, 
Bremen, Germany) .  Authent ic  d imethyl  acetals 
of  hexadecanal  and octadecanal  gave the same 
analytical results as the two main componen t s  
of  DMAs from phosphat idyle thanolamine .  
Quant i f icat ion was done by mult ipl icat ion of 
peak height with re tent ion  t ime using various 
internal  standards (15). 

RESULTS 

Uptake and Incorporation of 14C-Octadecanol 
The uptake of  [1-14C] octadecanol  into the 

cells of  L.  donovan i  was complete  after 3 hr 
(Fig. 1). No more than 70% of the precursor  
was taken up if it was administered in absolute 
ethanol.  In comparison,  [1-14C] oc tadecanol  
entrapped within l iposomes (prepared 
according to Black et al. [19 ] )  entered cells 
nearly to completeness  by 5 hr. The incorpora-  
t ion of  the fat ty  alcohol  into lipids was slow for 
most  lipid classes in contrast  to the rapid 
uptake.  Af te r  3 hr  only 3% of the absorbed 
labeled fat ty  alcohol  was used for lipid syn- 
thesis while 97% must  have been deposi ted in 
the cells; 53% of the incorpora ted  radioact ivi ty  
was present in wax esters - the major compo-  
nent  of  neutral  lipids (32.5% of neutral  lipids) 
besides sterols and triacylglycerols.  

Incubat ions of  6 and 16 hr  showed phospha-  
t idylchol ine and phosphat idyle thanolamine  to 
contain most  of  the radioact ivi ty  (Fig. 2). At 
24 hr, wax esters were labeled by 49% and 
there was also a fur ther  increase of  label in the 
o ther  lipids except  for  phosphat idylchol ine  

K 3 
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FIG. 1. Uptake anad incorporation of [1-14C] - 
octadecanol by L. dono~ani promastigotes. Symbols: 
o, uptake into cells; =, incorporation into lipids other 
than free fatty alcohols. One biological sample was 
incubated for each time period as described in 
Materials and Methods. Each value in Figs. 1-4 repre- 
sents an average of at least two separate determina- 
tions which usually agreed within -+ 5% for major 
components and -+ 15% for minor ones. The unit dpm 
x 10-2/106 promastigotes is the same in Figs. 1 and 2. 

1.(I 

LESEND 

�9 PE / 7  

�9 Atk0xy-2,3- diacylglyceroL / $ TtiacytglyceroL 

i 0,5 

o 

mr 

3 6 16 2/, 

TIMEIh] 

FIG. 2. Time course of incorporation of [I-14C]- 
octadecanol into various lipids of L. donovani: m, 
alkoxy-2,3-diacylglycerols; o, phosphatidylethanol- 
amine fraction; X, phosphatidylcholine; $, triacyl- 
glycerols. 

relative to the 16 hr  incorporat ion.  Still later, 
the 14C-incorporat ion into the phosphat idyl-  
e thanolamine  fract ion and the neutral  e ther  
lipids was increased while the wax ester act ivi ty 
diminished.  Free alkyl and a lk- l -enyl  glycerols 
were labeled to a minute  ex ten t  for all periods. 

Oxidation of 14C-Octadecanol 

Methanolysis  of  individual lipids revealed the 

LIPIDS, VOL. 15, NO. 3 



182 H ,  H E R R M A N N  A N D  G.  G E R C K E N  

labeling pattern was determined not only by | 
incorporation of octadecanol but also by ~0 

f oxidation of octadecanol to stearic acid. The "~ 
percentages of the radioactivity in total lipids ~0 
of L. donovani present in acyl residues were ~ 30 
1.2%, 1.4%, 5.1% and 7.5% at 3, 6, 16 and 40 
hr, respectively. No more than 0.2% of the total ~ ~0~ 
recovered radioactivity was associated with free E 
fatty acids. At the same time, the fatty acid ~ ,0 
composition of phosphatidylethanolamine was 
significantly changed by the administration of 
octadecanol (Fig. 3). The percentage of stearate 
as well as of palmitate increased up to 6 hr, 
indicating hexadecanbl, the main fatty alcohol 
of L. donovani promastigotes (84% of fatty 
alcohols), took part in the oxidation following 
the uptake of 35 pmol octadecanol/106 pro- 
mastigotes, which was equivalent to a 15% 
increase of the intracellular fatty alcohol 
concentration. Palmitate apparently was desatu- 
rated to palmitoleate, whereas stearate was 2 20 
desaturated to yield oleate and linoleate, both 
accumulating at 6 and 16 hr, respectively. Thus, 
at 16 hr, the fatty acid composition of PE 
equaled that of untreated cells (0 hr). 

Distribution of Radioactivity in ~ 10 

Aliphatic Side Chains -~ 

The distribution of 14C-activity at various z 
periods in the methanolysis products of the 
sterol/wax ester fraction showed that the acyl r 
and alcohol moieties were labeled to a similar 
extent from 3 to 16 hr. The extensive labeling 
of wax esters at 24 hr was caused mainly by the 
alcohol moiety (77%). Compared to the fatty 
acid labeling, radioactivity in sterols was 
negligible (<2%). From this, we concluded that 
~]-oxidation and recycling of C-2 units were low. 

The distribution of radioactivity in the 
aliphatic moieties of the phosphatidylethanol- 
amine fraction and alkoxy-2,3-diacylglycerols is 
shown in Figure 4. For the latter, a sizeable 
proportion of 14C-activity was incorporated 
into the acyl moiety during the first 3 to 6 hr 
while the alkyl and alkenyl residues gained 
radioactivity more slowly. By 40 hr, the atkyl 
group contained 61%; the alk-l-enyl group 
contained 24% of the alkoxy-2,3-diacylglycerol 
radioactivity. In the phosphatidylethanolamine 
fraction, the labeling of the alkyl moiety 
preceded that of the alk-l-enyl moiety at 3 and 
6 hr, representing 65% and 42% of the ]4C 
activity of this lipid whereas incubations of 16 
and 40 hr showed the alk-l-enyl group was 
labeled to a degree of 51% and 84%, respec- 
tively. In phosphatidylcholine, more than 84% 
of 14C activity was located in the acyl group 
for every time interval. The identity of the 
alk-l-enyl side chains of phosphatidylethanol- 

03616  0 ~ 6 % ~ 3 6 1 6  03616  O3616  03616  T I M E [ h l  

16:0 16:1 18:0 "~B:I IB:2 IB:3 FATTY ACID 

FIG. 3. Time course of fatty acid composition of 
the PE fraction after incubation with [1-I4c] octa- 
decanol (0.4 mmol/~) for 3, 6 and 16 hr (only 16:0 to 
18:3 fatty acids are shown representing more than 
90% of total fatty acids). Each value is the mean of 
two separate determinations except for those of 0 hr, 
which were done from five different cultures. 
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FIG. 4. Distribution of 14C-activity in acyl, alkyl 
and alk-l-enyl moieties of (a) alkoxy-2,3-diacyl- 
glycerols; (b) the phosphatidylethanolamine fraction 
at various incubation periods. Values are percentages 
of total lipid radioactivity other than fatty alcohols. 

amine and alkoxy diacylglycerols was con- 
firmed by methanolysis. The resulting dimethyl 
acetals with saturated C16-C18 chains were 
isolated by TLC and gas liquid chromatog- 
raphy/mass spectrometry (GLC/MS). 
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fncubation with 74C-Octadecano/for 
One Growth Cycle 

Incubations lasting from inoculation until 
late logarithmic phase of growth (142 hr, 
Nakamura medium) were carried out with 
one-thousandth of the fatty alcohol concentra- 
tion used in the incubations described above 
(Table I), More than 66% of the recovered label 
was found in the phosphatidylethanolamine 
fraction and no more than 1.7% in the free 
fatty alcohols. Transesterification showed 47% 
of the total incorporated activity was located in 
the alk-l-enyl moiety of phosphatidylethanol- 
amine. The alkoxy diacylglycerols represented 
only 2.6% of the total activity, half of it 
manifesting the plasmalogen form. In the 
phosphatidylcholine fraction, 14C-activity of 
the alk-l-enyl group was nearly twice as high as 
that in the neutral plasmalogen, but most of the 
radioactivity (85%) was found in the acyl 
residues. 

Uptake of 14C-Hexadecylglycerol 

In order to clarify the way l-0-alk-l '-enyl 
glycerolipids are synthesized, 1-0-[ 1A4C] hexa- 
decyl glycerol was incubated with L. donovani 
for three different time intervals (1, 2.5 and 5 
hr). Each experiment was duplicated. The 
precursor was taken up as fast as octadecanol 
ranging up to 73% at 2.5 hr. Table II shows the 
distribution of radioactivity in the aliphatic 
moieties of phosphatidylethanolamine and 
alkoxy diacylglycerols. Again, acyl groups were 
labeled to some extent, but in contrast to 

incubations with octadecanol, the alkenyl 
group of the phosphatidylethanolamine frac- 
tion gained most of the activity from the 
beginning. In the alkoxy diacylglycerols, this 
was the case for the alkyl group up to 2.5 hr. 
At 5 hr, the label in the alkyl group had de- 
creased considerably, indicating a rapid turn- 
over. The phosphatidylcholine fraction, which 
was labeled twice as much as phosphatidyl- 
ethanolamine by 5 hr, contained most of the 
radioactivity in the acyl residues (>  95%). 

DISCUSSION 

Food ingestion by L. donovani probably 
takes place in the reservoir area through pino- 
cytic vesicles that fuse together with primary 
lysosomes, forming multivesicular bodies where 
the final digestion occurs (20). The way the 
precursor is made available for the cell during 
this process might influence the mode of its 
incorporation into lipids, since the uptake of 
the precursor was complete after 3 hr, but 
incorporation of 14C-activity into lipids was 
very low at that time. Since Leishmania is 
known to contain rather large lipid inclusions 
(Koyama and Ilardi [21] and Rudzinska et al. 
[22])  the absorbed fatty alcohol was possibly 
deposited in those droplets and used exten- 
sively from 24 hr on. 

Labeling of lipids over time by [ 1-14C] octa- 
decanol was influenced by part of the fatty 
alcohol's oxidation to stearate, which was 
incorporated quickly. The long chain alcohol 

T A B L E  I 

Incorporation of [ 1-14C] Octadecanol into Lipids and Aliphatic Moieties of the 
Phosphatidylethanolamine Fraction, Alkoxy-2,3-Diacylglycerols and 

Phosphatidylcholine after Incubation of L. d o n o v a n i  in Nakamura Medium for 142 hr a 

dpm/ l  06 promastigotes 

Neutral lipids 271.5 
Wax esters/sterol esters 19.5 
Alkoxy diacylglycerols 63.5 
Triacylglycerols 73.3 
Fatty alcohols 41.5 

Total phospholipids 2225.6 
Phosphatidylethanolamine 1492.7 
Phosphatidylcholine 466.6 

Alkoxy 
diacylglycerols Phosph atidylethanolamine Phospbatidylcholine 

Alkenyl 33.4 1143.0 55.7 
Alkyl 16.3 55.2 15.7 
Acyi 12.6 149.6 389.1 

aAll figures represent the mean values from duplicate incubations. The duplicate values 
varied by less than 8%. 
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itself was incorporated into ether lipids only at 
moderate rates. It is suggested that the enzy- 
matic equilibrium ROH, "FA takes part in the 
regulation of ether lipid synthesis as pointed 
out by Malins and Sargent (23) and Kapoulas 
and Gabrielides (24). Clear cut differences 
resulted when octadecanol was administered in 
concentrations in mM or/aM, respectively, since 
in the former case fatty acid, wax ester and 
alkoxy diacylglycerol production was high, 
whereas in the latter most of the label was 
found in the ether moieties of the phospha- 
tidylethanolamine fraction indicating ether- 
linked aliphatic side chains of glycerolipids are 
synthesized from long chain alcohols. This has 
been shown for various tissues (23,25-33), as 
well as for Tetrahymena pyriformis (34). Only 
saturated alkyl moieties with 16-18 and 20 
carbon atoms occur in ether lipids, wax esters 
and free alcohols of L. donovani, even though 
lipids of these protozoa contain mainly unsatu- 
rated acyl side chains (79 .5% of total fatty 
acids). This indicates production of saturated 
alcohols is highly favored over that of unsatu- 
rated alcohols. Administered unsaturated 
alcohols (18:1, 18:2, 18:3), medium chain 
alcohols (12:0, 14: 0), eicosanol and docosanol 
were esterified to form wax esters, but were not 
incorporated into ether side chains (unpublished 
observations) pointing toward a high specifity 
of ether bond formation. These results agree 

with Rock et al. (35) who recently suggested 
the composition of alkyl ether moieties is con- 
trolled at the level of fatty alcohol synthesis in 
rabbit haderian gland. For rat brain ether lipids, 
Natarajan and Schmid (36) pointed out sub- 
strate specifity in formation of both fatty 
alcohol and alkyl dihydroxy-acetone phosphate 
controls the composition of alkoxy moieties. 

Following the administration of [1-14C] - 
octadecanol, the ratio of radioactivity in 
alkenyl side chains to alkyl side chains of 
phosphatidylethanolamine was 0.3, 0.7, 5.0, 
11.9 and 20.7 by 3, 6, 16, 40 and 142 hr, 
respectively, whereas the molar ratio of these 
moieties in untreated cells is 21.4. We conclude 
from this that a precursor-product relationship 
of the alkyl and alkenyl side chains exists in 
phosphatidylethanolamine as shown for various 
organisms in vivo (37-39) and for different 
cell-free systems in vitro (11,40,41). In order to 
test this assumption, 1-0[ 1-14C]hexadecyl 
glycerol was incubated with L. donovani. The 
vinyl ether residue of phosphatidylethanol- 
amine was labeled highly after 1 hr (6.3% of 
total incorporated radioactivity) and increased 
strongly up to 2.5 hr (20.4%). The proportion 
of radioactivity in the alkyl ether moiety of 
phosphatidylethanolamine remained small in- 
dicating rapid formation of .the alk-l-enyl 
moiety. Cleavage of the glyceryl ether occurred 
to some extent as observed with other protozoa 

TABLE II 

Uptake of 1-0-[ 1-14C] Hexadecyl Glycerol into L. d o n o v a n i  Promastigotes, 
Incorporat ion into Lipids other than Alkylglycerols and Distribution of 

14C-Activity in Alk-l-enyl ,  Alkyl and Ac] l  Moieties of the Phosphat idylethanolamine 
Fraction and Alkoxy-2,3-diacylglycerols after Incubation of 1, 2.5 and 5 hr a 

dpm/106 promastigotes 

Time (hr) 1 2.5 5 

Uptake 6439.4 6634.1 6971.3 
Incorporat ion 1609.8 2938.9 3903.9 
Phosphol ipids/Alkoxy 1.5 2.6 3.8 
diacylglycerols 

Phosphat idyle thanolamine 

Alkenyl  101.6 598.5 793.9 
Alkyl  11.7 25.7 34.7 
Acyl 18.3 317.0 144.0 
Alkoxy diacylglycerols 

Alkenyl  13.3 94.9 119.4 
Alkyl  432.9 1376.6 1049.5 
Acyl 87.0 117.2 74.8 

aValues given are means of duplicate determinat ions of duplicate biological samples from 
which aliquotes were removed after the indicates times. Individual values deviates less than 
10% from the mean. 
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(39,42) and labeled acyl groups were incor- 
porated into lipids, but they apparently did not 
take part in the formation of alk-l-enyl 
moieties as they were incorporated mainly into 
phosphatidylcholine. 

The alkyl chain of alkoxy diacylglycerol was 
labeled greatly by 1-0-[1-14C]hexadecyl gly- 
cerol with a maximum at 2.5 hr. Therefore, 
direct acylation of the alkyl glycerol must 
occur. The ratio of 14C-activity in phospho- 
lipids to alkoxy diacylglycerols changed from 
1.5 after 1 hr to 3.8 by 5 hr, pointing to a close 
connection of phospholipid synthesis and 
alkoxy diacylglycerol metabolism, since lipase 
action on 1-0-alkyl-2,3-diacylglycerol can pro- 
duce 1-0-alkyl-2-acyl-glycerol a possible 
precursor of glycerophospholipids. For  T. 
pyriformis, it has been demonstrated that 
triacylglycerols can be precursors of phospho- 
lipids (43) and that the phospholipid synthe- 
sizing system in microsomes is closely coupled 
to the triacylglycerol synthesizing system (44). 
In contrast to the fast turnover of label in the 
alkyl chain of alkoxy-2,3-diacylglycerols, radio- 
activity in the alk-l-enyl moiety accumulated 
slowly, as observed in the octadecanol incuba- 
tion. From our data, we conclude, as proposed 
by Snyder (45), that 1-0-alkyl-2,3-diacyl- 
glycerol is not directly converted to 1-0-alk-l'- 
enyl-2,3-diacylglycerol. The latter probably 
originates from cleavage products of phospha- 
t idylethanolamine plasmalogen like l -0-alk-l ' -  
enyl-2-acylglycerol, which was shown to be 
acylated to neutral plasmalog.cn in tumor tissue 
by Blank et al. (46). 
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Activation of the Phospholipase A1 
Activity of Lipoprotein Lipase by Apoprotein C-II 
J. STOCKS and D.J. GALTON, Lipid Research Laboratory, 
St. Bartholomew's Hospital, West Smithfield, London, EC1A 7BE, England 

ABSTRACT 

The effect of apo very low density lipoprotein (apo VLDL) and apoprotein C-II on the phospho- 
lipase A 1 activity associated with lipoprotein lipase (E.C.3.1.1.3) was studied using purified bovine 
milk lipoprotein lipase. The enzyme degraded 14C phosphatidylcholine (PC) to 14C 2-acyl lysophos- 
phatidylcholine at a rate of 0.28 • 0.01 nmol/min/ml and triolein at a rate of 20.3 • 0.4 nmol/min/ml 
in mixed emulsions of PC and triolein. The phospholipase activity and triacylglycerol lipase activity 
were both increased by the addition of apo VLDL and apoprotein C-II. After maximal activation, 
the rate of PC degradation was 1.19 • 0.02 nmol/min/ml and triolein degradation 64.4 • 0,4 nmol/ 
min/ml. Activation of phospholipase A 1 activity and triacylglycerol lipase activity occurred in parallel. 

INTRODUCTION 

The main function of lipoprotein lipase 
(E.C.3.1.1.3) is the catabolism and clearance 
from the circulation of chylomicrons and very 
low density lipoproteins by hydrolysis of 
their triacylglycerols (1). 

Formation of triacylglycerol-depleted rem- 
nant particles in vivo appears to be associated 
with a loss of phospholipid (principally phos- 
phatidylcholine) (2) and much of that lost 
is hydrolyzed to lysophosphatidylcholine. In 
addition, hydrolysis of phospholipid occurs 
when triglyceride-rich lipoproteins are incu- 
bated with post-heparin plasma (3,4). This 
degradation of phospholipids may result from 
the action of tipoprotein lipase, since it has 
been demonstrated that lipoprotein lipase has 
associated phospholipase A 1 activity. Thus, 
purified bovine milk lipoprotein lipase has been 
shown to degrade phosphatidylcholine (PC) of 
both chylomicrons (5) and very low density 
lipoprotein (VLDL) (6), and this action may 
account for the removal of surface phospho- 
lipid during chylomicron and VLDL cata- 
bolism. 

The phospholipase A 1 activity of lipoprotein 
lipase may derive from the broad substrate 
specifity of the enzyme since it can hydrolyze 
the 1 or 3 acyl ester bonds of partial glycerides 
and soluble esters (7,8) in addition to tri- 
glycerides. 

A characteristic feature of the enzyme is 
that it requires a cofactor, apoprotein C-II, for 
maximal activity toward triglycerides con- 
taining long chain fatty acids. A number of 
investigations have shown that, whatever the 
source of the enzyme, there is a several-fold 
increase in activity toward triglycerides in the 
presence of apoprotein C-II (9-14). Activation 
is not observed when partial glycerides and 

soluble esters are substrates (15). Apoprotein 
C-II is a constituent of triglyceride-rich lipopro- 
teins and high density lipoprotein (16). 

Since PC may be a natural substrate for the 
enzyme (it is the main phospholipid component 
of the triglyceride-rich lipoproteins), it is 
important to establish whether activation 
by apoprotein C-II also is required for maximal 
hydrolysis of this phospholipid. We have shown 
phospholipase A 1 activity associated with 
lipoprotein lipase of rat adipose tissue is acti- 
vated by serum and VLDL (17). In addition, 
Groot et al. (18) have shown C-II activation of 
phosphatidylethanolamine (PE) degradation by 
rat heart lipoprotein lipase, but reported the 
enzyme had little activity toward PC. 

In order to assess whether PC hydrolysis by 
lipoprotein lipase is activated by apoprotein 
C-II, we have determined the effect of human 
apoprotein C-II on PC hydrolysis by highly 
purified bovine milk lipoprotein lipase. 

MATERIALS 

Glycerol trioleate, fatty-acid-free bovine 
serum albumin, silicic acid, Co-Enzyme A, 
(CoA) adenosine 5-triphosphate and 1,acyl-2- 
lyso-phosphatidylcholine (ex egg yolk) were 
obtained from Sigma, London; 2,5-diphenyl- 
oxazole (PPO) and 1,4 [di-2-(5- 
diphenyloxazole)] benzene (POPOP) from Koch 
Light Ltd.; silica gel impregnated fiber glass 
chromatography sheets from Gelman Hawksley; 
[1-14C]linoleic acid (sp act 60 mCi/mmol)and 
glycerol t r i - [I- laC]oleate  (sp act 55 mCi/ 
mmol) from the Radiochemical Center, 
Amersham; heparin from Evans Medical Ltd., 
Liverpool; Sepharose 4B and Sephadex G 100 
from Pharmacia, London; and DEAE-cellulose 
from Whatman Biochemicals. All other 
chemicals were obtained from BDH Ltd. 
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METHODS 

Preparation of 14C Phosphatidylcholine 

1 - a c yl-2 - [ 1 - 14 C ] lin oleyl-sn-gly cerophosph a- 
tidylcholine was prepared by re-acylation of 
1-acyl-2-1ysophosphatidylcholine with [ 1-14C] - 
linoleic acid using a rat liver homogenate 
(19). [1-14C]Linoleic acid (250 #Ci) was 
mixed with 148 mmol of lysophosphatidyl- 
choline, 1.07 mmol ATP, and 26 mmol of CoA 
in 25 ml of Krebs-Ringer bicarbonate buffer 
(pH 7.4) and sonicated for 2 rain. The mixture 
was added to 25 ml of a 25% (w/v) rat liver 
homogenate in the same buffer and incubated 
for one hour at 37 C. After incubation, the 
homogenate was extracted with 250 ml 
methanol-chloroform (2: 1, v/v) containing 0.1 
g/1 butylated hydroxyanisole and then filtered. 
The filtrate was mixed with t50 ml of water 
and 150 ml of chloroform. The chloroform 
phase was removed and dried under reduced 
pressure at 40 C. The extract was dissolved in 
diethyl ether and phospholipids precipitated by 
the addition of cold acetone. The phospholipids 
were redissolved in chloroform, flushed with 
nitrogen and stored at -20 C. The specific 
act ivi t ies (sp act) of the preparations varied 
between 6.7 and 11.5 mCi/mmol. The radio- 
chemical purity was checked by thin layer 
chromatography (TLC) on Silica Gel G in 
chloroform-methanol-ammonia (70:30: 4, 
v/v/v). Between 98-99% of the radioactivity 
applied was recovered in the zone corre- 
sponding to PC. 

Phosphatidycholine 

PC was isolated from rat liver using the same 
technique as for the isolation of the labeled PC 
from rat liver homogenates. 

Lipoprotein Lipase 

Lipoprotein lipase was prepared from cow's 
milk by batch absorption and affinity chroma- 
tography on heparin-Sepharose (20). The 
heparin-Sepharose was prepared by the method 
of Lindahl et al. (21). The final preparation had 
a sp act of 28,000 mU mg protein (1 mu = 1 
nmol fatty acid/min). It was diluted with 0.5 M 
NaC1 to 200 mU/mI and then stored at -20 C. 

VLDL C Apoproteins 

The d < 1.006 g/ml fraction was prepared 
from the serum of patients with type IV and 
type V hyperlipoproteinemia by ultracentrifu- 
gation at 40,000 rpm for 18 hr at 10 C in 
an MSE 8 x 25 ml angle head rotor (22). The 
VLDL was delipidated with ethanol-ether (3 : 1, 
v/v) (23). Tris soluble apoproteins were pre- 
pared by suspension of apo V L D L  in 0.2 
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mmol/1 tris-HC1, pH 8.1 (24). Individual C apo 
proteins were prepared by solubilization of apo 
VLDL in 0.2 mmol/1 sodium dodecyl sulphate 
followed by gel filtration on Sephadex G-100. 
After gel filtration, the C apo proteins were 
separated by DEAE-cellulose chromatography 
in 8 mmol/1 urea (24). The purity of the 
apoproteins was checked by polyacrylamide gel 
electrophoresis in 8 mol/1 urea (25). All 
preparations gave a single band. 

Substrates for Phospholipase A 1 and 
Lipoprotein Lipase 

The substrate for both phospholipase A 1 
and lipoprotein lipase was an emulsion of 
glycerol trioleate and rat liver PC that was 
prepared by dilution of a clear mixture in 
glycerol (26). 

For the phospholipase A 1 assays, 5 #Ci of 
[ 1-14C] PC was mixed with PC to give a total of 
6.3 /~mol and then dried under nitrogen at 
room temperature. Glycerol trioleate (133 
#mol) and 2 ml of glycerol were added and the 
mixture was sonicated on ice for 1 min. 

The substrate for triglyceride lipase was 
prepared in the same way except that it con- 
tained 10 #Ci of glycerol tri-[ 1-14C] oleate and 
6.3 /amol of PC. Before use, the stock solutions 
were diluted with 4 parts (v/v) of 0.2 mol/1 
tris-HC1, pH 8.1, containing 30 g/1 fatty acid free 
bovine serum albumin. The final concentrations 
of reagents in the medium were: PC, 0.52 
/.tmol/ml; triolein, 11.1 #mol/ml;  albumin, 20 
mg/ml; glycerol, 4.5 mol/1; and tris-HC1, 0.133 
mol/1. 

Assay of Phospholipase A 1 

Phospholipase A 1 activity was determined 
by the formation of 2-[1-14C]linoleyl lyso- 
phosphatidylcholine. Fifty or 100/~1 of enzyme 
was added to 200/~1 of substrate and incubated 
at 37 C for 30 min. Then 6 ml of chloroform- 
methanol (2:1, v/v) was added followed by 2 
ml of water. The mixture was vortexed, then 
centrifuged. The upper phase was removed, 
transferred to a glass tube and dried under 
nitrogen at 40 C. The residue was dissolved in 
100 /J1 of chloroform containing 0.1 mg/ml 
lysophosphatidylcholine and then 50 pl was 
applied to a 20 x 20 cm sheet of glass fiber- 
Silica Gel G .  The sheet was developed for 15 
cm in chloroform-methanol-ammonia (80:30:2,  
v/v/v). The lysophosphatidylcholine zone was 
located with iodine vapor, cut out and trans- 
ferred to a scintillation vial for counting. 
Results are means -+ SEM (n = 6). 

Assay of Lipoprotein Lipase 

Lipoprotein lipase was determined by the 
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format ion  of  [ 1-14C] oleate using assay condi-  
t ions similar to those described by Nilsson-Ehle 
and Schotz  (26). Fi f ty  or  100/~1 of  enzyme  was 
added to 200 /sl of  substrate and incubated  at 
37 C for 30 min. then 3.25 ml of  ch loroform-  
m e t h a n d - h e p t a n e  (1: 1.25: 1, v/v/v) was added 
fol lowed by 1.05 ml of 0.1 mol/1 potassium 
carbonate .  The mixture  was vor texed  and 
centr i fuged for 10 min at 1000 g and 1 ml of  
the upper  phase was removed for counting.  

Scintillation Counting 

14 C Radioact ivi ty  was counted  in a Packard 
Tri Carb scinti l lation spec t rometer  using 10 ml 
to luene- t r i ton  X 100, (2: 1, v/v),  containing 3.3 
g/1 PPO and 0.33 g/1 POPOP as scintillators. 

RESULTS 

In most  exper iments ,  a mixed  emulsion of 
PC and triolein was used that  was stable for 
several hours at 37 C. Addi t ion  of l ipoprote in  
lipase (final concent ra t ion  66 mu /ml )  to 
the emulsion resulted in the degradat ion of 
both  PC and triolein. Over 30 min incubat ion,  
the rate of  lysophosphat idylchol ine  fo rmat ion  
was 0.28 -+ 0.01 n m o l / m i n / m l  (mean +-- SEM, n 
= 6). 

When serum was added to the substrate to a 
concent ra t ion  of  1.5% v/v, condi t ions  known  to 
result  in the act ivat ion of  tr iolein hydrolysis  by 
l ipoprote in  lipase (26), there was an increase in 
the rate of  hydrolysis  of  bo th  PC and triolein. 
Fo r  a 30 min incubat ion,  the rate of  lysophos-  
phat idylchol ine  fo rmat ion  rose to 1.19 -+ 0.02 
n m o l / m i n / m l  and oleate format ion  rose to 64.4 
+- 0.4 nmol /min /ml .  The degradat ion of  both  
PC and tr iolein in the mixed  emulsion fo l lowed 

Tr io le in - 
FFA /~mo les /m l  1 

I I I 

10 20 30 

Incuba t ion  t ime  rains 

40 

30 

Phosphatidyl 
choline - -  

20 LPC nmoles/ml 

FIG. 1. Hydrolysis of PC- and triolein by lipopro- 
tein lipase. Aliquots of enzyme (100 ~1) were incu- 
bated at 37 C with 200/sl of a mixed emulsion of PC 
(0.52 mmol/1) and triolein (11.1 mol/1)containing 
ei ther  14C PC or  14C triolein and added serum (1.5% 
v/v). Aliquots were removed at intervals for lysoleci- 
thin formation (o) or oleate formation (o). 

a similar t ime course (Fig. 1). 
Soluble apoprote ins  prepared by suspension 

of apo V L D L  in 0.2 M tris-HC1 buffer  (pH 8.2) 
s t imulated both  the phospholipase A 1 and the 
tr iglyceride lipase activity when added to the 
substrate at concent ra t ions  up to 12.5 gg /ml  
(Table I). The activation of  tr iolein degradation 
produced  by the addi t ion of  increasing quanti-  
ties of  apo VLDL to the substrate paralleled the 
act ivat ion of  PC degradation.  

Individual soluble apoproteins  prepared 
f rom V L D L - a p o  C-I, arginine-rich, apo C-II and 
apo C-III-1 - w e r e  examined for act ivat ion of  PC 
hydrolysis  by l ipoprote in  lipase. Apopro te in  
C-II was the only apoprote in  that  p roduced  a 
significant s t imulat ion of PC degradation (Table 

T A B L E  I 

Effec t  of  A p o p r o t e i n s  o f  H u m a n  V L D L  on Phospha t idy lcho l ine  (PC) and Triolein 
Hydro lys i s  by L ipopro t e in  Lipase a 

Phospha t idy lcho l ine  hydro lys i s  
( n m o l / m i n / m l )  

Tr iacy lg lycero l  hydro lys i s  
( n m o l / m i n / m l )  

A d d e d  
a p o p r o t e i n  % Cont ro l  % Cont ro l  

Cont ro l  0 .32 § 0.02 100 13.0 -+ 0.5 100 
A p o - V L D L  1.40 +_ 0.02 437 65.1 +- 0.7 501 
Apo  C-I 0 .35 +- 0.01 109 11.9 + 0.6 99 
Apo  C-II 1.84 -+ 0.01 575 62.4 +- 0.7 480  
Apo  C-Il l  0 .34 +- 0.01 106 14.6 +- 0.5 112 
Arg.  rich 0.41 + 0.02 128 14.1 -+ 0.1 108 

aApo  V L D L  at a final c o n c e n t r a t i o n  of  12.5 ~g]ml  and individual  apopro te ins  isolated 
f r o m  apo V L D L  at a final c o n c e n t r a t i o n  o f  5 ~ug/ml were  added  to subs t ra te  con ta in ing  14C 
PC or 14C triolein.  E n z y m e  (100  ktl) was  i ncuba ted  wi th  200 /al o f  subs t ra te  for  30 rain at  
37 C and lysoleci th in  or  oleate f o r m a t i o n  was  d e t e r m i n e d  (see Methods) .  Results are m e a n  
+ S.E.M. o f  six assays. 
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I). As expected, apo C-II also produced a 
marked activation of triolein degradation. 

Addition of apoprotein C-II to the substrate 
at a concentration of 5 /lg/ml produced a 
four-fold increase in PC hydrolysis that was 
similar to the degree of activation achieved 
with apo VLDL. The activation of phospholi- 
pase A 1 activity paralleled the activation of 
triglyceride lipase activity (Fig. 2). 

PC degradation by lipoprotein lipase and the 
activation of phospholipase A1 activity were 
not restricted to PC-coated triolein particles. 
When micellar dispersions of 0.52 mmol/1 PC 
were used as substrhte, the rate of degradation 
of PC (0.37 + 0.12 nmol/min/ml) was similar to 
that in mixed emulsions of 0.52 mmol/1 PC and 
11.1 tool/1 triolein (0.43 -+ '0.17 nmol/min/ml).  
Similarly, the activation of PC degradation by 
apo C-II occurred to the same degree in either 
PC dispersions, where it increased to 1.63 -+ 
0.19 nmol/min/ml after the addition of C-II to 
5 /lg/ml, or in mixed emulsions, where it 
increased to 1.71 + 0.36 nmol/min/ml.  

DISCUSSION 

The activation of lipoprotein lipase by 
apoprotein C-II is essential for maximal 
hydrolysis of triacylglycerols containing long 
chain fatty .acids (9-14). This peptide is a 
constituent of the natural substrates of lipopro- 
tein lipase, i.e., chylomicrons and VLDL, and 
suggests activation of lipoprotein lipase by 
apoprotein C-II is of physiological importance 
in the catabolism of these triacylglycerol-rich 
lipoproteins. This suggestion is supported by 
the demonstrated absence of C-II in one indi- 
vidual, resulting in a marked hypertriglyceri- 
demia caused by defective clearance of triacyl- 
glycerol-rich lipoproteins from the circulation 
(27). 

Previous studies have shown lipoprotein 
lipase has associated phospholipase A 1 activity 
degrading PC in lipoproteins (5,6), and this is 
confirmed by our observation that in emulsions 
of PC- and triolein-containing serum activator 
both components are degraded in parallel 
during incubation with a purified preparation 
of the enzyme. This contrasts with previous 
reports that lipoprotein lipase has little or no 
activity toward PC in synthetic substrates 
(18,28). The differences may result from the 
use of egg lecithin, which has a markedly 
different fatty acid composition to PC in 
plasma lipoproteins, or alternatively, to the lack 
of an activator of lipoprotein lipase in the 
substrate. 

The rate of triolein hydrolysis was greater 
than PC hydrolysis (3). However, the relative 

80 1.5 
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FIG. 2. Effect of VLDL apo C-II on triolein and 
PC hydrolysis. Apoprotein C-II was isolated from 
apo VLDL by gel filtration and DEAE-cellulose 
chromatography (see Methods). The apoprotein was 
added to the substrate and activation of phospholipase 
A t activity (o) and triacylglycerol lipase activity (o) 
was determined by lysolecithin or oleate formation 
after 30 min at 37 C. 

rates of hydrolysis must be interpreted by 
observing that they may depend on relative 
substrate concentrations and by considering the 
chain length and degree of unsaturation of the 
PC fatty acids, as well as the physical state of 
the emulsion. In this study, the 1-acyl fatty 
acid in the labeled PC was primarily stearic 
acid, which is a major fatty acid component of 
VLDL PC (29), and the relative proportion of 
PC to triolein in the substrate was similar to the 
proportions in chylomicra (26). 

Removal of PC during VLDL and chylomi- 
cron metabolism may be necessary for the 
maintenance of the appropriate ratio of polar 
surface components to apolar core components 
during degradation of core triacylglycerol by 
lipoprotein lipase (30). Although loss of phos- 
pholipid from these particles can occur by 
transfer to HDL (31,32), the observation that 
lipoprotein lipase can degrade PC at greatly 
increased rates in the presence of C-II activator 
supports the view that hydrolysis of PC is an 
important factor in the catabolism of trigly- 
ceride-rich lipoproteins. While C-II activation of 
lipoprotein lipase may be a requirement for PC 
hydrolysis, other factors may limit phospho- 
lipid degradation by the enzyme since PC of 
HDL is not degraded by lipoprotein lipase, even 
though the lipoprotein contains apo C-II. 

Although the activating property of apo C-II 
has been localized to specific regions of its 
primary structure (33), the precise mechanism 
of activation is unknown. It may act by in- 
creasing enzyme substrate affinity (34). Since 
in mixed emulsions of PC and triolein the 
activation of triacylglycerol lipase and phospho- 
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lipase A 1 activity by C-II occurs in parallel, it is 
likely that  a similar mechanism of activation is 
involved. 
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METHODS 

Analysis of Dolichol in Human Tissues by High Pressure Liquid 
Chromatography 
D.J. FREEMAN, C.A. RUPAR and K.K. CARROLL, Department of Biochemistry, 
University of Western Ontario, London, Ontario, Canada N6A 5C1 

ABSTRACT 

Dolichol from human liver was shown by reverse-phase high pressure liquid chromatography to 
consist of a series of homologues ranging in length from 17 to 23 isoprene units. The two major com- 
ponents, corresponding to 19 and 20 isoprene units, respectively, were isolated and identified by mass 
spectrometry. Dolichyl palmitate, synthesized from liver dolichol, showed an identical series of peaks 
with longer retention times. Attempts to chromatograph dolichyl phosphate under similar conditions 
were unsuccessful. Dolichol from uterine tissue and several other human tissues showed a shift toward 
shorter chain length, with a predominance of homologues containing 18 and 19 isoprene units. 

INTRODUCTION 

Dolichyl phosphate has been shown to act as 
an intermediate in glycoprotein biosynthesis 
(1-3), and this has stimulated interest in the 
distribution and metabolism of dotichol and its 
derivatives in mammalian tissues. Earlier studies 
in our laboratory showed that human tissues 
such as liver and endocrine glands were particu- 
larly rich in dolichol (4). The dolichol was 
present mainly as the free alcohol, but up to 20% 
was esterified with fatty acids in some tissues. 

For these studies, the dolichol was isolated 
by column chromatography and quantitated by 
weighing the isolated material, but this method 
was time consuming and unsuitable for analysis 
of small quantities of dolichol. An isotopic 
method (5) was also found to be unsatisfactory 
for this purpose. Other workers have reported 
the use of high pressure liquid chromatography 
(HPLC) for analysis of dolichot, either as the 
free alcohol (6) or the p-nitrobenzyl derivative 
(7). Our experience has shown that HPLC of the 
free alcohol, using a simple solvent system and 
detection by UV absorption at 210 nm, pro- 
vides a simple, rapid method for quantitating 
dolichol in small samples of tissue and deter- 
mining the patterm of homologues. The same 
system can be used for analysis of fatty acid 
esters of dolichol. 

MATERIALS AND METHODS 

Preparation of Dolichol and Derivatives 

Dolichol was isolated by column chromatog- 
raphy, as described previously, from human 
livers obtained at autopsy (4). Its identity was 

checked by thin layer chromatography (TLC) 
and by infrared (IR) and nuclear magnetic 
resonance (NMR) spectroscopy (8). This 
material was used to synthesize dolichyl palmi- 
tare by a method analogous to that used 
to synthesize cholesteryl esters (9). It was used 
also for synthesis of dolichyl 15hosphate (10) 
and as reference material for comparison with 
dolichol extracted from other human tissues 
obtained at surgery. 

The unsaponifiable lipid from small samples 
(approximately 2 g) of these tissues was 
isolated by refluxing overnight in 5 ml of 
aqueous ethanolic KOH containing pyrogallol 
(11), extracting the digest 3 times with equal 
volumes of petroleum ether and washing the 
combined extract with water until neutral. The 
extract was concentrated on a rotary evapora- 
tor to about 4 ml, and a solution of 10% 
digitonin in 50% aqueous ethanol was added to 
precipitate most of the cholesterol. The precipi- 
tate was separated by centrifugation, washed 
with petroleum ether and the washings added 
to the supernatant. The resultant extracts were 
prepared for HPLC by evaporating the solvent 
and redissolving the residue in 2 ml of UV grade 
hexane or isopropanol. 

Analysis by HPLC 

Chromatography was performed on a 
Hewlett-Packard 1084A dual pump instrument 
equipped with a C18 reverse-phase column 
(Brownlee Labs, Santa Clara, CA). Etuates were 
monitored at 210 nm with a Hewlett-Packard 
1030B variable-wavelength detector. The 
mobile phase was UV grade methanol/isopro- 
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pano l  (1 :1 ) .  The  c o l u m n  t e m p e r a t u r e  was 55 C 
and  the  f low ra te  was 2 m l / m i n .  

L inear i ty  of response  to  dol ichol  was 
checked  by  c h r o m a t o g r a p h i n g  10/~1 of  dol ichol  
s t andard  so lu t ions  ranging in c o n c e n t r a t i o n  
f rom 4 p g / m l  to 4 mg/ml .  L inear i ty  was main-  
t a ined  wi th in  this  range w h e n  the  to ta l  area of 
all h o m o l o g u e s  was p l o t t e d  against  concen t r a -  
t ion .  The  m i n i m u m  de tec tab le  a m o u n t  of 
dol ichol  was 40  ng. 

Mass Spectrometry of Homologues of Dolichol 

Dol icho l  f rom h u m a n  liver was in jec ted  
repea ted ly  i n to  the  h igh pressure l iquid chro-  
m a t o g r a p h  and  f rac t ions  con ta in ing  the  two 
majo r  h o m o l o g u e s  were col lected un t i l  a 
suff ic ient  a m o u n t  was ob t a ined  for analysis by 
mass  spec t rome t ry .  The  h o m o g e n e i t y  of the  
isola ted peaks  was con f i rmed  by reanalyz ing  
t h e m  indiv idual ly  by HPLC. Mass s p e c t r o m e t r y  
of  the  separa ted  h o m o l o g u e s  was p e r f o r m e d  on 
a Var ian  M A T - 3 1 1 A  u n d e r  cond i t ions  descr ibed 
previously  (8).  

METHODS 

k 

RESULTS AND DISCUSSION 

Separa t ion  of  the  h o m o l o g u e s  of  dol ichol  
and  dol ichyl  pa lmi ta t e  by  HPLC is i l lus t ra ted  in 
Figure  1. The  pa lmi ta t e  ester  was p repared  
f rom the  dol ichol  i sola ted f rom h u m a n  liver 
and  showed  an ident ica l  p a t t e r n  of homologues .  
A t t e m p t s  to  c h r o m a t o g r a p h  dol ichyl  p h o s p h a t e  
on  this  c o l u m n  were unsuccessful .  As expec t ed  
for  a reverse-phase sys tem,  the  free a lcohols ,  
being more  polar ,  have  sho r t e r  r e t e n t i o n  t imes 
t h a n  the  pa lmi ta t e  esters. In  each case, the  
separa t ion  of  the  individual  h o m o l o g u e s  
p r o b a b l y  also results  f rom the  greater  po la r i ty  
of  the  sho r t e r  cha in  c o m p o n e n t s  of  the  mix-  
ture.  

The  two  ma jo r  h o m o l o g u e s  of dol ichol  were 

FIG. 1. Separation by HPLC of the homologues of 
(a) dolichol from human liver, and (b) dolichyl palmi- 
tate prepared from the liver dolichol. (See Materials 
and Methods section for conditions). The figures 
above the major peaks represent retention times. The 
initial peak results from the hexane in which the 
samples were dissolved for injection. 

isola ted prepara t ive ly  by  HPLC and  were s h o w n  
by mass s p e c t r o m e t r y  to  con t a in  19 i soprene  
un i t s  (mass  ion 1312 + ) and  20  i soprene  un i t s  
(mass  ion 1380+),  respect ively.  On this  basis, 
t he  o the r  peaks  were p r e s u m e d  to co r r e spond  
to  h o m o l o g u e s  con ta in ing  17-23 i soprene  uni ts .  

The  relat ive p r o p o r t i o n s  of  these  d i f fe ren t  
h o m o l o g u e s  in h u m a n  liver are given in Table  I. 
A s o m e w h a t  d i f fe ren t  p a t t e r n  was observed in 
fresh h u m a n  u t e r ine  t issue o b t a i n e d  at surgery 
(Table  I). Analys is  of single samples  f rom 
pancreas  and t h y r o i d  gave p a t t e r n s  similar to  
t h a t  of u te rus ,  whereas  a sample of  tes t icu lar  
t issue showed  a p a t t e r n  similar to  t ha t  of  liver. 
The  t hy ro id  t issue ana lyzed  in our  s tudies  was 
hyperac t ive  f rom Grave ' s  disease and  the  
tes t icular  t issue s h o w e d  a t r o p h y  of  the  germina l  
ep i the l ium.  Pa thologica l  or p o s t m o r t e m  
changes  may  have in f luenced  the  resul ts  of 

TABLE I 

Homologues of Dolichol in Human Liver and Uterus a 

No. of isoprene Retention time Liver b Uterus b 
units (min) (n=6) (n=5) 

17 5.29 0.9 +- 0.22 3.5 -+ 0.40 
18 6.10 8.8 -+ 0.42 28.4 _+ 1.10 
19 7.08 36.6 +- 1.21 52.6 +- 0.41 
20 8.25 37.3 +- 0.52 14.0 -+ 0.92 
21 9.66 12.4 -+ 0.65 Trace 
22 11.35 3.2 -+ 0.26 
23 13.41 0.7 -+ 0.12 

aResults are expressed as percentage of total dolicho! +- SEM. 
bn = number of samples analyzed. 
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some of our analyses, but the patterns for 
human liver and uterus were quite reproducible 
in tissues from different individuals (Table I). 
The different patterns may be an indication 
that tissues synthesize their own dolichol. 

There is also some evidence that the pattern 
of homologues in a particular organ or tissue 
varies in different species. Tavares et al. (6) 
reported that pig liver dolicbol consists of a 
mixture of homologues containing 17-21 iso- 
prene units, with dolichol-19 predominating. 
Studies in our laboratory have shown rat liver 
dolichol is composed of homologues 16-21, 
with 18 and 19 predominating (unpublished 
experiments). 

ACKNOWLEDGMENTS 

Financial support  by the Medical Research Council 
of Canada and the Richard and Jean Ivey Fund 
is gratefully acknowledged. The authors also thank the 
Department  of Pathology for providing the human 
tissues for analysis, Mr. N. Chaudhary for assistance in 
the preparation and chromatography of dolichol and 
Dr. S.K. Wong of the Department  of  Chemistry for the 

mass spectrometric analysis of dolichol. 

REFERENCES 

1. Waechter, C.J., and W.J. Lennarz, Ann. Rev. 
Biochem. 45:95 (1976). 

2. Hemming, F.W., Biochem. Soc. Trans. 5:1223 
(1977). 

3. Parodi, A.J., and L.F. Leloir, Biochim. Biophys. 
Acta 559:1 (1979). 

4. Rupar, C.A., and K . K .  Carroll, Lipids 13:291 
(1978). 

5. Keller, R.K., and W.L. Adair, Jr., Biochim. 
Biophys. Acta 489:330 (1977). 

6. Tavares, I.A., N.J. Johnson, and F.W. Hemming, 
Biochem. Soc. Trans. 5 : 1771 (1977). 

7. Keenan, R.W., N. Rice, and R. Quock, Biochem. 
J. 165:405 (1977). 

8. Carroll, K.K., A. Vilim, and M.C. Woods, Lipids 
8:246 (1973). 

9. Pinter, K.G., J.G. Hamilton,  and J.E. Muldrey, J. 
Lipid Res. 5:273 (1964). 

10. Rupar, C.A., and K.K. Carroll, Chem. Phys. 
Lipids 17:193 (1976). 

11. Burgos, J., F.W. Hemming, J.F. Pennock, and 
R.A. Morton, Biochem. J. 88:470 (1963). 

[Received October 24, 1979] 

LIPIDS, VOL. 15, NO. 3 



LETTER TO THE EDITOR 

A Note on the Spectrophotometric Determination of Long Chain 
Bases in Lipids 
J. OULEVEY and O.W. THIELE, Physiologisch-Chemisches Institut, Universif~t G~ttingen, 
Humboldtallee 7, D-3400 G6ttingen, West Germany 

We have recently reported (1) on a method 
for the quantitative determination of glyco- 
sphingolipids based on the spectrophotometric 
assay of a complex formed between sphingosine 
and methyl orange (2). For this purpose, the 
acetylated glycosphingolipid fraction obtained 
by column chromatography on Florisil was de- 
acetylated and complexed with methyl orange. 
For calibration, a standard solution of sphingo- 
sine sulfate in chloroform/methanol/water 
(1:2:1, v/v/v) was used. No other long chain 
bases were measured. 

It is known (3) that various homologs and 
analogs of sphingosine occur as constituents of 
glycosphingolipids. Hence, it is of considerable 
interest to know whether the molar absorption 
coefficients of the methyl orange complexes 
of various long chain bases are different. Some 
long chain bases prevailing in natural sphingo- 
lipids are available (Koch-Light Colnbrook, 
Buckinghamshire, England, or Sigma, St. Louis, 

MO), as such or as sulfates, and were shown to 
be chromatographically pure (4). It is evident 
from Table I that molar absorption coefficients 
of the various long chain bases studied are 
essentially identical (mean value 2.80 x 104), 
provided the amino group of the base is free. 

Ceramide was isolated from bovine spleen 
lipids by the column chromatographic proce- 
dure of Vance and Sweeley, adapted for this 
study (5). Obviously, ceramide does not form a 
complex with methyl orange and only minimal 
absorption was detected at 415 nm. After 
hydrolysis (1), however, the sample complexed 
with methyl orange and an absorption of 
expected magnitude was observed. Thin layer 
chromatography (TLC) (4) revealed dihydro- 
sphingosine to be the major component of the 
long chain bases of bovine spleen ceramide. 

Peracetylation (O- and N-acetylation) of 
erythro-dihydrosphingosine with acetic anhy- 
dride in pyridine (6) yielded a ninhydrin- 

TABLE I 

Results of Assays of Various Long Chain Bases 

Sample 

Molar absorption 
coefficient 

e415 nm 
1 �9 m o 1 - 1  - c m  -1 

Sphingosine (4 t-Sphingenine) 

erythro-Dihydrosphingosine 
(erythro-Sphinganine ; 
D L-erythro-1,3-dih y dro x y- 2-amino-octadecane ) 

threo-Dihydrosphingosine 

Phytosphingosine (D-ribo-1,3,4-trihydroxy-2-amino-octadecane) 

Ceramide a 

N-acetyl-erythro-dihydrosphingosine b 
(containing traces of ninhydrin-positive material) 

N-Acetyl-erythro-dihydrosphingosine b, hydrolyzed (1) 

erythro-Dihydrosphingosine, peracetylated c 

2.83 X 104 

2.76 x 104 

2.88 x 104 

2.73 x 104 

~0.01 x 104 

0.17 x 104 

2.72 x 104 

0.12 x 104 

alsolated from bovine spleen. 
bprepared from erythro-dihydrosphingosine with acetic anhydride in methanol.  
Cprepared from erythro-dihydrosphingosine with acetic anhydride in pyridine. 
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negative product that showed no absorption 
after a t tempted complexing with methyl 
orange. Erythro-dihydrosphingosine N-ace- 
tylated with acetic anhydride in methanol (7) 
also showed no absorption. The trace of absorp- 
tion observed (Table I) probably results from 
residual unreacted based as revealed by TLC 
(4). After hydrolysis (1), both samples could 
be complexed with methyl orange, resulting in 
an absorption of the expected level. 

These results show that the spectrophoto- 
metric determination of long chain bases of 
lipids (1) depends on the free amino group and 
(2) gives identical results with long chain base 
analogs. 
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COMMUNICATIONS 

Secondary Regulatory Sites in Rat Liver Cholesterol 
Biosynthesis: Role of 5-Pyrophosphomevalonate Decarboxylase 
ANA MARIA JABALQUINTO and EMILIO CARDEMIL,  Departamento de Medicina 
Experimental, Facultad de Medicina Oriente, and Unidad de Bioqulmica, Facultad de Medicina 
Occidente, Universidad de Chile, Casilla 10455, Santiago, Chile 

ABSTRACT 

The activity of 5-pyrophosphomevalonate decarboxylase in 43,000 g supernatant fractions from 
livers and kidneys of male adult rats has been determined. Enzyme activity in liver is significantly 
increased when rats are fed a diet containing 3% cholestyramine (268% of control rats) and decreased 
when fed a diet containing 2% cholesterol (25% of control rats). No circadian rhythm of enzyme ac- 
tivity is found in liver or kidneys. These results show that variations in hepatic cholesterogenesis affect 
the activity of 5-pyrophosphomevalonate decaxboxylase in a similar way as other enzymes involved 
in the biosynthesis of cholesterol. 

INTRODUCTION 

The primary site for the regulation of 
cholesterol biosynthesis is at the step catalyzed 
by 3-hydroxy-3-methylglutary'l coenzyme A 
reductase which yields mevalonic acid (MEV) 
(1). Secondary sites for the regulation of this 
biosynthesis have also been proposed, both 
before (2) and after (3,4) the step catalyzed by 
the reductase. Ramachandran and Shah have 
suggested that the decarboxylation of 5-pyro- 
phosphomevalonate (MEVPP) is a regulatory 
step, both in liver of suckling rats (5) and in 
developing rat brain (6). The results using 
suckling rats, although obtained by an indirect 
enzyme assay based on estimations of the 
amount of 5-phosphomevalonate (MEVP) and 
MEVPP formed and 14CO2 liberated from 
[1A4C]-MEV, indicated that cholesterol pres- 
ent in maternal milk would cause a decrease in 
activity of MEVPP decarboxylase (EC 4.1.1.3 3) 
while not affecting the preceding kinases. 

A communication has recently appeared (7) 
showing that in adult rat liver homogenates 
there is both rhythmic activity in the utilization 
of [2 A4C]-MEV for cholesterol biosynthesis 
and in the liberation of 14CO2 from [1-14C] - 
MEV. These results, however, do not agree with 
a previous publication of Slakey et al. (4), who 
performed direct measurements of all the 
enzymes of the pathway of cholesterol bio- 
synthesis between MEV and squalene in rat 
liver, and could not find significant diurnal 
variation in any of them. 

These conflicting results, and the suggestion 
that the decarboxylation of MEVPP is a rate- 
limiting step in the synthesis of cholesterol in 
suckling rats and developing rat brain (4,6), and 

also in the synthesis of isoprenoids in Chlorella 
(8), prompted us to determine the activity of 
adult rat liver and kidney MEVPP decarboxyl- 
ase, both at several times of the day, and under 
different dietary conditions. 

MATERIALS AND METHODS 

[2-14C]-MEV (dibenzoylethylen ediamine 
salt), 2,5-diphenyloxazole (PPO), and 1,4-bis- 
(2-(5-phenyloxazolyl))benzene (POPOP) were 
obtained from Amersham-Searle, England; 
bovine intestine alkaline phosphatase (Type I), 
rabbit muscle pyruvate kinase, ATP, DL-MEV 
lactone, phosphoenolpyruvate and 2-mercapto- 
ethanol from Sigma Chemical Co., St. Louis, 
MO; cholesterol from Merck; and cholestyr- 
amine (Cuemid TM) from Merck Sharp and 
Dohme, USA. All other chemicals were of 
analytical grade. [2 -14C]-MEVPP was synthe- 
sized enzymatically using partially purified 
MEV kinase and MEVP kinase from hog liver. A 
mixture of these enzymes was obtained by 
ammonium sulphate fractionation (30-60% 
saturation) and DEAE-cellulose column chro- 
matography (Bazaes, S., personal communica- 
tion). The incubation mixture contained 10 
mM KF, 95 mM Tris-HC1 pH 8.2, 3.8 mM 
MgC12, 6.2 mM phosphoenolpyruvate, 2 mM 
ATP, 38 mM KC1, 9 mM 2-mercaptoethanol, 
4.5 mM [2-14C]-MEV (2.45 x 105 cpm/umol), 
800 units of pyruvate kinase, 44 units of MEV 
kinase and 104 units of MEVP kinase, all in a 
total volume of 440 ml, at 30 C for 90 min. 
The mixture was then acidified to pH 6 with N 
HC1, and the reaction was stopped by adding 
ethanol to 75% (v/v). Then it was warmed to 60 
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C for 1.5 min, cooled in ice, filtered, and the 
ethanol removed from the filtrate in a rotatory 
evaporator. The product was purified according 
to Dugan et al. (9). The final yield of the 
product was 60%, considering that only the 
(R)-isomer of the mixture of (RS)-MEV was 
used by the MEV kinase. The preparation 
contained no impurities as judged by paper 
chromatography and by spectrophotometric 
measurements. 

Male rats of Sprague-Dawley strain, bred in 
this laboratory, were used. The animals were 
kept in a room with a light period from 8:00 
a.m. to 8:00 p.m. and were fed ground rat 
pellets and water ad libitum. The basal diet 
(supplied by Alimentos Balanceados, Santiago) 
contained ca. 20% protein, 3.5% fat, 6% fiber, 
67% carbohydrate, and a mineral-vitamin mix. 
For the experiments to test the effect of 
different diets, cholesterol and cholestyramine 
were incorporated into the diet to 2% and 3%, 
respectively. 

Animals were sacrificed by cervical disloca- 
tion. Livers and kidneys were removed, chilled 
on ice, and homogenized in 2 volumes of cold 
0.1 M potassium phosphate buffer, pH 7.0, con- 
taining 10 mM 2-mercaptoethanol and 1 mM 
EDTA. The homogenate was filtered through 
several layers of cheesecloth and glass wool and 
centrifuged at 43,000 g for 1 hr at 4 C. The 
supernatant, after filtration through glass wool 
to remove lipid material, was used as the 
enzyme source. Protein concentration was 
determined by the biuret method (10). Incuba- 
tions were carried out for 15 min at 37 C in 
rubber-stoppered 15 ml centrifuge tubes in 0.6 
ml final volume containing 5 mM ATP, 5 mM 
MgC12, 10 mM 2-mercaptoethanol, 100 mM 
sodium acetate buffer, pH 4.9, 0.68 mM 
[2-14C]-MEVPP (2.45 x 105 cpm//.tmol) and 
0.4-0.6 mg of protein. The reaction was 

stopped by the addition of 5.5 units of bovine 
intestine alkaline phosphatase in 1 M Tris-HC1 
buffer, pH 8.4, and further incubated for 2 hr 
at 37 C. Then, the incubation mixture was 
extracted two times with 1.0 ml of petroleum 
ether (bp 40-60 C). Radioactivity was measured 
in 1.0 ml of the combined hexane phases by 
adding it to 3.0 ml of a scintillation fluid 
containing 0.125 g POPOP and 4 g PPO in 1.1 
liter of toluene/ethanol (10:1, v/v), and 
counted by conventional liquid scintillation 
spectrometry. The unit of enzyme activity is 
expressed in nmole of alcohols liberated per 
rain, according to (4). 

R ESU LTS 

Preliminary experiments to establish optimal 
conditions for the assay of MEVPP decarboxy- 
lase in the 43,000 g supernatant fraction of rat 
liver revealed that the enzymic reaction is 
linear up to 25 min and proportional to the 
amount of added protein up to 0.8 mg. The 
optimum pH is between 4.0-4.7 in acetate 
buffer and apparent Km for MEVPP and ATP 
are 9.3 x 10 -5 M and 1.7 x 10 -4 M, respectively. 

The effect of supplementing the diet of the 
animals with 2% cholesterol or 3% choles- 
tyramine can be seen in Table I. Cholesterol 
reduces the enzyme activity 3.9 times while the 
effect of the bile acids-sequestering agent 
cholestyramine (11) is to increase its activity 
2.7 times in liver. Both values are significant 
(P< 0.002) with respect to the control values. 
No significant effect is observed in the enzyme 
activity of the 43,000 g supernatant fraction 
from kidneys (results not shown). 

Figure 1 shows the absence of rhythmic 
activity in MEVPP decarboxylase from rat liver 
and kidneys. 

T A B L E  I 

An ima l  Weights,  Liver Weights,  Prote in  Con ten t s  and Ac t iv i t y  o f  MEVPP Deca rboxy la se  
in 43 ,000  g S u p e r n a t a n t  F rac t ions  o f  Liver o f  Rats  u n d e r  Di f fe ren t  Diets  a 

Diet 

Prote in  in 
An ima l s  Liver 4 3 , 0 0 0  g E n z y m e  
weights  we igh t s  s u p e r n a t a n t  ac t iv i ty  

(g) (g) (mg/ l iver )  ( n m o l e s / m i n / g  liver) 

Cont ro l  188 -+ 9 b (5)  c 8 .37 -+ 0.47 242 -+ 12 22.9 -+ 1.5 
2% choles te ro l  209  +- 4 (5) 9.55 -+ 0.47 271 -+ 15 3.8 -+ 0.8 
3% c h o l e s t y r a m i n e  163 -+ 10 (6)  6 .88  + 0.36 258 -+ 19 61.5 -+ 7.5 

a E n z y m e  ac t iv i ty  was  d e t e r m i n e d  in the  4 3 , 0 0 0  g su p e rn a t an t  f rac t ions  as descr ibed in 
Materials and Methods.  Male animals  w e r e  fed the  d i f f e ren t  diets and w a t e r  ad l ib i tum for  
6 days  be fo re  the  e x p e r i m e n t ,  and were  killed at 9 :00  a .m.  

b Mean -+ S.E.M. 

CNumbers  in paren theses  indica te  the  n u m b e r  of  ra ts  in each group.  
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DISCUSSION 

It is known that the feeding of cholesterol or 
cholestyramine to rats has opposite effects on 
the rate of hepatic cholesterogenesis (1). The 
feeding of a diet containing 2% cholesterol 
to adult male rats decreases the activity of 
cytosolic acetoacetyl coenzyme A thiolase and 
cytosolic 3-hydroxy-3-methylglutaryl co- 
enzyme A synthase to 29% and 15%, respec- 
tively, in 7 days (12), and of MEVPP decarbox- 
ylase to 25% in 6 days (Table I). When 3% 
cholestyramine is incorporated to the food of 
the animals, the values for the thiolase and 
synthase are increased up to 173% and 264%, 
respectively in 3 days (12), and the decarboxy- 
lase to 268% in 6 days (Table I). The effect of a 
48 hr fasting, on the other hand, shows that 
cytosolic acetoacetyl coenzyme A thiolase, 
cytosolic 3-hydroxy-3-methylglutaryl coen- 
zyme A synthase (12), MEVPP decarboxylase, 
isopentenylpyrophosphate isomerase, dimethyl- 
allyltransferase, and squalene synthetase (4) 
adapt to this new metabolic situation with a 2- 
to 7-fold decrease in activity. These findings 
suggest that the secondary control of choles- 
terol biosynthesis (1) is not due to an enzyme 
in particular but to groups of enzymes respond- 
ing coordinately to the need for the synthesis 
of more or less cholesterol. It is very likely, 
then, that the activities of the enzymes catalyz- 
ing steps between isopentenylpyrophosphate 

i i I i i i 

_ 

4:00 8:00 0:00 4:00 8:00 
TIME OF THE DAY 

FIG. 1. Absence of circadian rhythm of MEVPP 
decarboxylase from rat liver and kidneys. Enzyme 
activity was determined in 43,000 g supernatant 
fractions from liver and kidneys as described in 
Materials and Methods. Activity for liver MEVPP 
decarboxylase (0) is given as the mean -+ S.E.M. (5 
animals). The activity of MEVPP decarboxylase from 
kidneys (o) was determined in 43,000 g supernatant 
fractions from pooled kidneys obtained at the dif- 
ferent times. 

and squalene should also present coordinate 
variation in the liver of cholesterol- or 
cholestyramine-fed rats. As has been demon- 
strated by several workers, the response of 
hepatic 3-hydroxy-3-methylglutaryl coenzyme 
A reductase to cholesterol/cholestyramine 
feeding or fasting is rapid enough to account 
for primary control of cholesterogenesis in the 
rat (1). 

Recently, Shama Bhat and Ramasarma (7) 
have suggested that one or more of the three 
enzymes between MEV and isopentenylpyro- 
phosphate present circadian rhythm in rat liver. 
However, since neither the activity of MEV 
kinase or MEVP kinase decline in the liver of 
fasting rats, while the level of MEVPP decar- 
boxylase presents a 2-fold fall in activity (4), 
it seemed to us more probable that the enzyme 
responsible for such rhythm (7) would be the 
decarboxylase rather than any or both of the 
preceeding kinases. Our results, however, indi- 
cate that MEVPP decarboxylase does not 
present diurnal variation in activity (Fig. 1), so 
that the rhythm observed by Shama Bhat and 
Ramasarma (7) should be due to variations in 
one or both kinase. It must be emphasized, 
however, that several reports from different 
laboratories have failed to demonstrate diurnal 
rhythm for the incorporation of . [2  -14C] -MEV 
into cholesterol in rat fiver (11), for any of the 
enzymes-catalyzing steps between MEV and 
aqualene in the same organ (4), or for rat 
adrenal glands MEV kinase (13). Perhaps some 
uncontrolled factor present in the rats or the 
assay used by those authors (7) is responsible 
for their results. It is interesting to note, in this 
regard, that when we assayed the activity of 
MEVPP decarboxylase in the 800 g super- 
natant, as determined by those authors (7), the 
specific activity of the decarboxylase was 47% 
and the total units of enzyme activity were 69% 
of those found in the 43,000 g supernatant 
fraction of rat liver (Jabalquinto, A.M. and E. 
Cardemil, unpublished results). 

Our results on the absence of response of 
MEVPP decarboxylase from rat kidneys to 
cholesterol or cholestyramine feeding, and the 
absence of diurnal variation in activity (Fig. 1) 
constitute, to the best of our knowledge, the 
first direct determinations of this enzyme 
activity in that organ. The lack of diurnal 
variation is in keeping with our result in liver, 
and the absence of response to dietary condi- 
tions may indicate that the secondary control 
of cholesterol biosynthesis in kidneys (if any) is 
probably different to that of liver. More exper- 
iments are needed, however, before definitive 
conclusions can be drawn in this respect, 
especially in view of the importance of the 
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kidneys in the metabolism of MEV via the 
shunt pathway (1,14). 

After this paper was submitted for publica- 
tion, a recent report from Shama Bhat and 
Ramasarma (15) came to our attention in 
which a 2-fold increase of  MEVPP decarboxy- 
lase activity was observed in a 12 hr period of 
time in rat liver. 
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5,9,23-Triacontatrienoic Acid, Principal Fatty Acid 
of the Marine Sponge Chondrilla nucula 
CARTER LITCHFIELD, JOHN TYSZKIEWlCZ and VIRGINIA DATO, Department of 
Biochemistry, Rutgers University, New Brunswick, New Jersey 08903 

ABSTRACT 

The marine sponge Chondrilla nucula contains 34% 30:3Zx5,9,23 in its total fatty acids. This non- 
methylene-interrupted polyunsaturated acid, unknown in other living organisms, occurs mainly as an 
ester in phosphatidylethanolamine. 

INTRODUCTION 

Recent studies in our laboratory have shown 
that marine sponges of the class Demospongiae 
contain high levels of C24-C 30 "demospongic" 
fatty acids possessing new and novel struc- 
tures not found in other organisms. We have 
identified, for example, 26:2A5,9 and 26:3 
A5,9,19 in Microciona prolifera (1), 26:2A5,9 
and 28:3A5,9,19 in Xestospongia halichon- 
droides (2), and 30:46o6 and 30:56o3 in Cliona 
celata (3). 

Our initial survey of fatty acid chain lengths 
in sponges (4) had revealed that the chicken 
liver sponge, Chondrilla nucula, contained 38% 
C30 chains in its total fatty acids. We have now 
characterized the structure of this C3o compo- 
nent and have identified it as a new polyun- 
saturated fatty acid. 

EXPERIMENTAL PROCEDURES 

C. nucula sponge colonies collected near 
Little Torch Key, Florida were purchased from 
Marine Specimens Unlimited (Summerland 
Key, Florida) in July 1977 and August 1978. 
The 1977 sample was shipped by air to our 
laboratory. It was used only for fatty acid 
structure experiments, since an appreciable 
amount of free fatty acid was found in the lipid 
extract, probably produced by hydrolytic 
degradation in transit. The 1978 sample was 
extracted in Florida immediately after collec- 
tion. Lipids from this sample showed negligible 
free fatty acid content and were used for lipid 
class studies. 

Sponge colonies were washed in seawater, 
carefully cleaned of all nonsponge debris, and 
cut into small pieces. Immediate extraction 
with chloroform/methanol (first 1:2, then 2 : 1) 
yielded the total lipids (2.5% of dry weight). 
BHT was added to this sample and to all further 
lipid isolates to retard autoxidation. 

Methyl esters were prepared from t o t a l  
Chondrilla lipids by refluxing in methanol-cone. 
H2SO4, 98:2, for 3 hr. They were purified by 
preparative thin layer chromatography (TLC) 

on 1.0 mm thick silicic acid developed in 
hexane/diethyl ether, 96:4. The yield of methyl 
ester was ~23% of the total lipids reacted. 

Our procedures for TLC, gas liquid chroma- 
tograph (GLC), mass spectrometry, UV spec- 
troscopy, IR spectroscopy, proton magnetic 
resonance (PMR) analysis, hydrogenation, and 
ozonolysis of fatty acid methyl esters have been 
described in two previous publications (2,3). 
The pyrrolidide of 30:3 was prepared using the 
method of Andersson and Holman (5), purified 
by TLC (chloroform/diethyl ether, 90:10), and 
then analyzed on a Hewlett-Packard Model 
5992A GLC mass spectrometer equipped with a 
600 x 2.4 mm id, 2% OV-101 GLC column at 
250 C. The free acid form of 30:3 was obtained 
from the purified ester by saponification with 
10% KOH in methanol, purified by TLC 
(hexane/acetone, 85:15), and then recrystal- 
lized from acetone at -20 C. 

Lipid class separations utilized column 
chromatography followed by preparative TLC. 
Total Chondrilla lipids (285 rag) were first 
separated on a 20 x 50 mm column of silicic 
acid (Silica Gel G50, E. Merck, Darmstadt, 
Germany) into four fractions by successive 
elution with 1.5 column volumes of CHC13, 2 
volumes of acetone, 5 volumes of CHC13/ 
CH3OH (1:1), and 4 volumes of CH3OH. The 
CHC13 fraction was further separated by 
preparative TLC on Whatman K5 silica gel 
plates (Whatman Inc., Clifton, NJ) developed in 
hexane/diethyl ether, 95:5. The sterol ester and 
triglyceride bands were visualized with rho- 
damine 6G; each was scraped off the plate and 
recovered with diethyl ether. The remaining 
adsorbent was also removed and eluted with 
diethyl ether; this eluate was added to the 
acetone column fraction to form the "other 
neutral lipids" sample. 

The CHC13/CH3OH column fraction was 
separated by TLC (CHC13/CH3OH/NH4OH , 
65:32:3). A glass plate was placed over the 
center of the chromatogram, and the lipids 
were located by exposing the edges to iodine 
vapor. The phosphatidylethanolamine and 
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phosphatidylserine bands were each scraped off 
the center of the plate and recovered by extrac- 
tion with CHC13/CH3OH/H20 , 45:45:10.  
PhosphatidylchoIine was isolated from the 
CH3OH column fraction in the same manner. 
All remaining adsorbent from both polar lipid 
separations was extracted with CHC13/ 
CH3OH/H20 , 45:45:10 to recover the "other  
polar lipids" sample. The identities of the 
phosphatidylethanolamine, phosphatidylserine, 
and phosphatidylchotine samples were con- 
firmed by checking Rf values against known 
standards in various TLC developing solvents 
and by Dragendorff and ninhydrin spray 
reagent tests (6). 

The amount of 30:3A5,9,23 in each lipid 
class was determined by GLC with an internal 
standard. Methyl esters were prepared from 
each isolate (7) and then purified by TLC. 
These esters were divided into two equal 
aliquots; a known amount of methyl triacon- 
tanoate (30:0) was added to one of them; and 
then both were analyzed by GLC. Comparison 
of the 30:3 peak area with that of the 30:0 
standard (corrected for any minor peaks having 
the same retention time) permitted calculation 
of the weight of 30:3 present in each lipid class. 

RESULTS 

Purification of Methyl Esters 

GLC analysis of C. nuclula total methyl 
esters on a Silar-10C column at 200 C revealed 
a large unknown peak having an ECL value (8) 
of  32.04. This peak constituted 33.5 wt. % of 
the total methyl esters. 

To purify this unknown for further study, 
we first separated Chondrilla total methyl esters 
by TLC into two bands. The upper band 
containing the ECL 32.04 ester was recovered 
and then further fractionated using 'Ag+-TLC. 
Development with 80:20 hexane/diethyl ether 
resolved five distinct bands. The center band 
(Rf --~ triene) was recovered, purified a second 
time by Ag+-TLC, and then repurified by 
normal TLC. The final product proved 95.6% 
pure by GLC, with the major impurity being 
1.8% of an ECL 31.45 methyl ester. 

Identification of 30:3 

Hydrogenation of the ECL 32.04 methyl 
ester produced an n-30:0 peak when charac- 
terized by GLC. Mass spectrometric analysis 
give a molecular ion at m/e 460. Thus, an 
n-30:3 structure was indicated. 

The ester showed no absorption bands in the 
220-320 nm region, proving the absence of 
conjugated double bonds (9). Its infrared 

spectrum had no prominent absorption in the 970 
cm -] region, so all double bonds were of cis 
configuration (10). Typical 3000-2800 cm -l 
hydrocarbon and I720 cm-1 ester bands were 
observed, and the absorption pattern in the 
1500-1100 cm-1 region was the same as for 
18:3A5,9,12 (11). The PMR spectrum corres- 
ponded to that of an unsaturated methyl ester. 
Integration of the CH30- and -HC=CH-signals 
gave a 5.8:3.0 ratio indicating a trienoic com- 
pound. However, there was no =C-CH2-C = 
signal at 2.7 6, showing the absence of a 
methylene-interrupted double bond system 
(12). 

Reductive ozonolysis of the 30:3 unknown 
produced four products. These were identified 
by GLC as a C s aldehyde-ester, a C 4 dialde- 
hyde, a C14 dialdehyde, and a C7 aldehyde 
using cochromatography with authentic stan- 
dards (C4-C7 compounds) or an extrapolated 
ECL plot (C14 dialdehyde). Hence, the struc- 
ture was either 30:3A5,9,23 or 30:3A5,19,23. 
Mass spectrometry of the 30:3 pyrrolidide 
derivative proved A5 and A9 unsaturateion 
based on the interpretation of Andersson et al. 
(13): C4 (m/e 140)=19%, C s (m/e 152 + 153 + 
154) = 25%, C 6 (m/e 166 + 167 + 168) = 39%, 
C7 (m/e 180) = 100%, C 8 (m/e 194)= 10%, C9 
(m/e 207 + 208) = 15%, Clo (m/e 220)= 11%, 
CI 1 (m/e 234) = 13%. 

We conclude that the unknown compound 
was the methyl ester of eis-5,cis-9,cis-23-tria- 
contatrienoic acid. Pure 30:3A5,9,23 fatty acid 
had a melting point of 26.0-26.8 C (uncor- 
rected). 

Location in C. nucula kipids 

To determine how the unusual 30:3A5,9,23 
acid was distributed among the various lipids of 
the sponge, the five major classes of  Chondrilla 
ester4ipids were isolated by consecutive column 
and thin layer chromatography. All the remain- 
ing components were combined into "other  
polar lipids" and "other  neutral lipids" samples. 
Each sample was converted to methyl esters, 
which were analyzed by GLC with an internal 
standard to determine the weight of 30:3 
A5,9,23 present. 

Results (Table I) show that the 30:3A5,9,23 
chains are mainly located in the phosphatidyl- 
ethanolamine molecules. One-eighth of the 
30:3 appears in the triglycerides, and another 
eighth is esterified in the phosphatidylserine. 
Only minor amounts (<0.06) are present in 
other lipid classes. 

DISCUSSION 

The 30:3A5,9,23 fatty acid identified here 
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TABLE I 

Distribution of 30:3A5,9,23 in 
Chondrilla nucula Lipid Classes 

30:3A5,9,23 
Lipid class Present 

Phosphatidylethanolamine 0.65 
Phosphatidylserine 0.11 
Phosphatid ylcholine 0.01 
Other polar lipids 0.03 
Triglyceride 0.13 
Sterol ester 0.01 
Other neutral lipids 0.06 

Total lipids 1.00 

in the  marine sponge C. nucula has not ,  to our 
knowledge ,  been previously found  in o ther  
living organisms. Schmitz  and McDonald (14) 
have character ized Chondrilla cerebrosides  but  
found  only C 16-C26 c~-hydroxy acids present .  
The h y d r o c a r b o n  chain of  30:3A5,9 ,23 con- 
tains the typical  A5,9-diene s t ructure  en- 
counte red  in o the r  po lyunsa tura ted  demospon-  
gic acids such as 24:2A5,9 ,  25:2A5,9 ,  26:2 
A5,9,  26 :3A5,9 ,19 ,  27 :3A5,9 ,20  and 28:3 
A5,9,19 (1,2,15).  The 5 ,9 ,23- t r iaconta t r ienoic  
acid is the  principal fa t ty  acid (34-38%) o f  
Chondrilla; o the r  acids present  are mainly C16 
(25%), C 18 (10%), or C20 (11%) chain lengths 
(4). 

Morales and Litchfield (16) have shown that  
the  sponge M. prolifera possesses a very active 
fa t ty  acid chain elongat ion system that  pro- 
duces C24-C28 acids f rom normal  chain length  
precursors.  Fol lowing elongat ion,  A5,9 desatu- 
ra t ion may occur.  It seems likely that  a similar 
b iosyn the t ic  pa thway  may opera te  in Chon- 
drilla to p roduce  30:3A5,9 ,23 f rom palmitoleic  

acid : 

16:1A9 ~ ~- --* -+ --*-~---~ 30:1A23 --+ 
30:2A9,23~ 30:3A5,9,23 

C. nucula is the  four th  marine sponge in 
which  the unusual  C24-C3o demospongic  acids 
are k n o w n  to be major  c o m p o n e n t s  of mem- 
brane- type  phosphol ip ids .  Phospha t idy le than-  
olamine contains  large amoun t  of  26:2 and 
26:3 in M. prolifera (1) and Halicondria panieea 
(17) and mos t  of the  30:3 in C. nucula. Phos- 
phat idylser ine  contains  high levels of  26:2 and 
26:3 in M. prolifera (1) and large amoun t s  of  

30:4 and 30:5 in C. celata (3). These findings 
imply that  demospongic  acid chains may 
part ic ipate  in the membrane  lipid bilayers of  
sponges. Since 30:3A5,9 ,23 acid has a melt ing 
po in t  (26.0-26.8 C) lower than  palmit ic  (63 C) 
but  higher than oleic (13 C) acid, one would 
no t  expec t  30;3-conta in ing  membranes  to be 
ex t remely  rigid as previously proposed  (18). 
However,  the increased length  of  the C30 
chains should p roduce  bilayers of  unusual  bulk 
and s t ructure  (18). 
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LETTER TO THE EDITOR 

Antioxidants in Neoplastic Cells: III. An Antioxidant Artifact in 
Tissue Culture Media 
RICHARD M. ARNESON 1, Department of Biochemistry, University of Tennessee 
Center for the Health Sciences, Meml~his, Tennessee 38163 and JOSEPH D. WANDER, 
Department of Chemistry, University of Georgia, Athens, Georgia 30602 

The membranes of mouse neuroblastoma 
cells exhibit a striking increase in resistance to 
lipid peroxidation during differentiation in 
tissue culture (1). High resistance to peroxidation 
is characteristic of many neoplasms (2), and 
comparison of undifferentiated (peroxidation- 
labile) neuroblastoma ceils with differentiated 
(peroxidation-resistant) ceils affords a useful 
experimental system for investigating the 
mechanisms underlying this resistance phenom- 
enon. We recently presented evidence that 
differentiating neuroblastoma ceils become 
resistant to peroxidation by generating A274, a 
phenolic antioxidant (3). We have now shown 
that the resistance phenomenon is not caused 
by the presence of A274. This antioxidant was 
found to be a contaminant widely distributed 
in tissue culture media. 

In the studies reported here, mouse neuro- 
blastoma cells (C1300, clone N18) were cul- 
tured and induced to differentiate by with- 
drawal of serum from the medium as previously 
described (1). Serum was removed from undif- 
ferentiated cells on the fourth day of sub- 
culture, and differentiated cells were harvested 
on the fifth day. The antioxidant activity of 
lipid samples was estimated by the sensitive, 
single-phase assay developed in this laboratory 
(1,3). The procedures used for lipid extraction, 
LH-20 Sephadex chromatography, protein 
determination, and lipid peroxide estimation 
have been reported previously (1,3). 

The unusual two-line spectrum of A274 (3) 
provided a means of detecting this antioxidant 
in lipid extracts from neutroblastoma cells and 
commercial tissue culture medium. Lipid 
extracts were chromatographed on LH-20 
Sephadex, and that fraction of the ethanol 
eluent previously found to contain A274 (1.0 
V b e  d t o  1.5 V b e d )  w a s  evaporated, brought up 
in a small volume of chloroform and subjected 

Ipresent  address: Depar tment  of  Biochemistry, 
Medica l  and Health Sciences Division, Oak Ridge 
Associated Universities, PO Box 117, Oak Ridge, TN 
37830. 

to chemical ionization or electron impact mass 
spectrometry using a direct insertion probe. 
The instrumentation for mass spectrometry has 
been described (3). Based on our previous 
studies of A274 (3), a high ion current at m/z 
181 was taken as evidence for the presence of 
this substance. 

We have reported that A274 and its con- 
comitant antioxidant activity increased dra- 
maticaUy during the differentiation of neuro- 
blastoma cells (3). However, we recently 
observed the abrupt disappearance of A274 
from our cell preparations. The fraction derived 
from LH-20 Sephadex chromatography which 
had contained A274 in previous experiments 
(3) yielded no peak of antioxidant activity, and 
mass spectra of this fraction did not contain ion 
currents above background noise at m/z 181. 
Since differentiated neuroblastoma cells re- 
mained highly resistant to lipid peroxidation, 
A274 cannot be related to the resistance 
phenomenon. A274 was shown to be absent 
from the lot of powdered tissue culture medi- 
um used in recent experiments, but this sub- 
stance was detected in the lot of medium 
employed previously. Subsequently, we have 
observed that differentiated neuroblastoma 
cells contain A274 only when grown in lots of 
medium that contain A274. Since several lots 
of medium were used in our earlier studies, the 
consistency of our previous observations 
probably resulted from the wide distribution of 
A274 in commercial tissue culture medium. In 
a survey of media obtained from four suppliers, 
more than half the lots were contaminated with 
A274, and at least one sample from each 
supplier was contaminated. 

A likely explanation for the large increase of 
A274 in neuroblastoma cells during differentia- 
tion is that the contaminant binds to serum 
proteins and is taken up by the cells in signifi- 
cant amounts only if serum is withdrawn 
from the medium. The binding of contaminants 
is one of several actions of serum in tissue 
culture (4). In light of the recent progress in 
minimizing the serum concentrations required 
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for tissue culture (4), artifacts similar to those 
described in this report  may be observed by 
other  investigators. 
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Gas Chromatographic Separations of Di- and Monoacylglycerols 
Based on the Degree of Unsaturation and Positional Placement of 
Acyl Groups 
YUTAKA ITABASHI and TORU TAKAGI, Department of Chemistry, 
Faculty of Fisheries, Hokkaido University, Hakodate, Japan 

ABSTRACT 

Gas liquid chromatographic analysis of diacylglycerols (DGs) and monoacylglycerols (MGs) pre- 
pared by Grignard degradation of the triacylglycerols of plant and fish oils was examined as acetate 
and trimethylsilyl (TMS) ether derivatives on several polar cyanosiloxanes. Satisfactory separations of 
mixtures of DGs or MGs from simple plant oils based on carbon number and degree of unsaturation, 
as either acetates or TMS ethers, were obtained on SILAR 10C. In addition, the TMS ethers were 
effectively separated on the basis of the positional distribution of fatty acid in the acylNycerol mole- 
cule, but the acetates of the positional isomers overlapped. The equivalent chain lengths (ECLs) of 
DGs with 2842 total acyl carbons and 0-6 double bonds, and MGs with 14-22 acyl carbons and 0-6 
double bonds, are presented for both derivatives. The influence of column temperature on the ECLs is 
discussed. 

INTRODUCTION 

The development of the cyanosiloxane 
liquid phases such as SILAR 10C, which have 
high polarity and moderate thermal stability, 
has permitted gas liquid chromatography 
(GLC) of lipid components with higher molecu- 
lar weights (MW) based on carbon number and 
degree of unsaturation, as indicated in our 
earlier work on wax esters (1,2), fatty acid 
steryl esters (3,4) and triacylglycerols (TGs) 
(5). This study deals with GLC separations of 
diacylglycerols (DGs) and monoacylglycerols 
(MGs) on these polar phases. 

DGs and MGs have usually been submitted 
to GLC as acetyl or trimethylsilyl (TMS) 
derivatives. The GLC of the DG derivatives has 
been carried out almost exclusively on thermo- 
stable nonpolar liquid phases such as OV-1, 
JXR and SE-30 (6-8). The results have usually 
been presented in compositions based on the 
number of total acyl carbons only. Recently, 
Myher et al. (9,10) reported GLC resolution of 
DGs as TMS ethers based on carbon number, 
degree of unsaturation and positional distribu- 
tion of fatty acid in the DG molecule on 
SILAR 5CP, and applied the method to the 
analysis of peanut oil TGs. We have now found 
that the use of SILAR 10C, which has a higher 
polarity than SILAR 5CP, gives notable advan- 
tages: much lower elution temp for both 
acetate and TMS ether derivatives, more stable 
baseline under both isothermal and tempera- 
ture-programmed conditions up to 270 C, 
higher separation factors for homologs differing 
by one double bond and better separation for 
mixtures of positional isomers submitted as 
TMS ethers. These advantages have also been 
recognized for GLC of MG derivatives, which 

was carried out on SILAR 5CP and polyester 
columns previously (11,12). Dyer and Klopfen- 
stein (13) used SILAR 10C in GLC analysis of 
the TMS ethers of DGs derived from the 
phosphatidylcholines (PCs) of rat liver. How- 
ever, the main objective of their study was 
related to biochemical research on phospho- 
lipids, and a practical GLC technique was not 
presented. In this study, the GLC behavior of 
DGs and MGs (as either TMS ethers or ace- 
tates), on SILAR 10C is reported in detail. 

MATERIALS AND METHODS 

Oi- and Monoacylglycerols 

Synthetic 1,2- and 1,3-DGs of myristic, 
palmitic, stearic and oleic acids (P.L. Bio- 
chemiclas, Inc., Milwaukee, WI), and I(3)-MGs 
of stearic and oleic acids (Tokyo Kasei Ltd., 
Tokyo, Japan) were used as references. 

DG and MG samples were prepared by 
Grignard degradation (14) of the TGs of corn, 
safflower, linseed, sperm whale and Japanese 
anchovy oils with ethyl magnesium bromide. 
DGs and MGs in the degradation products were 
separated by thin layer chromatography (TLC) 
on Silica Gel G impregnated with 10% (w/w) 
boric acid. The plates were developed with 
chloroform/acetone (98:2, v/v) for DGs, and 
with chloroform/methanol (98:2, v/v) for MGs. 
Saturated DGs (C28-C42) and MGs (C14-C24) 
prepared from fully hydrogenated TGs of the 
anchovy oil were used for the determination of 
the equivalent chain lengths (ECLs) of unsatu- 
rated DGs and MGs, respectively. 

The acetyl and TMS derivatives of DGs and 
MGs were prepared with pyridine/acetic anhy- 
dride (1: 10, v/v) and pyridine/hexamethyl- 
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disilazane/trimethylchlorosilane (12:5:2, v/v), 
respectively (7). 

Fractionation of  DG acetates according to 
the degree of unsaturation was carried out by 
T L C  on Silica Gel G impregnated with 15% 
(w/w) silver nitrate (AgNO3-TLC). The plates 
were developed with benzene/chloroform (9: 1, 
v/v) for the acetates from sperm whale oil, and 
with chloroform/methanol (99:1, v/v) for the 
acetates from safflower oil. 

Gas Liquid Chromatography 

GLC of DG and MG derivatives was carried 
out with GC-6AM and GC-TA Shimadzu gas 
chromatographs equipped with dual hydrogen 
flame ionization detectors. The columns 
were glass tubes (1.5 or 2 m in length, 3 mm 
id). The column packing materials, containing 3 
or 5% (w/w) SILAR 10C, 5% SILAR 7CP, 5% 
SILAR 5CP and 5% OV-275 on 100-120 mesh 
Gas Chrom Q, were obtained from Applied 
Science Laboratories (State College, PA). 

Isothermal analyses were carried out at 
various temp within the range 250-270 C for 
DG acetates and TMS ethers, 240-260 C for MG 
acetates, and 170-220 C for MG-TMS ethers. 
Temperature-programmed analyses were carried 
out under conditions of 200 to 270 C at 1 
C/rain in all cases, and the final temp was held 
until all peaks of acylglycerols emerged. The 
detector and on-column injector, in the same 
heater block, were maintained at 300 C for DG 
acetates, 270 C for DG-TMS ethers and MG 
acetates, and 240 C for MG-TMS ethers. The 
carrier gas was nitrogen. The sample size was 
usually 0.4-0.6 pl of 0.5% (w/v) solution of 
acylglycerols in hexane; attenuation was set in 
the region of 1 o r 2 x  102 . 

GLC peaks were identified with reference 
standards, subfractions separated by AgNO 3- 
TLC, and fatty acid compositions. Peak 
area percentages and retention times (RTs) 
between the front of solvent deflection 
and the peak maximum were measured with a 
computerized digital integrator (Chromatopac 
E1A, Shimadzu). 
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RESULTS AND DISCUSSION 

Column Efficiency of Several Cyanosiloxanes 

Table I compares the number of theoretical 
plates (n), height equivalent to one theoretical 
plate (HETP) and RT of monooleoylglycerol 
and dimyristoylglycerol (as acetates and TMS 
ethers) in the GLC on several cyanosiloxane 
columns. The data show that the HETP and n 
of the MG and DG are not much different 
among the columns, but the RT significantly 
decreases with increasing polarity of the 
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siloxane liquid phases from SILAR 5 CP to 
OV-275. This influence of the liquid phase 
polarity on RT has already been observed in the 
GLC of wax esters, fatty acid steryl esters and 
TGs on polar and nonpolar columns; that is, the 
elution times of these compounds on SILAR 
10C were much shorter than those on nonpolar 
columns such as OV-1 and JXR under the same 
conditions (1-5). Similar observations were 
obtained in this study on the GLC of DG and 
MG derivatives. These results can be explained 
by the low affinity of the nonpolar compounds 
to the polar phases. The 3% SILAR 10C 
column indicated slightly higher efficiency than 
that of the 5% SILAR 10C column for the 
acetates of DGs higher than C36. This improved 
efficiency on 3% SILAR 10C column has 
already been observed in the GLC of steryl 
esters (4) and TGs (5). However, the 3% SILAR 
10C column showed considerable tailing for the 
TMS ethers of MGs and DGs. Thus, the 3% 
column was used only in the analysis of DG 
acetates in this study. 

Resolution of Trimethylsilyl Ether and 
Acetate Derivatives on S ILAR 10C 

Figure 1 shows the resolution of  the posi- 
tional isomers of linseed oil MGs as TMS 
ethers. The l(3)-isomers were clearly resolved 
from corresponding individual 2-isomers, but 
application was hindered by certain critical 
pairs which were observed between the isomer 
peaks (Fig. 1C). Effective resolution of the 
positional isomers was also obtained on SILAR 
5CP, 7CP and OV-275, but the resolution 
between the isomer peaks was less satisfactory 
than that on SILAR 10C. 

Figure 2 shows the resolution of corn oil 
DGs as TMS ethers. In comparison to SILAR 
5CP and polyester columns (9,15), the SILAR 
10C column showed a stable baseline without 
peak noise at high temp (270 C). Complete 
separations based on carbon number and degree 
of unsaturation were obtained for both 
1,2(2,3)- and 1,3-DGs (Figs. 2A and 2B). The 
resolution between the isomer peaks (Fig. 2C) 
was much better than that already documented 
on SILAR 5CP; that is, the peaks 1,3-(18:1- 
18:1) and 1,2-(18:1-18:2), and 1,3-(18:1-18:2) 
and 1,2-(18:2-18:2) were not resolved on 
SILAR 5CP (9). To elute the positional isomers 
with satisfactory resolution, a carrier gas flow 
rate of less than 20 ml/min was requ/red. 

Resolution of the positional isomers of DGs 
and MGs (as acetates) on polar columns has 
not been reported. The cyanosiloxane columns 
used in this study also showed no resolution for 
the isomeric acetates. Figure 3 shows the 
resolution of safflower oil DGs (as acetates) on 

SILAR 10C. At 270 C, the DGs of C36 with 
1-4 double bonds were eluted with complete 
resolution based on their degree of unsatura- 
tion. The corresponding TMS ethers also 
showed the same elution pattern at lower 
column temp (about 250 C). The 18:0-18:2 
species is retained slightly longer than the 
18:1-18:1 species (Figs. 2A and 3A). A similar 
observation was noted in the GLC of the TMS 
ethers on SILAR 5CP (9). The resolution of 
these species on SILAR 10C was somewhat 
improved at lower column temp but a clear-cut 
resolution was not obtained. 

Figure 4 shows the resolution of sperm 
whale oil DGs as acetates. The DGs of C22-C40 
with 0-2 double bonds were clearly resolved by 
temperature-programmed GLC. In the tempera- 
ture-programmed analysis on SILAR 10C, a 
stable baseline was obtained more easily than 
with SILAR 5CP and 7CP. The partial resolu- 
tion of carbon numbers 26, 28, 30 and 32 in 
monoenes (Fig. 4C), and 30, 32, 34 in dienes 
(Fig. 4D) probably results from the shifts of the 
DG isomers of the same MW but different fatty 
acids, such as the 18:1-18:1 and 18:0-18:2 
species in Figure 3. The fatty acids of the 
monoene fraction were saturates of  C12-C18 
and monoenes of C14-C20, and those of the 
diene fraction were saturates of C14-C18, 
monoenes of C14-C20 and a diene of C18. 
These compositions suggest the peak 30: 1, for 
example, consists mainly of the 12:0-18:1, 
14:0-16:1 and 16:0-14:1 species, and the peak 
32:2 consists mainly of the 16:1-16:1, 18:1- 
14:1 and 14:0-18:2 species. 

Figure 5 shows the elution pattern of 
anchovy oil MGs (as acetates) obtained by 
temperature-programmed GLC. The chromato- 
gram is characterized by a stable baseline, 
complete separations of various components 
and an elution order of 20:0, 18:2, 20:1, 18:3 
and 22:1 species. The corresponding TMS 
ethers and methyl esters were eluted with 
some overlapped peaks, and the resolution of 
the saturated and unsaturated species was not 
as clear as for the acetates. 

Equivalent Chain Lengths and Separation Factors 

Tables II and III list the relative retention 
data for MGs and DGs on SILAR 10C, respec- 
tively. The ECL widely used for fatty acid 
methyl esters is based on the linear relationship 
between the log of RTs of normal saturated 
esters and their carbon numbers (16). In this 
study, however, the acetates and TMS ethers of 
saturated MGs and DGs showed slightly nega- 
tive or positive deviations from straight lines 
under isothermal conditions. Therefore, the 
ECLs of unsaturated MGs and DGs were 
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calculated f rom the log of  the relative r e t en t ion  
t imes (RRTs)  of  neighboring saturated h o m o -  
logous pairs wi th  even carbon chains. Nelson 
(17) repor ted  the plot  o f  the adjusted RTs 
against carbon num ber  in fa t ty  acids on capil- 
lary co lumns  coated with d ie thylene  glycol 
succinate  was no t  linear but  was best  approxi-  
ma ted  by a second order  equat ion.  Table IV 
compares  the carbon n u m b e r  calculated on the 
basis of a straight line and a parabola for 
sa tura ted DGs wi th  2 8 4 2  to ta l  acyl carbons.  
The acetates,  which show slightly positive 

AND T. TAKAGI 

deviat ion f rom a straight  line, are app rox ima ted  
well by the fol lowing equat ion:  

Iog(RRT) = 0.0004875(CN) 2 + 0.02598(CN) - 1.3306, 

where RRT is RT relative to dipalmitoylgly-  
cerol acetate at 270 C and CN is total  acyl 
carbon number .  Such a quadrat ic  re la t ionship,  
however ,  is no t  apparen t  for  the  TMS ethers,  
which show slightly positive deviat ion f rom a 
straight line. The acetates of  saturated MGs 
showed slightly negative deviat ion only  in 
higher carbon number  homologs  (C20-C24). 
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FIG. 1. Gas chromatographic 
resolution of linseed oil monoacyl- 
glycerols as TMS ethers on SILAR 
10C. (A) 2-monoacylglycerols; (13) 
l(3)-monoacylglycerols; (C) ca. 14 
mixture of A and B. GLC condi- 
tions: column, glass tubes (2 m x 
3 mm id) packed with 5% SILAR 
10C on 100-120 mesh Gas Chrom 
Q; column temp = 190 C; detector 
and injector temp = 240 C; nitro- 
gen flow rate = 20 ml/min. 

FIG. 2. Gas chromatographic 
resolution of corn oil diacylglyc- 
erols as TMS ethers on SILAR 
10C. (A) 1,2(2,3)-diacylglycerols; 
03) 1,3-diacylglycerols; (C) ca. 1:1 
mixture of A and B. GLC condi- 
tions: column, glass tubes (2 m x 
3 mm id) packed with 5% SILAR 
10C on 100-120 mesh Gas Chrom 
Q; column temp = 270 C; detector 
and injector temp = 280 C; nitro- 
gen flow rate = 13 ml/min. 
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FIG. 3. Gas chromatographic 
resolution of safflower oil diacyl- 
glycerols as acetates on SILAR 
10C. (A )T o t a l  1,2(2,3)-diacyl- 
glycerols; (B) monoenes; (C) 
dienes; (D) trienes; (E) tetraenes. 
The fractions B, C and D were 
separated from A by AgNO3-TLC. 
GLC conditions: column, glass 
tubes (1.5 m x 3 mm id) packed 
with 3% SILAR 10C on 100-120 
mesh Gas Chrom Q; column 
temp = 270 C; injector and 
detector temp = 300 C; nitrogen 
flow rate = 30 ml/min. 
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On the  o t h e r  hand ,  there  were close l inear  
re la t ionsh ips  be tween  the  RTs of  these  acyl- 
glycerol  derivat ives and the i r  ca rbon  n u m b e r s  
u n d e r  t e m p e r a t u r e - p r o g r a m  cond i t i ons  of  200-  
270  C at l C /min .  Similar  obse rva t ions  have 
been  ob ta ined  in the  GLC of  TGs on  S ILAR 
10C (5) and n o n p o l a r  J X R  (18) .  The  non -  
l inear i ty  and  l inear i ty  p h e n o m e n a  descr ibed  
above  suggest the  i n t e r ac t i on  b e t w e e n  the  
l iquid phases  and  the  acylglycerols  is signifi- 
can t ly  in f luenced  by  c o l u m n  t emp .  

Table  V gives the  separa t ion  fac tors  of  f a t t y  
acids, MGs and  DGs on  SILAR 10C and  S ILAR 
5CP. Compared  to S ILAR 5CP, S ILAR 10C 
shows high separa t ion  fac tors  for  h o m o l o g s  
di f fer ing by  one  double  b o n d  and  low separa- 
t ion  fac tors  for  homologs  differ ing by  2 car- 
bons .  This  d e m o n s t r a t e s  t h a t  the  E e L s  of  the  
u n s a t u r a t e d  species on  S I L A R  10C are signifi- 
can t ly  d i f fe ren t  f rom tha t  on  S ILAR 5CP. The  
separa t ion  fac tors  of  the  h o m o l o g s  di f fer ing by 
2 ca rbons  for  MG aceta tes  on  S ILAR 10C are 
cons iderab ly  lower t han  those  of the  corre- 
spond ing  TMS e thers  and  m e t h y l  esters (Tab le  
V). This is respons ib le  for  the  charac te r i s t ic  
e lu t ion  order  of  the  anchovy  oil MG ace ta tes  
(Fig. 5). 

Effect of Column Temperature on Retention Data 

The  di f ferences  b e t w e e n  the  sepa ra t ion  
fac tors  of  the  ace ta tes  and  TMS e thers  of MGs 
on  S1LAR 10C (Table  V) progressively decrease 
wi th  increas ing c o l u m n  t emp.  Fo r  example ,  the  
sepa ra t ion  fac to r  of  the  ace ta tes  of  m o n o -  
pa lmi toy l -  and  monos t ea roy lg lyce ro l s  was 1.45 
at  220  C and  1.31 at 260  C, whereas  t h a t  of  the  
co r r e spond ing  TMS e thers  was 1.67 at 190 C 
and  1.56 at 210  C. On the  o t h e r  hand ,  the  small  
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FIG. 4. Gas chromatographic resolution of sperm 
whale oil diacylglycerols as acetates on SILAR 10C. 
(A) Total 1,2(2,3)-diacylglycerols; (B) saturates; (C) 
monoenes; (D) dienes. The fractions B, C and D were 
separated from A by AgNO3-TLC; column temp = 
200-270 C at 1 C/min. Other GLC conditions as given 
in Figure 3. 
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FIG. 5. Gas chromatographic elution pattern of Japanese anchovy oil monoacylgtycerots as acetates on 
SILAR 10C. GLC conditions: column, glass tubes (2 m x 3 m m i d )  packed with 5% SILAR 10C on 100-120 
mesh Gas Chrom Q; column temp = 200-270 C at 1 C/min; injector and detector temp = 270 C; nitrogen flow 
rate = 20 ml/min. 
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T A B L E  II 

Rela t ive  R e t e n t i o n  Data  o f  Monoacy lg lyc e ro l s  on S I L A R  10C a 

TMS e the r  

A c e t a t e  1 (3) -Acyl  2-Acyl  

Molecu la r  
species  R R T  E C L  R R T  ECL R R T  E C L  

14 :0  0 . 7 2 1 6  14 .00  0 . 6 0 4 6  14.00 0 .5318  13.50 
16 :0  1 .000 16.00 1 .000 16.00 0 . 8 8 1 4  15.50 
18:0  1 .388 18.00 1.672 18.00 1 .474 17.51 
2 0 : 0  1.911 20 .00  2 ,785  20 .00  2 .467  19.53 
2 2 : 0  2 .630  22 .00  4 .676  22 .00  4 .147  21 .54  
2 4 : 0  3 .630  24 .00  7,971 24 .00  . . . . . .  

16: l 1.222 17.22 1.174 16.62 1.019 16.07 
18:1 1.661 19.12 1.875 18.47 1.649 17.95 
20 :1  2 .267  21 .07  3 ,097 20.41 . . . . . .  
22 :1  3 .067 22,95 S.063 20 .30  . . . . . .  

18 :2 (n -6 )  2 .090  20 .56  2 ,307  19,26 2 .009  18.72 
18 :3 (n -3 )  2 .679  22.1 l 2 .946  20.22 2 .564  19.68 
2 0 : 4 ( n - 6 )  3 .622  23 .98  . . . . . . . . . . . .  
2 0 : 4 ( n - 3 )  4 . 2 8 8  25 .03  . . . . . . . . . . . .  
2 0 : 5 ( n - 3 )  4 .600  25 .47  5 .539 22 .63  4 .743  22 .03  
2 2 : 6 ( n - 3 )  7 .022  28 .09  9 .814  24.79 8 .322 24 .16  

aMo n o acy lg lyce ro l s  p r e p a r e d  f r o m  l inseed and Japanese  a n c h o v y  oils w e r e  used to 
ob ta in  these  data .  R R T  = r e t e n t i o n  t i m e  re la t ive  to l ( 3 ) - m o n o p a l m i t o y l g l y c e r o l ;  ECL = 
equ iva l en t  chain  l eng th ;  GLC c o n d i t i o n s :  c o l u m n ,  glass t ubes  (2 m x 3 m m  id) p a c k e d  w i t h  
5% S I L A R  IOC on 100- 120 mesh  Gas C h r o m  Q; c o l u m n  t e m p  = 240  C for  ace t a t e s  and  190 
C for  TMS e thers ;  n i t r o g e n  f low ra tes  = 20 m l / m i n .  

differences be tween the separat ion factors of  
the TMS ethers and acetates of  DGs on S ILAR 
10C are mainly caused by structural  differences 
of  the derivatives. This effect  is more apparent  
for the separat ion factors of  methyl  esters and 
MG-TMS ethers determined under  the same 
GLC condit ions.  In the GLC of MGs on S ILAR 
5CP (11), the elut ion orders of  the TMS ethers 
and acetates are the same at different  co lumn 
temp,  in contrast  to those on S ILAR 10C. 
This difference in the elut ion orders on S ILAR 
10C and 5CP can be explained considering the 
effect  of  co lumn temp on the ECLs for S ILAR 
5CP is significantly less than for S ILAR 10C 
(see Table VI). 

In previous papers (2,4,5),  it was repor ted  
that the ECLs of wax and steryl esters on 
S ILAR 10C were more dependent  upon co lumn 
temp than ECLs of  fa t ty  acid methyl  esters 
and TGs. The effect  has been represented by 
AtECL , an increase of ECL for one degree 
raising of co lumn temp.  Table V1 compares  
AtECL of fat ty acid methyl  esters on several 
polar cyanosiloxanes,  and Table VII compares  
~ t E C L  of  various derivatives of  fa t ty  acids on 
S ILAR 10C. As expected,  the AtECL for MG 
and DG derivatives was nearly the same as for 
TGs and me thy l  esters, and was considerably 

lower than for wax and steryl esters. These 
results can be explained by the higher polari ty 
of  the acylglycerol  derivatives, TGs and methy l  
esters than that  of wax and steryl esters. The  
AtECL for  MG acetates was slightly higher than 
for the corresponding TMS ethers. This mainly 
results f rom the difference in the co lumn temp 
used. The AtECL generally increases with 
degree of  unsaturat ion of methy l  esters and 
polari ty of  liquid phases (Table V1). These 
observations indicate the effect  of  co lumn temp 
on the ECLs of  unsaturated methy l  esters and 
acylglycerols is remarkable on the highly polar 
liquid phases S ILAR 10C and OV-275. The 
effect  of co lumn temp on the resolut ion of  
methyl  esters on OV-275 has been discussed 
elsewhere (19). In the GLC of DG-TMS ethers 
on 5% SILAR 10C, one double bond approxi- 
mately  corresponds to one acyl carbon in ECL. 
Therefore ,  the diene peaks almost  overlap with 
the peaks resulting from saturates with 2 more 
carbons. A similar observat ion has been ob- 
tained in GLC of wax esters on SILAR 10C (2). 
In the GLC, hexadecyl  l inoleate (34:2)  and 
octadecyl  stearate (36:0)  showed a single 
overlapped peak at 230 C but were resolved 
almost comple te ly  at 210 C. In this s tudy,  DGs 
(as acetates) with nearly the same ECL values 
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T A B L E  III  

Rela t ive  R e t e n t i o n  Da ta  o f  Diacy lg lycero l s  on S I L A R  10C a 
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TMS e the r  

Ace t a t e  1 ,3-Diacyl  1 ,2 (2 ,3 ) -Diacy l  

Molecular  species  R R T  ECL R R T  E C L  R R T  E C L  

2 8 : 0  14 :0  14 :0  0 . 5 8 9 5  28 .00  0.5"i54 28 .00  0 .5422  27.5 
3 0 : 0  . . . . . .  0 . 7662  30 .00  0 .7573  30 .00  0 .7129  29 .56  
3 2 : 0  16 :0  16 :0  1.000 32 .00  1.000 32 .00  0 . 9 4 4 0  31.59 
3 4 : 0  . . . . . .  1.307 34 .00  1.332 34 .00  1 .258 33 .60  
3 6 : 0  18 :0  18 :0  1 .724 36 .00  1 .788 36 .00  1.691 35.62 
3 8 : 0  . . . . . .  2 .287  38 .00  2 .399  38 .00  2 .286  37 .67  
4 0 : 0  . . . . . .  3 .069 40 .00  3 .240  40 .00  3 .104  39.71 
4 2 : 0  . . . . .  4 .177  42 .00  4 .436  4 2 . 0 0  4 .276  41 .77  

34:1  16 :0  18 :1  1.525 35.11 1.504 34 .82  1.415 34.41 
36:1  18 :0  18:1 2 .017  37.11 2 .021 36 .83  1.892 36 .38  

3 4 : 2  16 :0  18 :2  1.815 36.37 1.777 35.95 1.659 35 .49  
36 :2  18:1 18:1 2 .292  38.01 2 .264  37.61 2 .127  37 .18  
36 :2  18:0  18 :2  2 .355 38 .20  2 .333  37.81 2 .164  37 .30  

3 6 : 3  18:1 18 :2  2 .730  39.21 2 .676  38 .73  2 .492  38 .25  
3 6 : 4  18:2  18 :2  3.281 40 .43  3 .184  39 .89  2 .950  39 .38  
3 6 : 5  18 :2  18 :3  3 .999  41 .72  3 .828  41 .06  3 .543 40 .57  
3 6 : 6  18 :3  18 :3  4 .903  43.1 4 .629  42.3  4 .296  41 .80  

aDiacy lg lyce ro l s  p r epa red  f r o m  sa f f l ower ,  corn ,  l inseed and h y d r o g e n a t e d  J apanese  
a n c h o v y  oils were  used to ob t a in  these  da ta .  R R T  - r e t e n t i o n  t i m e  re la t ive  to  1 ,3-dipalmi-  
toy lg lyce ro l ;  ECL = equ iva len t  chain  length ;  GLC c o n d i t i o n s :  c o l u m n ,  glass t ubes  (1.5 m 
x 3 m m  id) packed  w i t h  3% SILAR" 10C on 100-120  m e s h  Gas C h r o m  Q for  ace ta t e s  and 
glass tubes  (2 m x 3 m m i d )  p a c k e d  wi th  5% S I L A R  10C on 100-120  m e s h  Gas C h r o m  Q 
for  T M S  e thers ;  c o l u m n  t e m p  = 270  C; n i t r o g e n  f l o w  ra te  = 20 m l / m i n  fo r  ace ta t e s  and  13 
m l / m i n  for  TMS ethers .  

T A B L E  IV 

C o m p a r i s o n  o f  Chain  L eng th s  for  S a t u r a t e d  
Diacy lg lycero l s  Calcu la ted  by Linear  and Q u a d r a t i c  M e t h o d s  a 

A c e t a t e  TMS e the r  

Molecular  
species  L inear  b Q u a d r a t i c  c L inear  Q u a d r a t i c  

2 8 : 0  28 .25  27 .84  28 .30  2 7 . 9 8  
3 0 : 0  30 .14  29 .94  30.17 30.01 
3 1 : 0  31 .13  31 .00  31.05 30 .96  
3 2 : 0  32 .06  32 .00  32.05 32 .00  
3 3 : 0  33 .07  33.03 32 .99  32.97 
3 4 : 0  34 .00  34 .00  34 .00  34 .00  
3 5 : 0  35 .09  35.09 35 .00  35 .00  
3 6 : 0  36 .00  36 .00  36 .00  36 .00  
3 8 : 0  38 .04  37 .98  38 .00  37 .94  
4 0 : 0  40 .17  39 .98  40 .04  39 .88  
4 2 : 0  4 2 . 4 0  42 .01  42 .17  41 .86  

aCalcu la ted  a c c o r d i n g  to the  p r o c e d u r e  desc r ibed  by  Nelson (17) .  GLC c o n d i t i o n s  
given in Table I I I .  

bRe la t i ve  r e t e n t i o n  t i m e s  o f  3 4 : 0  and  3 6 : 0  were  used  as r e f e r ence  po in t s .  

C Rela t ive  r e t e n t i o n  t imes  o f  3 2 : 0 ,  3 4 : 0  and  3 6 : 0  were  used as r e f e r e n c e  po in ts .  

L I P I D S ,  V O L .  15, NO.  4 
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T A B L E  VI 

C o m p a r i s o n  o f  A t E C L  of  F a t t y  Ac id  M e t h y l  Es ters  o n  
C y a n o s i l o x a n e  L iqu id  Phases  a 
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S I L A R  5CP S I L A R  7CP S I L A R  10C b O V - 2 7 5  
F a t t y  ac id  1 9 0 - 2 3 0  c 1 7 0 - 2 1 0  1 5 0 - 1 9 0  1 5 0 - 1 9 0  

18:1 0 . 0 0 2  0 . 0 0 3  0 . 0 0 7  0 . 0 0 7  
18:2  0 . 0 0 3  0 . 0 0 5  0 .011  0 . 0 1 2  
1 8 : 3  0 . 0 0 4  0 . 0 0 7  0 . 0 1 3  0 . 0 1 9  

a A t E C L :  inc rease  o f  E C L  per  one  degree  rise in c o l u m n  t e m p .  G L C  c o l u m n s  a n d  car r ie r  
gas f l o w  ra te  as given in Tab le  I. 

b T h e  d a t a  we re  se l ec t ed  f r o m  o u r  p r e v i o u s  p a p e r  (2).  

c 1 9 0 - 2 3 0  Ind i ca t e s  t h e  A t E C L  w a s  c a l c u l a t e d  f r o m  ECLs  at  190  a n d  2 3 0  C. 

T A B L E  VII  

C o m p a r i s o n  o f  A t E C L  o f  V a r i o u s  Der ivat ives  o f  F a t t y  Ac ids  o n  S I L A R  IOC a 

M o n o a c y l g l y c e r o l  b D i a c y l g l y c e r o l  c 

TMS TM S T r i a c y l g l y c e r ~  

Molecu la r  A c e t a t e  e t h e r  A c e t a t e  e the r  
species  2 4 0 - 2 6 0 g  1 9 0 - 2 1 0  2 5 0 - 2 7 0  2 5 0 - 2 7 0  2 5 0 - 2 7 0  

C h o l e s t e r y l  Wax 
es te r  e es te r  f 

2 5 0 - 2 7 0  2 1 0 - 2 3 0  

M o n o e n e  0 . 0 0 7  0 . 0 0 7  0 . 0 0 7  0 . 0 1 0  0 . 0 0 3  0 . 0 1 6  --- 
Diene  0 . 0 1 5  0 . 0 1 0  0 . 0 0 9  0 . 0 1 2  0 . 0 1 1  0 . 0 2 3  0 . 0 2 8  
Tr iene  0 . 0 2 2  0 . 0 1 4  0 . 0 2 6  0 . 0 2 5  0 . 0 2 0  0 . 0 3 2  0 . 0 3 7  
T e t r a e n e  . . . . .  0 . 0 3 4  0 . 0 3 2  0 . 0 2 4  . . . . . .  

a A t E C L :  inc rease  o f  E C L  per  o n e  degree  rise in c o l u m n  t e m p .  The d a t a  d,  e, a n d  f were  se lec ted  f r o m  o u r  
p rev ious  p a p e r s  (2 ,4 ,5 ) .  G L C  c o n d i t i o n s  fo r  b a n d  c are given in Tab les  II a n d  IIl.  

b l ( 3 ) _ m o n o a c y l g l y c e r o l s  ( 1 8 : 1 ,  18: 2, 18 :3 ) .  

C l , 3 - d i a c y l g l y c e r o l s  ( 1 6 : 0 - 1 8 : 1 ,  1 8 : 1 - 1 8 : 1 ,  1 8 : 1 - 1 8 : 2 ) .  
d c 4 8  t r i a c y l g l y c e r o l s  f r o m  c o c o n u t  oil. 

eOlea te ,  l i no lea te  a n d  l i no l ena t e .  

f H e x a d e c y l  l ino lea te  a n d  o c t a d e c y l  l i no l ena t e .  

g 2 4 0 - 2 6 0  Ind i ca t e s  the  & t E C L  was  c a l c u l a t e d  f r o m  ECLs  a t  2 4 0  a n d  2 6 0  C. 

at 270 C, such as 36:2 (dioleoylglycerol) and 
38:0, and 34:2 and 36:0 (as TMS ethers) could 
not in practice be resolved at 250 C. These 
phenomena can be explained by the signifi- 
cantly lower AtECL for DG derivatives than for 
wax esters (Table VII). 

In this study, we found the ECLs of DG 
acetates on SILAR 10C can be calculated by 
the following equation: 

E C L D G  a c e t a t e  = E C L M G  a c e t a t e  + gCLmethyl ester ,  

where the degree of acyl group unsaturation of 
the MG acetate must be higher than or equal to 
that for the methyl ester. The ECLs of the 
acetates of monooleoyl-, monolinoleoyl- and 
monolinolenoylglycerols on the 3% SILAR 10C 
column (240 C) were 19.06, 20.46 and 21.93, 
respectively, whereas those of the methyl esters 
of oleic, linoleic and linolenic acids on the 5% 

column (190 C) were 18.79, 19.91 and 21.07, 
respectively. Using these values, for example, 
the ECL of l(3)-linoleoyl-2-1inolenoylglycerol 
acetate (18:2-18:3) can be calculated as fol- 
lows: ELC18:2_18:3 = 21.93 + 19.91 = 41.84. 
The results of these calculations are shown in 
Table VIII. The differences between the calcu- 
lated and found values mainly result from the 
difference of the column temp effect on the 
ECLs of MG acetates and methyl esters. To 
obtain fair agreement between these values, the 
optimum column temp for MG acetates and 
methyl esters were 240 and 190 C, respectively, 
when DG acetates were analyzed at 270 C. 

Interrelationships of Retention Data of 
Positional Isomers 

In the GLC of MG-TMS ethers on SILAR 
5CP (11), the separation factors of the posi- 
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TABLE VIII 

Comparison of Found and Calculated ECLs of 
Diacylglycerol Acetates 

Molecular species 

1 (3)-Position 2-Position Found a Calculated b 

16:0 18:1 35.11 35.06 
18:0 18:1 37.11 37.06 
16:0 18:2 36.37 36.46 
18:1 18:1 38.01 37.85 
18:0 18:2 38.20 38.46 
18:1 18:2 39.21 39.25 
18:2 18:2 40.43 40.37 
18:2  1 8 : 3  41.72 41.84 
18:3 18:3 43.1 43.00 

aSelected from the data in Table III, 
bCalculated by summing  ECLs of  fat ty acid methyl  

ester and monoacylglycerol  acetate as explained in 
Results and Discussion. 

t i ona l  i s o m e r s  are  t h e  s a m e  fo r  all s pec i e s  w i t h  
14-22  acy l  c a r b o n s  and  0-6 d o u b l e  b o n d s ,  
r e g a r d l e s s  o f  t h e  c h a i n  l e n g t h s  a n d  deg ree  o f  
u n s a t u r a t i o n .  O n  S I L A R  10C,  t h e  s e p a r a t i o n  
f a c t o r s  o f  p o s i t i o n a l  i s o m e r s  p r o g r e s s i v e l y  
d e c r e a s e  w i t h  i n c r e a s i n g  c a r b o n  n u m b e r  
( 1 . 1 4 1 - ~ 1 . 1 2 8  fo r  s a t u r a t e d  C 1 4 - C 2 4  M G s  a n d  
1 . 0 6 5 - + 1 . 0 3 7  fo r  s a t u r a t e d  C 2 8 - C 4 2  D G s ) ,  a n d  
t h e  s e p a r a t i o n  f a c t o r s  o f  u n s a t u r a t e d  i s o m e r s  
a re  h i g h e r  t h a n  t h o s e  o f  s a t u r a t e d  i s o m e r s  
( 1 . 1 4 9 ,  1 . 134 ,  1 .081 a n d  1 .056  fo r  m o n o -  
l i n o l e n o y l - ,  m o n o s t e a r o y l - ,  d i l i n o l e n o y l -  a n d  
d i s t e a r o y l g l y c e r o l s ,  r e s p e c t i v e l y )  ( T a b l e s  II a n d  
III) .  In  a d d i t i o n ,  t h e  p e a k  s e p a r a t i o n  ( 2 0 )  f o r  

u n s a t u r a t e d  i s o m e r s  was  c o n s i d e r a b l y  g r e a t e r  
t h a n  for  s a t u r a t e d  i s o m e r s  ( 2 4 . 9 %  fo r  
d i s t e a r o y l g l y c e r o l s  a n d  55 .3% fo r  d i o l e o y l -  
g l y c e r o l s  at  2 7 0  C in a m i x t u r e  o f  1 :2  i s o m e r  
r a t i o ) .  T h e s e  p h e n o m e n a  fo r  t h e  s e p a r a t i o n  o f  
p o s i t i o n a l  i s o m e r s  were  m o r e  a p p a r e n t  f o r  D G s  
t h a n  MGs .  

A l t h o u g h  t h e  s e p a r a t i o n  f a c t o r s  o f  s a t u r a t e d  
i s o m e r s  o n  S I L A R  10C are  n o t  c o n s t a n t  fo r  all 
s p e c i e s  as d e s c r i b e d  a b o v e ,  t h e  E C L s  o f  u n s a t u -  
r a t e d  i s o m e r s  u s e d  in th i s  s t u d y  c a n  be co r r e -  
l a t ed  b y  t h e  f o l l o w i n g  e q u a t i o n s :  

ECLI(3)_MG = ECL2_MG + 0.56 and 

ECL1,3-DG = ECLI,2(2,3)-DG + 0.47, 

w h e r e  t h e  c o n s t a n t s  0 . 5 6  a n d  0 . 4 6  are  ave rage  
v a l u e s  o b t a i n e d  fo r  all u n s a t u r a t e d  a c y l g l y c e r o l s  
l i s t ed  in  T a b l e s  II a n d  I I | .  T h e  s t a n d a r d  devia-  
t i o n  was  -+ 0 . 0 4  a n d  -+ 0 . 0 3 ,  r e s p e c t i v e l y .  T h e  
c o n s t a n t s  i n d i c a t e  t h e  s e p a r a t i o n  f a c t o r s  fo r  DG 
i s o m e r s  are s l igh t ly  l o w e r  t h a n  fo r  M G  i s o m e r s  
(0 .1  c a r b o n ) .  U s i n g  t h e s e  e q u a t i o n s ,  t h e  E C L s  
o f  l ( 1 , 3 ) - a c y l g l y c e r o l s  c an  be  c a l c u l a t e d  f r o m  
t h e  E C L s  o f  t h e  c o r r e s p o n d i n g  2 (1 ,2 ) - acy l -  
g l y c e r o l s  w i t h i n  a p r e c i s i o n  o f  o n e  d e c i m a l .  

Resolution of Diacylglycerol Acetates and 
Triacylglycerols of the Same Molecular Weight 

G L C  r e s o l u t i o n  o f  T G  i s o m e r s  o f  t h e  s a m e  
MW b u t  d i f f e r e n t  f a t t y  ac ids ,  s u c h  as t r i l a u r o y l -  
g l y c e r o l  a n d  1 , 2 - d i m y r i s t o y l - 3 - c a p r o y l g l y c e r o l  
h a s  b e e n  e x a m i n e d  p r e v i o u s l y  ( 7 , 2 1 ) .  In  th i s  
s t u d y ,  t h e  r e s o l u t i o n  o n  S I L A R  10C was  
i n v e s t i g a t e d  w i t h  t h e  s a t u r a t e d  D G  a c e t a t e s  
g iven  in T a b l e  I l l  a n d  s a t u r a t e d  C 2 8 - C 4 2  T G s  
o b t a i n e d  f r o m  c o c o n u t  oil  (5) .  U n d e r  t e m p e r a -  

TABLE IX 

Composit ions of Safflower Oil Diacylglycerols As Acetates 

Molecular species Peak area %a 

1 (3)-Position 2-Position SILAR 10C b OV-17 c 

16:0 18:1 1.73 + 0.33 
16:0 18:2 12.10 -+ 0.33 

Tota lC34  13.83 13.85 -+ 0.11 
18:0 18:1 0.14 -+ 0.04 
18:1 18:1 7.85 + 0.40 18:0 18:2 
18:1 18:2 20.97 + 0.11 
18:2 18:2 57.21 -+ 0.99 

To ta lC36  86.17 86.15 -+ 0.11 

aMean + standard deviation of five analyses. 
bGLC condit ions as given in Figure 4. 
CGLC condit ions:  column,  glass tubes (0.5 m x 3 m m  id) packed with 2% OV-17 on 80- 

100 mesh Gas Chrom Q; injector, detector and column temp = 300 C; nitrogen flow rate = 
80 ml /min.  
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ture-program of 200 to 270 C at 1 C/min, 
parallel lines were obtained in the plot of RT 
against total number of carbon atoms. This 
parallel relationship showed that TG of total 
carbon number n has RT corresponding to that 
of DG acetate of total carbon number n - 1.6. 
From these results, one may expect the resolu- 
tion of the isomers of natural TGs having the 
same MW but different fatty acids. However, 
the resolution has not been observed on SILAR 
10C or any other column. 

Quantitative Analysis of Diacylglycerol Acetates 

Table IX compares the compositions of 
safflower oil DGs (as acetates) obtained by 
GLC on SILAR 10C and OV-17. The OV-17 
column gave only 2 peaks of C34 and C36. The 
good agreement of peak area percentages on the 
polar and nonpolar columns indicates the 
reliability of the GLC on SILAR 10C for 
quantitative analysis of DG acetates. 
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Effects of Three Dietary Fats on Plasma Lipids and Lipoproteins in 
Fasting and Post-prandial Humans after a Short-term Diet 
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ABSTRACT 

The effects of 3 dietary fats (olive oil, canbra oil and butter) on the fatty acids of blood lipids and 
on serum lipoproteins were compared in 6 healthy adult outpatients, after a 6-day normocaloric diet 
including 35% of the studied fat. Important, although incomplete, changes appeared in the fatty acid 
composition of the various serum lipids and in the composition and distribution of serum lipoproteins. 
These changes probably result from the degree of saturation of the fat ingested. Moreover, differences 
were observed among individual subjects. Genetic differences, which are important in clinical practice, 
are stressed in connection with risks of vascular diseases and hyperlipidemia and affect intestinal fat 
absorption and lipoprotein metabolism. 

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

The degree of saturation of dietary fats is 
known to play a very important part in 
lipidemia, and in man, long-term ingestion of 
polyunsaturated fats has been shown to have 
multiple effects. These include a reduction of 
cholesterolemia and triglyceridemia (1-6), 
changes in plasma triglyceride acyl groups (7) 
and an increased lipoprotein fluidity (8). 
Plasma cholesterol levels have been observed to 
decrease in both normal and hyperlipidemic 
subjects, but little is known about the mecha- 
nisms which reduce lipidemia. There are fairly 
large differences in the responses observed by 
different authors, but the lipidemia-reducing 
mechanisms most often suggested are the 
following: (a) increased cholesterol and bile 
acid excretion (9-11). Some authors have 
expressed doubt about this possibility, Thus, 
Grundy and Ahrens found no increase in fecal 
sterols in subjects on a polyunsaturated fat diet 
(12); (b) a diminution of the low density 
lipoproteins (LDL) accompanied by a change in 
lipid and apoprotein distribution in these LDLs 
(5); (c) reduced triglyceridemia in hypertri- 
glyceridemic patients accompanied by de- 
creased serum cholesterol, resulting from a 
polyunsaturated fat diet (4). This prompted 
Grundy's hypothesis that such a diet induced a 
change in the metabolism of very low density 
lipoproteins (VLDL) in these subjects. It is 
probable however, that several mechanisms 
combine to reduce cholesterolemia after 
ingestion of a polyunsaturated fat diet. 

Recent work with the rat (13) has shown 
that changes in the fatty acid composition of 
plasma lipids occurred during the first days of 
the diet. In addition, the results of lipid over- 
loading tests in man showed that they were 
followed, a few hours later, by changes in 
platelet aggregation and in lipid platelet compo-  

sition (14 ,15) .  
This led us to compare the effects of 3 very 

different dietary fats: butter, olive oil and 
canbra oil (rapeseed oil with a low erucic acid 
content) on lipidemia, serum fatty acid compo- 
sition and serum lipoprotein composition and 
distribution, after ingestion of these fats by 
normolipemic subjects for six days. 

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

Subjects 

We tested 6 healthy adult outpatients (5 
women and 1 man) whose average age was 27.3 
(ages ranged from 26 to 36). Their average 
weight was 58.16 kg and their height ranged 
from 1.60 to 1.62 m (Table I). Fasting serum 
lipid levels were normal in these subjects (Table 
III). 

Diets 

The test procedure for each fat was as 
follows (Fig. 1): For 6 days, each subject was 
given a standard diet with a daily intake of 
1,500 to 1,800 calories, depending on their 
feeding habits. Subjects' weights remained 
stable throughout the investigation. 

The fat tested was the only visible fatty 
component of the diet, and the amount of fat 
ingested comprised 35% of total calorie intake, 
the remainder consisting of 40% glucide and 
25% protein calories. 

On the morning of the 7th day, a first blood 
sample was taken from fasting subjects; a 
second was taken 3 hr after subjects had 
ingested a meal comprising 700 calories, in- 
cluding 20 g of the fat administered during the 
preceding 6 days. 

In addition to the above procedure just 
described, a control sample was taken from 
fasting subjects while they were not following 
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TABLE I 

Characteristics of the Tested Subjects 

217 

Age Height Weight Diet 
Sex (years) (meter) (kilos) (calories) 

GIR... F 26 1,60 56 1,500 
NAV... F 36 1,60 47 1,500 
WIN... F 25 1,62 53 1,500 
DET... F 25 1,62 60 1,500 
ADU... F 29 1,62 63 1,800 
ABS... M 25 1,60 70 1,800 

any of the specified diets. During this control 
period, their daily calorie intake was the same 
as that in the diets (1,500 to 1,800 calories), 
and comprised the following: 40-45% glucide 
calories, 20% protein calories and 35-40% 
lipid calories. The lipids were a mixture of 
butter, arachide oil and saturated fats. The 
saturated fats made up about 60% of the fats in 
this mixture; the remaining 40% were unsatu- 
rated fats (20% monounsaturated and 20% 
polyunsaturated. There was a 2-month interval 
between each test. The fatty acid composition 
of each fat studied was known (Table II). 

Plasma Lipoproteins 

Plasma lipoproteins were separated by 
ultracentrifugation according to Havel et al. 
(16) into VLDL (d: 1.006), intermediate LDL 
(ILDL) (d: 1.006-1.019), LDL (d: 1.019-1.063), 
and high density lipoproteins (HDL) (d: 1.063- 
1.21). Each category of lipoproteins was centri- 
fuged a second time at its density and dialyzed 
for 48 hr against a physiological saline solution 
(pH 7.4) containing tris (hydroxymethyl) amino- 
methane, (Tris) and 0.01% ethylenediamine- 
tetraacetate (EDTA). The purity of the lipopro- 
reins thus obtained was confirmed by immuno- 
electrophotoresis and agarose gel electro- 
phoresis. In each lipoprotein class, cholesterol 
was measured by gas chromatography (17); 
phospholipids were determined according to 
Van Gent and Roseleur (18), triglycerides using 
the Biolyon Laboratories Triglyceride B test 
Wako kit, and proteins according to Lowry et 
al. (19). 

Fatty Acid Levels 

In all serum lipids (triglycerides, esterified 
cholesterol, phospholipids and free fatty acids), 
fatty acids were measured as follows: lipids 
were extracted from 1 ml serum by Folch's 
technique (20), using 15 ml chloroform/ 
methanol (2: 1). The extract was evaporated to 
dryness under nitrogen and resuspended in a 

small amount of chloroform. Lipids were then 
separated by thin layer silica gel chromatog- 
raphy in 2 successive solvent systems: a 
diethylether/acetic acid/petroleum ether system 
( 100:3: 97), and a diethylether/petroleum ether 
system (6: 194). The various lipids were identi- 
fied using control serum lipids that were 
visualized by iodine vapor. A known amount of 
heptadecanoic acid derivative, used as the 
internal standard in gas chromatography (GC), 
was deposited on each lipid fraction which was 
then removed by scraping. 

The fatty acids in the different lipids were 
hydrolyzed and methylated with a methanol 
solution containing 2% sulfuric acid and 0.2% 
benzene (21 ). 

GC was applied isothermally to methylated 
fatty acids on a Girdel 3000 chromatograph 
equipped with a flame ionization detector. The 
2 m stainless steel column used was packed 
with butanediol-succinate (BDS) on WAW 
80-100 chromosorb. Nitrogen was the carrier 
gas. Temperatures were 180 C for the column, 
220 C for the injector and 230 C for the 
detector. 

Methylated fatty acids were identified by 
comparing their retention times with those of 
control fatty acids. Peak areas were determined 
manually. Since the different acid response 
coefficients were assumed to be equal, the 
amount of each fatty acid was determined in 
reference to the internal standard. 

EXPERIMENIAL PROCESS 

6 DAYS 7TH ~AY 

I 
NORMOCALOR~C DIET INCLUDING ONLY INTAKE OF A 700-CALORY MEAL 

1 
THE STUDIE0 FAT AS LIPIDIC CONTENT INCLUDING 20 G OF THE $IUDIED FAT 

(35 % OF THE IQTAL CALORIES) 

IST BLQOD DRAWING 2ND BLOOD DRAWING 

AI FAST 3 H AF3ER THE MEAL INTAKE 

FIG. 1. Diagram for the study of fat's effect on 
human serum lipids. 
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Statistical Analysis 

(a) The  S tuden t -F i sche r  test  was used to 
compare  the  means  of  paired values in the  
e x p e r i m e n t a l  and  con t ro l  series; (b)  a discrimi- 
n a n t  analysis  tes t  was appl ied to m e a s u r e m e n t s  
of  several pa rame te r s  in a group of  individuals  
divided in to  previously  def ined subgroups  ( in 
this case, accord ing  to the  type  of  fat  ingested)  
and  to the  m e a s u r e m e n t s  of  the  d i f fe ren t  
f a t ty  acid levels. This  analysis was designed to 
show w h e t h e r  d i f f e ren t i a t ion  a m o n g  the  groups  
of  individuals  s tudied can be based on  deter -  
m i n a t i o n  of these variables (22) .  

M.F. B A U D E T ,  O. E S T E V A ,  B. D E L P L A N Q U E ,  N. W I N C H E N N E  A N D  B. J A C O T O T  

RESULTS 

Serum Lipid Fatty Acids 

Overall results. Afte r  6 days on  the  canbra  
and  olive oil diets,  fas t ing subjec ts  showed  
decreased fa t ty  acids for  all serum lipid frac- 
t ions  (Table  III). On the  o t h e r  hand ,  the  b u t t e r  
diet  caused increased fa t ty  acid levels. This  
increase was s ignif icant  for  choles te ry l  esters 
and phospho l ip ids  w h e n  b u t t e r  diet  resul ts  were 
c o m p a r e d  to results  for  the  olive or canbra  
oil d ie ts ;  t he  increase was no t  s ignif icant  w h e n  
b u t t e r  diet  samples  were compared  to con t ro l  
samples.  

T A B L E  II 

Fa t ty  Acid Compos i t i on  o f  the Studied Fats (%) 

Butter  Olive oil Canbra  oil 

Fa t t y  acids wi th  less 
than  16 ca rbon  a toms  

Sa tu ra t ed  16:0 
f a t ty  acids 17:0 

18:0 

M o n o u n s a t u r a t e d  16 : 1 
17:1 

fa t ty  acids  
18:1 

P o l y u n s a t u r a t e d  18:2 
f a t ty  acids 18:3 

Fa t ty  acids con ta in ing  
20-24 
carbon  a t om s  

25.5 (14 :0  = 9.5) 0 0 

24.3 8.0 4.4 
1.8 0 0 

14.7 3.0 1.3 

3.2 0.7 0.2 
0.4 0 0 

27,6 74.2 63.7 

1.3 13.5 21.4 
1.0 0.6 7.0  

0.2 0 2 

T A B L E  II I  

Fa t ty  Acid C o n t e n t  o f  the Different  Se rum Lipids 
(Mean values in ~g /ml  of  se rum -+ the  s tandard  dev ia t ion)  

Free fa t ty  Choles tery l  
Diets Trigly cerides acids esters Ph osphol ipids  

Contro l  217 .+ 34 108 + 16 496 _+ 56 395 _+ 46 

Fasting 294 .+ 44 136 + 22 552 .+ 43 494 .+ 24 
But ter  (a) (c) (d) (e) (f) 

Af t e r  test meal  362 -+ 72 102 • 26 422 .+ 26 408  _+ 20 

Fasting 210 .+ 23 119 + 10 377 + 58 361 .+ 41 
Olive oil (b) (d ' )  ( f ' )  

Af te r  test meal  303 • 40 82 _+ 15 428  .+ 26 358 +_ 17 

Fasting 185 .+ 26 83 • 9 324 -+ 49 303 + 27 
Canbra  oil (a ' )  (b ' )  (c ' )  (e ' )  

Af t e r  test meal  464  .+ 115 98 + 13 478  -+ 43  421 .+ SO 

The significative di f ferences  (S tuden t  t - test)  are the fol lowing:  
(a), (a'): p < 0 .o5  
(b), (b'): p < 0.05 
(c),  (c'): p < 0 . 0 1  
(d), (d ' ) :  p < 0.01 
(e), (e'): p < o.ool 
(0, (f'): p ~< o.os 
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In samples taken postprandial ly,  the fat ty  
acid level in the tr iglyceride fract ion increased, 
regardless of  the diet. In the 3 o ther  lipid 
fractions (cholesteryl  esters, phospholipids and 
free fat ty acids), the fa t ty  acid conten t  de- 
creased after the but ter  diet and increased after 
the canbra and olive oil diets. 

Fatty acid composition. Fat ty  acid measure- 
ments  in the 4 lipid fract ions led to the fol- 
lowing observations: (a) lauric acid (12:0)  was 
only present in triglycerides and free fa t ty  
acids in very small amounts ;  (b) l inolenic acid 
(18:3)  was most ly  evident in canbra diet 
subjects; and (c) arachidonic acid (20:4)  was 
present only in cholesteryl  esters and phospho-  
lipids. 

Assays of samples taken f rom fasting sub- 
jects  after a 6-day diet showed that  each serum 
lipid fract ion kept  its characterist ic fa t ty  acid 
composi t ion  regardless of the fat ingested 
during the preceding days. 

The decreased serum lipids observed after 
the olive and canbra oil diets affected fat ty  
acids as a whole,  and the composi t ion  of  the 
different  lipid fractions was very close to that  
of the control  sample. However ,  the increase in 
serum lipids after the but ter  diet was essentially 
caused by the increased intake of  saturated 
fat ty  acids and oleic acid (18:1) .  This increase 
was greatest for tr iglycerides and was clearly 
shown by discriminant  analysis (Fig. 2a). 

The fol lowing results were observed after 
absorpt ion of the fa t ty  diet. Triglycerides: after 
but ter  ingestion, there was a rise in the level of 
saturated fat ty  acids (myris t ic  14:0; palmit ic  
16:0; and stearic 18:0), as well as a notable  
increase in oleic acid (18: 1). This was especially 
clear after discriminant analysis (Fig. 2b). Af te r  
canbra oil ingestion, an increase was observed in 
unsaturated fat ty  acids, i.e., palmitoleic  acid 
(16:1) ;  oleic acid (18:1) ;  and linoleic acid 
(18:2)  (Fig. 2b). Ingest ion of  the olive oil diet 
caused increased oleic acid levels (18:1)  (Fig. 
2b). 

Examina t ion  of  tr iglyceride levels in each 
subject showed their  responses varied con- 
siderably. Thus, 3 out  of  6 reacted strongly to 
the fat ty diet, but  in one of  the remaining 
3, there was only a light change in fa t ty  acid 
composi t ion ,  regardless of  the fat ingested. In 
the discriminant analysis diagram (Fig. 2a and 
2b), all points  applying to this subject are 
grouped in the lower part of the area con- 
cerned. The responses of the 2 remaining 
subjects were of  medium intensi ty.  

In the o ther  serum lipid fract ions (cho- 
lesteryl esters, phospholipids and free fat ty 
acids), the but ter  diet caused a reduct ion  in all 
fa t ty  acids. The slight increase in these acids 

A l .... 

I t1 :o  I I1 :1  l l l - i  

,~l l ~ 

B l .... 

i ~ ii I 

[ / 

t.0 \.it i 
,,,:, :, ...... "~b ,,%~,:y/ ~ / I I I I  - , , ,~  

FIG. 2. Discriminant analysis between the control 
and the 3 tested diets for serum fatty acids of 6 
subjects: (a) after a 6-day diet containing one of the 3 
tested fats; (b) 3 hr after the intake of a meal con- 
taining the same fat. xxxxxx: control with normal 
diet; - - :  butter diet; . . . . . . .  : olive oil diet; 
. . . . . .  : canbra oil diet. Axes 1 and 2 are those which 
have the highest discriminant power, i.e., those which 
best determine the groups of data as a function of the 
diets (22). 
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after the olive and canbra oil diets chiefly 
affected unsaturated fatty acids. Nevertheless, 
free fatty acids diminished after the olive oil 
diet but rose slightly after the canbra oil diet. 

Serum Lipoproteins 

Comparison of postdiet lipoprotein compo- 
sition with that of control samples produced 
the following results (Tables IV, V, VI and 
VII). 

Fasting subjects. The butter diet caused a 
large increase in the different fi-lipoprotein 
levels: + 32% for VLDL, + 30% for ILDL and + 
15% for LDL. On the other hand, the HDL 
level dropped by 14%. In addition, fi-lipopro- 
tein composition changed: cholesterol rose 
perceptibly but not significantly in VLDL and 
ILDL, and slightly in LDL. Triglycerides 
diminished perceptibly although not signifi- 
cantly in VLDL and ILDL. Phospholipids rose 
significantly in VLDL. The olive oil diet raised 
the level of VLDL (+ 13%), LDL (+ 25%) 
and HDL (+ 21%) but reduced the ILDL level (- 
27%). Lipoprotein composition was virtually 
unchanged by this diet. The canbra oil diet 
increased VLDL (+ 20%) and HDL (+ 5%), 
and slightly reduced ILDL. The LDL level 
remained constant and variations in lipoprotein 
composition were very small. 

Postprandial subjects. Regardless of the fat 
ingested, VLDL increased 30-40%. Butter 
considerably reduced LDL (- 40%) but lipopro- 
tein composition was practically unaltered by 
absorption of a fatty meal. 

DISCUSSION 

Our results show that a 6-day diet can cause 
obvious changes in the level and composition of 
blood lipids and in the distribution of the 
different lipoprotein classes. These changes 
probably result from the degree of saturation of 
the fat ingested. 

After 6 days of a normocaloric diet in- 
cluding saturated fats only (butter), a large 
increase in all fatty acid levels was observed, 
mainly because of the increased saturated fatty 
acids in serum lipids. Meals which included 
olive or canbra oil as the only visible fat were 
followed by a reduction in blood fatty acids as 
a whole. The decrease was greater after absorp- 
tion of canbra oil, which contains a higher 
percentage of polyunsaturated acids. 

Various mechanisms have been suggested to 
explain why diets rich in polyunsaturated fatty 
acids reduce serum lipids, particularly cho- 
lesterol. Such diets certainly increase bile 
excretion of sterols, but this is just one of 
several explanations. Spritz and Mishkel (5) 

pointed out that saturated and unsaturated 
fatty acids have very different areas in the 
serum lipoprotein molecule. The more double 
bonds a fatty acid contains, the larger the area 
occupied. This causes a change in the spacial 
configuration of lipids incorporating fatty 
acids. According to Spritz and Mishkel, the 
presence of polyunsaturated fatty acids deter- 
mines the reduced number of lipid molecules 
associated with lipoproteins. Our results 
strengthen this hypothesis, since the blood lipid 
level increased after a butter diet and decreased 
after a canbra or olive oil diet; the reduction 
was greater for canbra oil, which is richer in 
polyunsaturated fatty acids. 

Samples taken during the postprandial 
period stfowed that serum triglycerides were 
increased greatly in 5 subjects and slightly 
modified in 1 for all 3 dietary fats. This in- 
crease, perceptible 3 hr after the meal, resulted 
from the presence of chylomicrons and VLDL 
produced by intestinal cells. Levels for other 
esterified fatty acids (cholesteryl esters and 
phospholipids) increased 3 hr after the olive 
and canbra oil diets, but tended to decrease 
after the butter diet. 

Cholesteryl esters and phospholipids are 
transported mainly by the VLDL resulting from 
VLDL metabolization (they are also trans- 
ported by HDL, but the HDL's slow turnover 
means they certainly are not involved in the 
postprandial period). 

These differences suggest variations in VLDL 
catabolism, since this process is perhaps slower 
after a meal containing butter; the reduction in 
cholesteryl esters and phospholipids could 
result from delayed LDL formation. 

Possible explanations for the decreased 
serum lipids are: (a) a defect in VLDL 
hydrolysis by serum lipases, or (b) a metabolic 
blocking in liver or adipose tissue. A study to 
investigate this issue is in progress in our 
laboratory. 

It should be stressed that fairly clear dif- 
ferences were observed among individual 
subjects regarding the level and composition of 
serum fatty acids after ingestion of a meal, 
regardless of the fat absorbed. This probably 
explains certain divergences reported in the 
literature concerning the effects of polyun- 
saturated fats on cholesterolemia and lipidemia. 
Genetic differences, important in clinical 
practice are connected to the risk of vascular 
disease and hyperlipidemia and affect intestinal 
fat absorption (particularly lipoprotein metabo- 
lism). 

The composition of the different lipoprotein 
categories was not greatly altered by a 6-day 
normocaloric diet containing olive or canbra oil 
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as the only visible fat. In contrast, the butter 
diet caused increased V L D L  and ILDL cho- 
lesterol and decreased VLDL triglycerides. In 
this connection, saturated fats are known to be 
chiefly transported by small-sized molecules 
very similar to VLDL, with a high protein:tri- 
glyceride ratio, whereas unsaturated fats are 
transported by chy|omicrons with a low pro- 
tein:triglyceride ratio (23). 

The most important changes observed after a 
6-day diet concerned the distribution of the 
various lipoprotein classes. Thus, the butter diet 
caused a sharp increase in all /3-1ipoprotein 
levels and a reduction in a-lipoproteins. Unsatu- 
rated fat diets resulted in a moderate, parallel 
increase in /3- and c~-lipoproteins. The serum 
ratio HDL:VLDL+LDL was much lower for 
butter, a saturated fat, than for unsaturated 
fats, and was highest for canbra oil, a polyun- 
saturated fat. This might be important if, as 
certain studies have shown, the ratio is con- 
nected with the atherogenic power of lipidemia 
and varies in inverse proportion to this power. 

Absorption of a fatty meal after 6 days of 
diet did not greatly alter the distribution of 
cholesterol, triglycerides, phospholipids and 
proteins in lipoproteins. The most notable 
change was the decreased VLDL cholesterol 
after the buffer diet. 

In the distribution of the different lipopro- 
tein classes, a rise in VLDL levels was noted 3 
hr after the meal for all fats ingested. Butter 
ingestion caused a marked reduction in LDLs, 
which are produced by VLDL degradation. 

In conclusion, administration to normo- 
lipemic subjects of a 6-day normocaloric diet 
containing one visible fat causes important,  
although not incomplete, changes in the fatty 
acid composition of the various serum lipids, 
and in the composition and distribution of 
serum lipoproteins. These changes are 
apparently linked to the degree of saturation 
of the fat ingested. 
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Effect of Dietary Taurine on Bile Acid Metabolism in Guinea Pigs 1 
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ABSTRACT 

The effect of oral administration of taurine (200-300 mg daily) on the metabolism of bile acids 
was studied in male guinea pigs which have predominantly glycine conjugated bile acids. The results 
were summarized as follows: (a) oral administration of taurine for t0  days increased taurine- 
conjugated bile acids and the ratio of glycine- to taurine-conjugated bile acids (G:T ratio) shifted from 
3.95 to 0.19; (b) in taurine fed guinea pigs, the half-life of chenodeoxycholic acid (CDC) was about 
40% shorter than that in controls and the fractional turnover rate increased by 70%; (c) the synthetic 
rate (mg/day/500 g body weight) of bile acids increased from 4.28 to 7.27 by taurine feeding; (d) 
hepatic cholesterol 7a-hydroxylase activity was increased 2.4-fold by taurine feeding; (e) the total 
pool size of bile acids did not change significantly but the amount of lithocholic acid in the caecum 
and large intestine increased by about 40%; (f) neither free cholesterol nor cholesterol ester levels in 
liver and serum changed significantly. Results of this study suggest that changing the G:T ratio in the 
bile acid conjugation pattern may influence the rate of hepatic bile acid synthesis. 

INTRODUCTION 

It was shown  tha t  t aur ine  con juga tes  of 
d i f fe ren t  bile acids (chol ic ,  deoxycho l i c  and  
c h e n o d e o x y c h o l i c  acid [ C D C ] )  have d i f fe ren t  
effects  on  choles te ro l  7o~-hydroxylase, which  
is cons idered  the  ra te- l imi t ing e n z y m e  in bile 
acid b iosynthes i s  (1). These  expe r i m en t s  
suggest changes  in the  c o m p o s i t i o n  of  bile acid 
pool  p roduce  changes  in the  ra te  of  bile acid 
b iosynthes is .  However ,  the  in f luence  of  changes  
in the  bile acid con juga t ion  p a t t e r n  have no t  
been  invest igated.  

Bile acids in guinea pigs are con juga ted  
mos t ly  wi th  gtycine. The  hepa t i c  t aur ine  
c o n c e n t r a t i o n  in h u m a n  liver is a major  deter-  
m i n a n t  of  the  p r o p o r t i o n  of  bile acids conju-  
ga ted  wi th  t au r ine  (2) and taur ine  feeding to 
m a n  can increase the  pe rcen tage  of  bile acids 
con juga ted  wi th  t aur ine  (3,4) .  If this  is the  case 
in guinea  pigs, t aur ine- fed  guinea  pigs m ay  be a 
useful  mode l  sys tem for  compar ing  the  ef fec ts  
of glycine- and  t au r ine -con juga ted  bile acids on 
the  b iosyn thes i s  of  bile acids. 

This  inves t iga t ion  deals wi th  the  effects  of  
d ie tary  taur ine  in guinea  pigs on  the  conjuga-  
t ion  pa t t e rn ,  compos i t i on ,  pool  size, half-l ife,  
f rac t iona l  t u r n o v e r  and syn the t i c  ra te  of 
bile acids, as well as the  specific ac t iv i ty  of  
hepa t ic  choles te ro l  70~-hydroxylase and the  
level of cho les te ro l  in b o t h  liver and serum.  

IThis paper is Part IX of a series entitled "Metabo- 
lism of Bile Acids". Part VIII: ref. 12. 

2From the First Department of Surgery, Kyushu 
University School of Medicine, Maedashi 3-1-1, 
Fukuoka, Japan. 

3Author to whom correspondence should be 
addressed. 

MATERIALS AND METHODS 

Animals and Diet 

Male guinea pigs weighing 200-300 g (con-  
trol,  258  +- 40  g; tes t  animals ,  256  +- 36 g) were  
used. The  animals  were kep t  in individual  
me tabo l i c  cages and were fed a s tock diet  
consis t ing of  guinea  pig chow pellets  which  
were purchased  f rom Or ien ta l  K o b o  Co. 
Choles te ro l  was no t  present  in the diet  as 
shown  by gas l iquid c h r o m a t o g r a p h y  (GLC). 
Fo r  tes t  animals,  t aur ine  was added  to dr inking 
wate r  at  the  level of  0.5%. Taur ine  up take  was 
calcula ted from the  water  vo lume  c o n s u m e d  
every day. Daily t au r ine  u p t a k e  was 200-300 
mg in each animal.  F i f ty  pe rcen t  of  cont ro l s  
and  taur ine- fed  animals  were kil led on  the  10 th  
alas, and  the  gall b ladders  were excised to 
de t e rmine  the  g lycine- taur ine  (G :T)  ra t io  of  
bile acids. F o o d  in take  and body  weights  were 
measured  every day. The  2 groups  of animals  
gained weight  at the  same rate.  At  the  end  of 
the  e x p e r i m e n t  per iod  (4 wk),  the  2 groups  of 
animals  were fas ted for  24 hr and  anes the t i zed  
wi th  e ther .  Blood was t aken  f rom the  neck vein 
to d e t e r m i n e  p lasma choles terol .  The  c o n t e n t s  
of the  gall b ladder ,  small  in tes t ine ,  caecum and  
large in tes t ine  were r emoved  to de t e rmine  the  
c o m p o s i t i o n  and pool  size of  bile acids. The  
liver was used to de t e rmine  the  hepa t ic  cho-  
lesterol  7&-hydroxylase act ivi ty  and  the  level of 
choles te ro l  c o n c e n t r a t i o n .  

Bile Acid Turnover 

F o r  the  s tudies  of  the  half-life,  f rac t iona l  
t u rnove r  and  s y n t h e t i c  rate of  bile acids, 
c h e n o d e o x y c h o l i c  acid-24 -14C (CDC -14C) 
(19.3 m C i / m m o l ,  Daiichi  Chemica l  Co., T o k y o )  
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was administered to the controls and the 
animals were fed taurine on the 13th day of the 
experiment. The CDC-14C was dissolved in 25% 
aqueous ethanol. Each guinea pig was injected 
intraperitoneally with 0.5 ml (10 /~Ci) of the 
solution. During the 14 days following the 
injection, feces were collected every day and 
lyophilized. Radioactivity in the feces was 
measured. 

Isolation and Quantitation of Bile Acids 

Correction for losses during the procedures 
was made using taurochenodeoxycholate-24- 
14 C or glycochenodeoxycholate-24-14C as an 
internal recovery standard. These labeled 
conjugates were synthesized from CDC-14C 
according to the method described previously 
(5). 

Gall bladder bile was extracted with 10 vol 
of ethanol at room temp, and the solvent was 
evaporated to dryness. When examined by thin 
layer chromatography (TLC), the residue 
consisted mainly of glycine- and taurine- 
conjugated bile acids, and little or no uncon- 
jugated and sulfated bile acid was detected. The 
solvent system for TLC were chloroform/ 
methanol/acetic acid/water (65: 20:10:5,v/v), 
n-butanol/acetic acid/water (85:10:5, v /v )and  
benzene/isopropanol/acetic acid (30:10: 1,v/v). 
For the separation of glycine and taurine 
conjugates, the residue was dissolved in 15 ml 
of water, acidified to pH 1 with 4N HC1, and 
extracted with ether (10 ml x 2) and with ethyl 
acetate (10 ml x 2). The aqueous phase con- 
tained taurine conjugates, whereas the com- 
bined organic extracts contained glycine 
conjugates, which were re-extracted with two 
10 ml portions of 2% NaOH solution. Recovery 
experiments using glycochenodeoxycholate- 
24-14C and taurochenodeoxycholate-24-14C 
resulted in 98-107% and 98-100 %, for glycine 
and taurine conjugates indicating the separation 
of glycine and taurine conjugates was essen- 
tially complete. Quantitation of individual bile 
acids in the glycine and taurine fractions was 
carried out by GLC after hydrolysis, methyla- 
tion and silylation. The aqueous solution 
containing glycine or taurine conjugates was 
concentrated to 20 ml of vol, and mixed with 1 
ml of 11N NaOH. The solution was heated in a 
sealed tube for 3 hr at 15 lb of pressure. The 
hydrolysate was diluted with water, acidified 
and extracted with ether (10 ml x 3). The 
combined ether extracts were washed with 
water until the washings became neutral, dried 
over anhydrous Na2SO 4 and the solvent was 
evaporated to dryness. The residue was 
methylated with diazomethane and then 
silylated with a mixture of hexamethyldis- 
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ilazane/trimethylchlorosilane/ pyridine (20: 1: 
50) at room temp for 2 hr. As an internal GLC 
standard, 5a-cholestane was added, and the 
reaction mixture was subjected to GLC. The 
amount of glycine- or taurine-conjugated bile 
acids was estimated by the sum of the amounts 
of individual bile acids. 

The small intestine content was extracted 
with hot ethanol for 6 hr. An aliquot of  the 
extract thus obtained was hydrolyzed with 2N 
NaOH for 3 hr at 110 C. The bile acids were 
obtained by extracting with ether after acidi- 
fying the hydrolysate with 4 N HCI. Quanti- 
tation of individual bite acids was carried out 
by GLC after methylation and silylation. 
In order to check for sulfated bile acids, 
another aliquot of the extract was solvolyzed 
according to the method described previously 
(6), and then processed for GLC analysis. 
The amounts of individual bile acids measured 
by this procedure were identical to those of the 
bile acids measured by the procedure without 
solvolysis. These results indicated little or no 
sulfated bile acid was present in the small 
intestine content. 

The caecum and large intestine contents 
were assayed using a modified Cohen et al. 
method (7). The contents were extracted with 
80 ml of ethanol in a Soxhlet apparatus for 6 
hr. The ethanol extract was concentrated to 20 
ml of volume, mixed with 2 ml of 11N NaOH 
and refluxed for 1 hr in a water bath. The 
hydrolysate was diluted with 10 ml of water 
and extracted 3 times with 50 ml of petroleum 
ether to remove the neutral sterols (8). The 
aqueous phase containing the acidic steroids 
was evaporated to remove the ethanol. The 
volume was brought to 20 ml with water and 2 
ml of  11N NaOH was added. The solution was 
autoclaved for 3 hr at 15 lb of pressure. Extrac- 
tion of the bile acids from the hydrolysate was 
carried out as described above for the bile acids 
of small intestine content. Quantitation of 
individual bile acids was carried out by GLC of 
the methyl ester-trimethylsilyl ether derivatives. 

GLC 

All GLC analyses were carried out as pre- 
viously described (9) using a Shinaadzu GC-6A 
gas chromatograph. Identification of in- 
dividual bile acids was made by comparison 

o f  their retention times with authentic stan- 
dards on 4 different columns, 3% QF-1, 0.18% 
Poly I-110, 2% OV-1, and 3% OV-17. Quantita- 
tion of major bile acids was carried out on 
a 3% OV-17 column. 

Measurement of Radioactivity 

Radioactivity was measured using a toluene- 
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based cocktail  in a Packard Tri-carb Model  
3320 liquid scintil lation spectrometer .  Suitable 
correct ions were made for background and 
quenching.  Samples of ground feces were 
combus ted  in a Packard Model  306 biological 
material  oxidizer.  The resultant  ~4CO2 was 
t rapped in Oxisorb CO2 | (NEN Corp.) and 
counted with the toluene-based cocktail .  

Assay of Hepatic Cholesterol 
7~-Hydroxylase Activity 

The specific activity (sp a c t ) o f  hepat ic  
microsomal  cholesterol  7c~-hydroxylase was 
determined according to Nicolau et al. (10). 
The assay system contained an NADPH- 
generating system, choles terol -4-]4C (5 x 10s 
dpm), unlabeled cholesterol  and microsomal  
protein (200-250 ~tg). 

Liver and Plasma Cholesterol Concentration 

Liver lipids were extracted with a mixture  of 
CHCl3 /methano l  (2:1)  using the Folch et al. 
me thod  (11). Al iquots  of the extract  were 
applied to a thin-layer plate (Silica Gel G, 
20 cm x 20 c m x  0.5 mm).  The plate was 
developed using pe t ro leum e ther /e ther /ace t ic  
acid (90:10:  1, v/v) and sprayed with a 10% 
solution of  phosphomolybd ic  acid in e thanol  
and heated at 110 C for 5 min. The densities of 
spots resulting from free cholesterol  and 
cholesteryl  ester were measured by direct 
dens i tometry  using a dual-wave-length chroma- 
toscanner.  The cholesterol  standard was run 
s imultaneously on the plate for correct ion.  A 
detailed description for the procedure  has been 
repor ted  elsewhere (12). 

The plasma cholesterol  concent ra t ion  was 
determined similarly except  that  al iquots  of  
plasma were directly applied to a thin-layer 
plate. 

RESULTS 

Change of 6 : T  Ratio 

The oral administrat ion of  taurine (daily 
200-300 rag) for t0  days increased 6-fold the 
taurine-conjugated bile acids in the gall bladder 
bile. The G:T  ratio shifted f rom 3.95 to 0.19 
by taurine feeding (Table I). The results are 
consistent with those in man (3). 

Bile Acids in the Gall Bladder Bile and in the Contents 
of Small Intestine, Caecum and Large Intestine 

Table l shows the composi t ion  of bile acids 
in the gall bladder bile and in the contents  of 
small intestine,  caecum and large intestine. The 
major bile acids in the gall bladder in control  
and taurine-fed animals were CDC, ?-ketol i tho-  
cholic acid and ursodeoxychol ic  acid. There 
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was some l i thochol ic  acid in the  gall b ladder  
bile in the  2 groups.  The  bile acid c o m p o s i t i o n  
is similar to t ha t  r epor t ed  previously  (13) .  
Taur ine  feeding for  4 wk did no t  change the  
bile acid c o m p o s i t i o n  in the  gall b ladder  bile. 

The  ma jo r  bile acid in b o t h  groups  was 
l i thochol ic  acid in the  c o n t e n t s  of  the  caecum 
and  large in tes t ine .  The  a m o u n t  ( m g / 5 0 0  g 
b o d y  weight)  of  this  secondary  bile acid in- 
creased f rom 1.67 to 2 .38 (p < 0.02) by  t aur ine  
feeding.  

Bile Acid Pool Size 

The to ta l  a m o u n t  of  bile acids in the  gall 
b ladder ,  small  in tes t ine ,  caecum and large 
in tes t ine  can accoun t  for  more  t h a n  90% of the  
bile acid pool  in guinea pigs tha t  are fas ted 
for  24 h r  (14) .  The  pool  size did no t  change by  
taur ine  feeding for  4 wk, a l t hough  the  to ta l  
a m o u n t  of  l i thochol ic  acid increased a b o u t  40% 
f rom 1.71 to 2.43 m g / 5 0 0  g body  weight  
(Table  I). 

Bile Acid Kinetics 

Guinea  pigs have on ly  CDC and its m e t a b o -  
lites, 7 -ke to l i thochol ic  acid, u r s odeoxycho l i c  
acid and l i thochol ic  acid (14) .  Thus ,  it is 
possible to  de t e rmine  the  m e t a b o l i s m  of to ta l  
bile acid poo l  by admin i s te r ing  CDC-24-14C. 
The  tu rnove r  ra te  of CDC was ca lcula ted  
accord ing  to the  L inds t ed t  and  N o r m a n  m e t h o d  
(15) .  In Figure 1, - log(1-Ut /U max)  was p l o t t ed  
against  t ime,  where  U max = the  to ta l  act ivi ty  
( d p m )  recovered  in feces, and  U t = the  act ivi ty  
( d p m )  of the  fecal exc re t ion  accumula t ed  up  to  
a given t ime  t. The  d o t t e d  h o r i z o n t a l  l ine cuts  
the  exc re t ion  curves at the  half-life. Figure 1 
shows the  half-life of CDC in guinea  pigs fed 
t aur ine  is s ignif icant ly  shor t e r  t han  in con t ro l s  
(p < 0.01).  The  f rac t iona l  t u rnove r  ra te  
(day - l ) ,  wh ich  is ca lcula ted  f rom the  half-l ife 
and  the  slope of  the  exc re t ion  curve in Figure 
1, was grea ter  in the  taur ine- fed  group t han  in 
the  con t ro l  (p < 0.05).  The  syn the t i c  ra te  of  
bile acids was the  p r o d u c t  of  the  f rac t iona l  
t u r n o v e r  ra te  (day  -1 ) and bile acid pool  size 
(mg).  The  syn the t i c  rate increased by  70% af ter  
t au r ine  feeding (Table  II). 

Hepatic Cholesterol 7~x-Hydroxylase Activity 

The levels of hepa t i c  m i c r o s o m a l  7c~- 
hyd roxy la se  act ivi ty  in con t r o l  and taur ine- fed  
groups  are s h o w n  in Table  II. The  op t ima l  
cond i t i ons  for  the  assay sys tem in guinea  pigs 
were similar to  those  for  m a n  or for  the  ra t  liver 
e n z y m e  (10 ,16) .  Each  value of  e n z y m e  act ivi ty 
was cor rec ted  for  n o n e n z y m a t i c  cho les te ro l  
ox ida t i on  by sub t r ac t ing  the  values ob t a ined  
for  the  boi led e n z y m e  cont ro l .  The  e n z y m e  
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FIG. 1. The rate of elimination of radioactivity 
from bile acid pool. Each point represents the mean + 
SD. The dotted horizontal line intersects the rate lines 
for each plot at the half-life. Linear regression equa- 
tions and correlation coefficients (r) are as follows: 
control (n = 3), y = (0.264 -+ 0.016) x - (0.333 • 
0.058), r = 0.984 • 0.008; taurine-fed animals (n = 4), 
y = (0.336 • 0.075)x - (0.227 -+ 0.130), r = 0.969 -+ 
0.027. 

act ivi ty  in guinea  pigs fed t aur ine  was ca. 3-fold 
t h a t  in cont ro ls .  

Cholesterol in Plasma and Liver 

Free  and ester if ied choles te ro l  were sepa- 
ra ted  by  TLC and  measured  by  di rec t  densi- 
t o m e t r y  (see Methods ) .  The  resul ts  are s h o w n  
in Table  II. There  were subs tan t i a l  var ia t ions  
in the  levels of  the  p lasma choles terol .  The  
d i f fe rence  in m e a n  values was no t  s ignif icant  
s ta t is t ical ly  in the  2 groups.  

DISCUSSION 

In guinea  pigs, g lyc ine-conjuga ted  bile acids 
p r e d o m i n a t e  over  t au r ine -con juga ted  bile acids 
(G :T  rat io,  ca. 4: 1). Recent ly ,  Vessey d e m o n -  
s t ra ted  t ha t  guinea  pig l iver con ta ins  a very low 
c o n c e n t r a t i o n  of  t aur ine  and  a h igh concen t ra -  
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T A B L E  II 

Bile Acid Metabol i sm in Guinea  Pigs a 

Taur ine- fed  
Contro l  ( n - 3 )  animals  (n=4)  t- test  

Kinetics of  bile acids 
Half-life (day)  2 .39 -+ 0 
Frac t ional  t u r n o v e r  0 .29 • 0.01 
(day-  1) 
Syn the t i c  ra te  ( m g / d a y / 5 0 0  4.28-+ 0 .54  
g body  we igh t )  

Choles terol  7a -hyd roxy la se  
act iv i ty  ( 7 ~ - h y d r o x y c h o l e s t e r o l  1.29 + 0.14 
d p m / m g  p r o t e i n / 2 0  min )  

Liver choles terol  (mg/g  we t  liver) 
Free 2.05-+ 0.05 
Ester  1.43 + 0.16 

Plasma choles tero l  (mg /d l )  
Free 8.10 + 2.10 
Ester  37 .70  + 11.3 

1.48 -+ 0.35 p < 0 . 0 l  
0 .49 • 0 .13  p < 0.05 

7.27 +- 1.74 p < 0.05 

2 .98  + 0,S0 p < 0 . 0 1  

1.95 -+ 0,24 NS b 
1.44 • 0,12 NS 

6 .40  + 0,80 NS 
49 .70  + 18.1 NS 

aData  are expressed  as m e a n  -+ s t anda rd  devia t ion .  

bNS - not  significant .  

tion of glycine. Furthermore, the reaction of 
choloyl-CoA with taurine and glycine, when 
catalyzed by soluble fraction from guinea pig 
liver, has a high affinity for taurine and a poor 
affinity for glycine (17). Based on these 
findings, Vessey suggested the predominance of 
glycine conjugation may be the result of a low 
taurine pool available for bile acid conjugation. 
This hypothesis is further supported by our 
observation that the oral administration of 
taurine to guinea pigs for 10 days significantly 
increased (p < 0.001) taurine-conjugated bile 
acids and reversed the G:T ratio. Thus, it is 
possible to study the effects of changes in the 
conjugation pattern on the bile acid metabolism 
by comparing the bile acid kinetics between 
taurine-fed animals and controls. 

The half-life of CDC was reduced from 2.39 
to 1.48 day by taurine feeding, suggesting the 
half-life of taurochenodeoxycholate (TCDC) is 
shorter than that of glycochenodeoxycholate 
(GCDC) in guinea pigs. The synthetic rate of 
bile acids (rag/day/500 g body weight) in- 
creased from 4.28 to 7.27 by taurine feeding. 
These results were confirmed by an unpub- 
lished observation that the fecal excretion 
(rag/day/500 g body weight) of bile acids 
measured by GLC increased ca. 20% from 5.28 
to 6.34 by taurine feeding. The synthetic rate 
was augmented by taurine feeding, which is 
consistent with the data that the hepatic 
cholesterol 7a-hydroxylase activity increased 2 
to 3-fold by taurine feeding. 

In the ileum, bile acids are extensively 

absorbed by an active transport system (18) 
and return to the liver via the portal vein. The 
relatively small losses of bile acids into feces 
are replaced by further hepatic synthesis which 
is regulated by negative feedback control to 
keep the size of bile acid pool constant. There- 
fore, our results are reasonable since the half- 
life of CDC got shorter by ca. 40%, the syn- 
thetic rate of bile acids increased ca. 70% and 
the hepatic cholesterol 7a-hydroxylase activity 
was augmented 2.4-fold by taurine feeding. 

The change in the G:T ratio of bile acids 
may influence cholesterol absorption from the 
gut, which may affect the hepatic bile acid 
synthesis. In the experiment by Gallo-Torres 
et al. (19), GCDC was more effective than 
TCDC in cholesterol absorption in the rat gut, 
which suggests taurine administration might be 
disadvantageous to cholesterol absorption in 
the gut, since taurine feeding increases TCDC 
instead of GCDC in guinea pigs. However, this 
does not explain why the synthetic rate of bile 
acids was enhanced by taurine feeding. 

Our results suggest oral administration of 
taurine increased TCDC percentage of the bile 
acid pool, augmented the turnover rate of CDC 
and increased hepatic bile acid synthesis to 
keep the size of bile acid pool constant. 
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Effects of Diet and High Density Lipoprotein Subfractions on the 
Removal of Cellular Cholesterol 
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ABSTRACT 

The effects of isocaloric substitutions of dietary polyunsaturated and saturated fat on the composi- 
tion and function of plasma high density lipoproteins (HDLs) were studied in 3 normal subjects who 
were fed saturate-rich and polyunsaturate-rich diet programs. Compared to the saturated diets (P/S 
= 0.4), polyunsaturated fat diets (P/S = 4 or 2) reduced both plasma cholesterol and triglyceride levels. 
In 2 of the subjects, HDL cholesterol concentrations increased with polyunsaturated fat feeding; the 
third subject had no change in HDL cholesterol. Dietary polyunsaturated fat caused a reduction in 
HDL fatty acy[ content of oleate and an increase in linoleate. To determine whether the altered 
composition affected the removal of cell membrane cholesterol, HDL and their subfractions, HDL 2 
and HDL3, which were isolated from each of the diets, were incubated with Ehrlich ascites cells in 
vitro. The cells were prelabeled with [3H] cholesterol, and the release of labeled cholesterol from the 
ceils into the medium containing the various HDL fractions was determined. HDL, irrespective of the 
type of dietary fat, caused a release of [3HI cholesterol from the cells into the medium. The amount 
of [3H] cholesterol recovered in the medium was dependent on the absolute concentration of HDL 
cholesterol added to the cells and was independent of the type of diet. These results indicate that HDL 
facilitates the removal of cholesterol from cells, but that the amount and rate of removal are 
independent of the changes in HDL composition that can be obtained by dietary perturbations. 

INTRODUCTION 

Plasma low dens i ty  l i popro te ins  (LDLs)  and  
high dens i ty  l i popro te ins  (HDLs)  are t he  ma jo r  
med ia to r s  of  cho les te ro l  t r a n s p o r t  in the  b o d y  
(1). The  d o n o r s  of  cellular cho les te ro l  in m an  
are LDLs. The  u p t a k e  of  LDL by  ex t r ahepa t i c  
cells is med ia t ed  b y  specific m e m b r a n e  recep- 
tors  (2). The  f u n c t i o n  of  HDL is to  faci l i ta te  
the  egress of  cho les te ro l  f rom cells (3). G lomse t  
(4) has p roposed  t h a t  the  es te r i f ica t ion  of  
cho les te ro l  b y  p lasma l ec i th in / cho le s t e ro l  
acyl t ransferase  (LCAT)  faci l i ta tes  the  removal  
of  choles te ro l  f rom cells b y  HDL. In add i t ion ,  
s tudies  b y  Bates  and R o t h b l a t  (5,6)  and  Stein 
et al. (7 ,8)  suggest t h a t  even in the  absence  of  
LCAT act ivi ty,  HDLs f u n c t i o n  to r emove  free 
choles te ro l  f rom ceils. Whe t he r  the  abso lu te  
a m o u n t  of  HDL or the  c o m p o s i t i o n  of  HDL 
de t e rmines  the  egress of  cellular cho les te ro l  is 
no t  k n o w n .  Recen t  s tudies  (9-12) have s h o w n  
tha t  p o l y u n s a t u r a t e d  fat  feeding in m an  alters 
the  f a t t y  acid c o m p o s i t i o n  of  HDL lipids such 
t ha t  the re  is an  increase in l inoleic acid and  a 
decrease in pa lmi t ic  and oleic acid con t en t .  
Changes  in HDL compos i t ion ,  induced  by  diet ,  
have been  s h o w n  by  Shephe rd  et al. (12)  to  
have no  ef fec t  on  the  f rac t iona l  c a t a b o h c  ra te  
of c a t a b o h s m  of  the i r  major  p ro te in ,  apo  A-I. 
The  effects  of  a l tered HDL c o m p o s i t i o n  on  t he  
removal  o f  cho les te ro l  f rom cells have no t  been  
repor ted .  This  inves t iga t ion  was u n d e r t a k e n  in 

o rder  to d e t e r m i n e  w h e t h e r  changes  in the  
compos i t i on  of  HDL tha t  are p roduced  by  
isocalor ic  changes  in d ie ta ry  p o l y u n s a t u r a t e s  
and sa tura tes  a l ter  e i ther  the  abso lu te  a m o u n t  
or the  ra te  by  which  HDL faci l i ta tes  the  re- 
moval  of  cho les te ro l  f rom cells. 

MATERIALS AND METHODS 

The  subjects  for  th is  s t udy  were 3 n o r m a l  
h e a R h y  whi te ,  males  wi th  n o r m a l  l i pop ro t e in  
pa t t e rn s  and  plasma lipid concen t r a t i ons .  
Subjec t  1 (39  years  of  age), subjec t  2 (24  years  
of  age) and  subjec t  3 (20  years  of  age) were on  
no  med ica t i ons  and  m a i n t a i n e d  c o n s t a n t  b o d y  
weight  t h r o u g h o u t  t he  s tudy.  The  subjects  were 
inves t iga ted  in t h e  Univers i ty  of C inc inna t i  
Genera l  Clinical Research  C e n t e r  and  received 
on ly  food  prepared  in the  Research  Cen te r  
m e t a b o h c  k i t chen .  Choles te ro l  i n t ake  was 400  
rag /day  and  the  calorie d i s t r i bu t ion  was 40%, 
40% and  20% as c a r b o h y d r a t e ,  fat  and  pro te in ,  
respect ively.  In t h e  first phase  of  t he  s tudy,  the  
p o l y u n s a t u r a t e d / s a t u r a t e d  (P/S)  fat  rat io  was 
4.0 for  subjects  1 and  3, and  2.0 for  subject  2. 
In t he  second phase,  each subjec t  received a P/S 
fat  ra t io  of  0.4. Af te r  2 wk of  each  respect ive  
diet ,  600  ml  of  p lasma were  t aken  f rom each 
subject  by  p lasmaphores i s ;  f inal  c o n c e n t r a t i o n s  
of  0 .01% e thy l ene  d i amine t e t r aace t i c  acid, 
0 .01% sod ium azide and  10-3M p h e n y l m e t h y l  
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sulfonyl  f luoride were immedia te ly  added to 
the plasma and l ipoprote ins  were isolated 
within 1 wk. 

Lipoprote ins  were isolated by ul t racentr i fu-  
gation in salt solutions of KBr. HDLs were 
isolated be tween  d 1.063-1.210; HDL2 (d 
1.063-1.120);  and HDL 3 (d 1.120-1.210). The 
isolated l ipoproteins  were ref loated at their  
highest densities, dialyzed against a buffer  
containing 10 mM Tris-HC1, pH 7.4, 0.9% NaC1 
and 0.01% sodium azide. HDL or its subfrac- 
t ions formed no detectable  precipi tant  lines on 
Ouchte r lony  plates with antisera to ei ther  LDLs 
or  to albumin. Plasma cholesterol  and tri- 
glyceride were measured by autoanalyzer  II 
methodologies  as described for the Lipid 
Research Clinic's Methodology  (13). Protein 
concent ra t ions  were determined by the  Lowry 
et al. m e t h o d  (14), phosphol ipid  by the Bart let t  
me thod  (15), cholesterol ,  bo th  f ree  and esteri- 
fled, by enzymic  procedures  (Mannheim 
Boehringer) (16), and tr iglyceride by the 
Autoana lyzer  LRC procedure  (13). L ipoprote in  
lipids were extracted by the Fo lch  procedure  
(17). To ta l  saponifiable l ipoprote in  fa t ty  acids 
were determined by gas ch romatography  
(GC) (18). 

The  Ehrl ich ascites cells were isolated f rom 
male CBA mice 11-14 days fol lowing trans- 
plantat ion (19). Twelve hr  before  harvesting the 
ceils, the  mice were injected intraper i tonal ly  
wi th  25 /.tCi each of  7 (n) [3H] cholesterol ,  9.5 
C i /mmol  (Amersham,  England). [3H]-  
Cholesterol  was injected as microcrystal l ine 
suspension in 0.20 ml of  0.9% NaC1. The cells 
were removed,  suspended in Krebs-Henseleit  
phosphate  buffer ,  pH 7.4, washed 5 t imes with  
Krebs-Henseleit  buffer  containing 2% fat ty  
acid-free bovine serum albumin in order to 

remove  any unbound  cholesterol,  and were 
finally diluted with  the  phosphate  buffer  to 
give 108 cells/ml. The  range of  radioact ivi ty  for  
10 different  preparat ions was 1.2-2.0 x 105 
cpm/108 cells. 

In all exper iments ,  ascites cells were in- 
cubated in a to ta l  vo lume of 1.0 ml wi th  
various HDL fractions.  Unless indicated dif- 
ferent ly,  all exper iments  were per formed at 37 
C in a shaking water  bath. At  appropriate  
incubat ion  times, the  cells were rapidly cooled 
and pelleted at 4 C by centr i fugat ion (2,000 x 
g) for 15 rain. [3 HI Cholesterol  was determined 
in the  medium by liquid scinti l lation counting,  
and the to ta l  cholesterol  (free and esterifled) 
con ten t  was measured enzymatical ly  (16). 

RESULTS 

Plasma Lipids and Lipoproteins 

The effects of  dietary polyunsatura ted  or 
saturated fats on to ta l  plasma cholesterol  and 
tr iglycerides and HDL-choles terol  are shown in 
Table I. Compared  to the saturated fat diets, 
the  polyunsatura ted  fat diets caused a decrease 
in bo th  plasma cholesterol  and tr iglycerides in 
each of  the subjects, findings which are con- 
sistent with previous studies (9-12). In contrast ,  
HDL-choles terol  levels were not  reduced by 
polyunsatura ted  fat feeding. Subjects 1 and 2 
had increased HDL-choles terol  on the poly- 
unsaturated fat diet as compared to the satu- 
rated one ;  the concent ra t ion  of  HDL- 
cholesterol  in subject 3 did no t  change. HDLs 
were isolated f rom each subject and the to ta l  
fa t ty  acid compos i t ion  was determined (Table 
II). In general, the  results are similar to those 
repor ted  previously (%12). Ingest ion of  poly- 

TABLE I 

Effects of Dietary Fat on Plasma Lipids a 

Plasma Plasma HDL 
Diet cholesterol triglyceride cholesterol 

Subject P/S ratio mg/100 ml mg/100 ml mg/100 ml 

1 0.4 163 9 7  4 9  
4.0 144 80 53 

% change $13% $21% t7% 

2 0.4 158 94 43 
2.0 148 53 46 

% change $7% $44% t6% 

3 0.4 125 61 52 
4.0 114 58 52 

% change $10% ,~ 5% N.C. 

aThe numbers represent the average of duplicate analyses of plasma lipids after 2 wk of 
each respective diet. In all determinations, the duplicates were always within -+ 3% of each 
other. 
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TABLE ii 

Changes in High Density Lipoprotein Fatty Acids 
Induced by Altered Dietary Fat Saturation a 

Subject 1 Subject 2 Subject 3 

Fatty acids S P S P S P 

14:1 0.3 0.2 0,5 0.1 0.4 0.2 
16:1 1.1 1.0 1.6 0.9 1.7 1.5 
18:0 7.0 6.7 7.1 7.8 10.3 8.6 
18:1 16.9 11.4 15.0 12.4 19.9 12.2 
l 8:2 37.2 40.1 34.9 40.5 28.6 36.7 
<18 :2 -20 :4  16.7 23.8 23.8 17.3 15.7 19.0 

aThe numbers represent the average percent of duplicate analysis of each fatty acid of 
total  HDL (d 1.063--1.210) lipids on saturated (S) or polyunsaturated (P) diets (Fig. 1). 

unsatura ted  fat caused an increase in the  
percentage of  18:2 and a reduc t ion  in 18:1 
when  compared  to the  saturated diet. The 
effects  o f  dietary fat sa turat ion on the  lipid and 
prote in  compos i t ion  of  HDL and its subfrac- 
t ions  are shown  in Table Ill.  It was no t  possible 
to de te rmine  any significant d i f ferences  be- 
tween  the  lipid and /o r  pro te in  compos i t ion  
o f  the various HDL f rac t ions  collected during 
the 2 dietary periods.  

Cholesterol Exchange with Ascites Cells 

To de te rmine  the  effects  o f  HDL isolated 
f rom the  2 types  of  diets on the  removal  of  
cholesterol ,  Ehrl ich ascites cells were incuba ted  
with the various HDL preparat ions.  The ascites 
cells used in these studies were prelabeled wi th  
[3H]cho les te ro l  12 hr prior to their  removal  
f rom the  mice. The washed cells con ta ined  ca. 
87% of  the  radioact ivi ty  as choles terol  and 13% 
as choles teryl  esters. 

In the  first exper iment ,  to ta l  HDL (d 1.063 
-1.210) f rom the  saturated diet  o f  subject  1 was 
incuba ted  with labeled cells in order  to  deter-  
mine the kinet ics  of  release of  [3H] cholesterol .  
The addi t ion of  HDL (90 ~g free choles terol)  
resulted in a progressive release o f  [3H]-  
cholesterol  in to  the  incuba t ion  med ium and 
approached  a m ax imum value o f  22% after  2 hr 
(Fig. 1). 

In the  nex t  exper iment ,  we a t t e m p t e d  to 
de te rmine  whe the r  HDL isolated f rom the  
d i f ferent  dietary manipula t ions  af fec ted  the  
amoun t  o f  [3H] cholesterol  removed f rom cells. 
Increasing amoun t s  of  tota l  HDL (30-250 /2g 
free cholesterol)  were incuba ted  wi th  2 x 107 
cells, and the  amoun t  of  [3H]cho le s t e ro l  
removed in 2 hr  o f  incuba t ion  was de te rmined .  
As shown in Figure 2, to ta l  HDL f rom ei ther  
the  po lyunsa tu ra ted  or the saturated die tary  
per iods  of subjects 1 and 2 caused the  same 
amoun t  of  choles terol  to  be released. Ident ical  

results were ob ta ined  with the HDL from 
subject  3. The effects  o f  ascites cell concentra-  
t ion on the isotopic equi l ibrat ion of  cellular, 
labeled choles terol  wi th  HDL choles terol  in the  
med ium was also de te rmined .  In these experi-  
ments ,  a fixed a m o u n t  (30/~g free cholesterol)  
o f  each HDL fract ion was incubated  with 
increasing amo u n t s  of  labeled cells. As shown in 
Figure 3, there  was a progressive increase in the 
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FIG. 1. Effect of incubation time on the removal 
of [3H]cholesterol from ascites cells. Two x 107 
ascites cells (2.0 x l0 S cpm/10 s cells)were incubated 
at 37 C with 90 ~tg of HDL free cholesterol (subject 1, 
saturated diet) in a final volume of 1.0 ml of Krebs- 
Henseleit buffer containing 2 mg/ml glucose. At the 
indicated times, samples were removed, ceils pelleted 
by centrifugation and the percent [3Hlcholesterol 
extracted into the medium determined as described in 
Materials and Methods. The percent released into the 
medium was calculated taking the total radioactivity 
in the cell as 100% and subtracting the counts released 
in the absence of added HDL from each experimental 
value (1-2%). Each value represents individual experi- 
ments. 
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H D L  A N D  C E L L  C H O L E S T E R O L  

T A B L E  l l I  

o f  D i e t a r y  Fa t  S a t u r a t i o n  o n  H D L  C o m p o s i t i o n  a 
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T o t a l  c h o l e s t e r o l  T r ig lyce r i de  P h o s p h o l i p i d  
H D L  

Sub jec t  f r a c t i o n  S (%) P (%) S (%) P (%) S (%) P (%) 

P ro t e in  

s (%) v (%) 

1 H D L  12.6  16.7  2.7 5.3 34 .0  33 .7  50 .7  44 .3  
H D L  2 lS .5  17.5  3 .4  5 .4  38 .2  39 .7  4 2 . 0  37 .4  
H D L  3 12 .8  14 .0  2 .6  3 .9  30 .4  33 .0  54 .2  49 .1  

2 H D L  14.6 17.1 5.0 1.9 32 .8  33 .0  47 .6  4 8 . 0  
H D L  2 14.1 15.4  4 .0  S. 8 27 .4  30 .8  54 .0  4 7 . 7  
H D L  3 13 .0  11.7  3 .4  4 .9  25 .9  24.1  57.1 59 .9  

3 H D L  19 .2  18.7  6 .9  4 .3  25 .9  26 .5  4 9 . 9  50 .5  
H D L  2 21 .7  17 .9  7 .9  5.3 28 .3  25 .7  49 .1  47 .1  
H D L  3 12.5  19 .4  6.7 3.7 23 .9  25 .9  49 .7  57 .7  

a T h e  va lues  r e p r e s e n t  t he  w e i g h t  p e r c e n t  o f  e a c h  c o n s t i t u e n t .  

specific act ivi ty (sp act) (cpm [3H] cholesterol /  
/~g medium cholesterol)  as increasing amounts  
of  cel lswere added;  the spac t  was the same for 
to ta l  HDL f rom either the saturated or 
polyunsatura ted  diets. 

Finally,  each of  the HDL subfract ions were 
tested for their  effects  on the removal  of  [3H] -  
cholesterol  f rom ascites cells. As shown in 
Table  IV, there was essent ial lyino difference 
be tween  HDL 2 and HDL 3 in removing [3H]-  
cholesterol .  Fur thermore ,  the  type  of  dietary 
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FIG. 2. Effect of high density lipo3protein choles- 
terol concentration on the removal of [ H] cholesterol 
from ascites ceils. Two x 107 cells (1.2 x l0 s cpm/10 s 
cells) were incubated with various amounts of HDL 
(measured as free cholesterol) in a final volume of 1.0 
ml of Kreb>Henseleit buffer containing 2 mg/ml 
glucose. After 2 hr at 37 C, cells were pelleted by 
centrifugation and the percent [all]cholesterol 
released into the medium determined as described in 
Figure 1. Symbols: ( �9 �9 ) HDL, subject 1, poly- 
unsaturated diet; ( o - o - )  HDL, subject 2, polyun- 
saturated diet; (--A--A--) HDL, subject 1, saturated 
diet; ( - [ ] - u )  HDL, subject 2, saturated diet. 

fat had lit t le effect  on the amount  of  [3H]-  
cholesterol  removed.  There were some dif- 
ferences among subjects, but  these resulted 
f rom different  cell preparations.  

D I S C U S S I O N  

As expected f rom previous studies (9-12), 
isocaloric subst i tut ion of  polyunsaturates  for 
saturates reduced plasma cholesterol  and 
triglyceride. The effects  of  dietary fat on HDL 
levels and compos i t ion  are more  controversial  
(9-12,20-23).  In 4 normal  subjects, Shepherd,  
et al. (12) recent ly  repor ted  HDL-choles terol  
decreased 33% on diets with a P/S of  4.0 
compared  to diets with a P/S of  0.25. In 
another  s tudy (1 I) of  a single subject with 
hyper l ipopro te inemia  (Type l lb  l ipoprote in  
phenotype) ,  Shepherd et al, found that  poly- 
unsaturates  had no effect  on HDL-choles terol  
concentra t ion.  In contrast ,  Farquhar  and 
Sokolow (22) and Spritz and Michkel  (23) have 
shown that  polyunsatura ted  fat feeding caused 
an increased HDL-cholesterol .  In addit ion,  2 
control led clinical studies (20,21) showed an 
increased HDL-choles terol  wi th  polyunsatu-  
rated fat diets. In both  of  the studies of  
Shepherd et al. (11,12), polyunsaturates  
produced a decreased rate of  synthesis of  apo 
A- l ,  the  major  protein const i tuent  of  HDL. 

Al though the  effects  of  dietary fat on HDL 
cholesterol  may be controversial ,  it is generally 
agreed that  polyunsatura ted  fat feeding alters 
HDL fa t ty  acyl compos i t ion  by increasing the 
amoun t  of  l inoleate.  To evaluate the  possible 
effects  o f  altered fa t ty  acyl compos i t ion  on the  
func t ion  of  HDL, we have measured the re- 
moval  of  [3H]cho les te ro l  f rom ascites cells 
using the HDL isolated during the various 
dietary periods. There  were no differences 
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TABLE IV 

Effect of HDL Subfractions on the Removal of 
[3H] Cholesterol from Ascites Cells a 

5.0 

FIG. 3. Effect ofascites cell concentration on the 
activity of cholesterol in the medium. The indicated 
amounts of ascites cells (1.3 x l0 s cpm/10 s cells) 
were incubated with HDL (30/zg free cholesterol) in a 
final volume of 1.0 ml of Krebs-Henseleit buffer 
containing 2 mg/ml glucose. Afte 2 hr incubation, the 
cells were pelleted by centrifugation and the amount 
of [3H] cholesterol in the medium determined. Total 
medium cholesterol was determined by enzymic 
methods (see Materials and Methods). The ratio 
(cpm/ug free cholesterol in medium) was determined 
by dividing the total radioactivity in the medium by 
the total free cholesterol. Each value represents the 
average of duplicate analyses. Symbols: ( - o - o - )  
HDL, subject 1, polyunsaturated d i e t ; ( - o  o ) HDL, 
subject 1, saturated diet; (--A--A--) HDL, subject 2, 
polyunsaturated diet; (-z~ a - )  HDL, subject 2, 
saturated diet. 

exh ib i t ed  by ei ther  to ta l  I tDL or the  HDL 
subfract ions  in e i ther  the  rate of  [3H] choles- 
terol  removed  or in the  absolute amoun t  of  
removal.  

The results  o f  these  expe r imen t s  in man  are 
d i f ferent  f rom those  r epor ted  in the  rabbi t  and 
pig (24,25).  Spritz (24) and Yeh et al. (25) 
f o u n d  that  the  exchange of  choles terol  f rom 
ei ther  very low densi ty  l ipopro te ins  (VLDLs)  or  
plasma was a f fec ted  by  the  t y p e  o f  diet.  Spri tz  
(24) r epor ted  tha t  VLDL isolated f rom rabbi ts  
fed saff lower oil exchanged choles terol  signifi- 
cantly faster t han  choles terol  in V L D L  f rom 
rabbits  fed coconu t  oil. Similarly, Yeh et al. 
(25)  found  tha t  the  exchange of  cholesterol  
be tween  plasma and red b lood  cells f rom pigs 
fed hydrogena ted  soybean  oil was slower t han  
the exchange in the chow-fed  animals. In 
addi t ion ,  Bloj and Zilversmit (26),  using a 
mode l  sys tem with  cho les te ro l /phosphol ip id  
vesicles, d e m o n s t r a t e d  tha t  the  rate of  choles- 
terol  exchange be tween  the  vesicles and red 

Subject 

% Release of [ 3HI cholesterol 

Lipoprotein Sat. diet Polyunsat. diet 

1 HDL 2 10.3 9.1 
HDL 3 10.0 8.9 

2 HDL 2 6.0 5.9 
HDL 3 6.0 6.6 

3 HDL 2 6.0 4.0 
HDL 3 5.8 5.6 

aThe numbers represent the average of duplicate 
analyses of the percent [ 3HI cholesterol removed from 
ascites cells. Two times 107 cells (1.7 x 105 cpm/108 
cells) were incubated at 37 C for 2 hr with the indi- 
cated HDL samples (30 #g free cholesterol each). Cells 
were pelleted by centrifugation and the percent [3H]- 
cholesterol was removed determined as described in 
Figure 1. 

b lood  cells was faster  when  the  vesicles are 
composed  o f  unsa tura ted  phospho t idy lcho l ines  
as compared  with saturated ones.  Jackson et al. 
(27) also repor ted  tha t  the  net  egress of  choles- 
terol  f rom ascites cells is a f fec ted  by the  t y p e  
of  phosphol ip id  fa t ty  acyl chains. The removal  
o f  cholesterol  was increased wi th  apopro te in /  
saturated phosphol ip ids  as compared  to unsatu-  
ra ted phosphol ip ids  (27). Thus, while there  is 
evidence tha t  the  rate of  choles terol  exchange 
or the  net  efflux of  choles terol  f rom cells can 
be controI led by  the  phosphol ip id  compos i t ion ,  
we have failed to demons t r a t e  these di f ferences  
using HDL isolated f rom plasma of  humans  fed 
ei ther  a polyunsa tura te- r ich  or saturate-r ich diet 
program. The mos t  likely exp lana t ion  for  these 
insignificant d i f ferences  is u n d o u b t e d l y  related 
to  the diet  which does no t  alter the  l ipoprote in  
suff icient ly enough to have ex t remes  in com- 
posi t ion as that  used in the  animal studies. 
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Isolation and Analysis of Age-Related Fluorescent Substances in 
Rat Testes 
HIROYUKI SHIMASAKI1, 3, NOBUO UETA 2, and O.S. PRIMETT 1, 1The Hormel Institute, 
University of Minnesota, Austin, MN 55912, and 2Department of Biochemistry, Teikyo UniversiW 
School of Medicine, 2-11-1 Itabashi-Ku, Tokyo 173, Japan 

ABSTRACT 

Fluorescent substances were extracted from rat testicular tissue with 2,2-dimethoxypropane (DMP) 
and analyzed by 2-dimensional thin layer chromatography (TLC). One substance that accumulated 
with increasing age of the animals was isolated and analyzed quantitatively by spectrophotofluoro- 
metry using quinine sulfate as a standard. This substance, which was designated as an age-related 
fluorescent substance (ARFS), exhibited an excitation maximum at 355 nm and an emission 
maximum at 490 nm. Its fluorescence was quenched by metal chelators and at alkaline pH, indicating 
it contained a conjugated Schiff base structure. Quantitative analysis of this substance in the testes of 
rats l ,  2, 11 and 20 months of age showed that it increased linearly with age. The relation of this sub- 
stance to aging also was indicated by its detection in animals of different ages fed diets of both low 
and high unsaturation. 

INTRODUCTION 

The format ion  of f luorescent  substances as 
products  of  lipid oxida t ion  has been well 
established from studies with model  systems 
(1-3). Lipofuscin substances accumulate  with 
increasing age in mammal ian  tissues and are 
believed to originate f rom in vivo ox ida t ion  
(4-7). However ,  use of  f luorescence measure- 
ments  as an assay of  in vivo oxida t ion  is com- 
plicated by the presence of  natural  f luorescent  
compounds  (8-10). Fle tcher  et aL (10) resolved 
this problem,  in part, by subjecting the sample 
to ultraviolet  light which destroys retinol,  a 
major  interfering substance, prior to analysis. 
Csallany et al. (9) found that  ret inol  could be 
separated by Sephadex chromatography  and 
developed a procedure for the analysis of  
f luorescent  substances associated with aging 
based on pref rac t ionat ion  of  ch lo ro fo rm/  
methanol  tissue extracts  by this technique.  
Another  compl ica t ion  in the analysis of 
f luorescent  substances associated with aging in 
animal tissues is their complex i ty  (11,12). 
Trombly  9 t al. (8) showed by silicic acid 
co lumn chromatography  that  even with rela- 
tively simple model  systems, a variety of 
f luorescence compounds  are products  of  lipid 
oxida t ion  and that  testes of  rats and humans 
contain at least 3 major fract ions or families of  
f luorescent  compounds .  Studies of  thin layer 
chromatography (TLC) analysis of  the 
f luorescent  products  of  lipid ox ida t ion  of  
model  compounds ,  as well as the occurrence of  
l ipofuscin substances in human tissues in this 

3present address: Department of Biochemistry, 
Teikyo University School of Medicine, 2-1 1-1 Itabashi- 
Ku, Tokyo, lapan 

laboratory,  also demonst ra ted  the complex i ty  
of  these substances (13,14).  In these studies, 
2-dimensional TLC revealed one f luorescent  
compound  in particular that  appeared to be 
related to aging inasmuch as it was found in 
much  larger amounts  in old animals than in 
young animals. This substance was designated 
as an age-related f luorescent  substance (ARFS)  
because its presence in animal tissues also 
correlated well with histologic analysis of  the 
aging pigment  (14). 

The isolation of  this substance f rom testicu- 
lar tissue and its fo rmat ion  in animals of  
different  ages fed diets differing in fat ty acid 
composi t ion  is repor ted  here. 

EXPERIMENTAL 

Animals 

Weanling male Sprague-Dawley rats obtained 
from ARS Sprague-Dawley, Madison, WI were 
housed on wire in individual cages with free 
access to water and food.  The diets consisted of 
Purina Lab Chow supplemented  with 10% by 
weight of  corn oil or a mix ture  of  corn and 
menhaden  oil (3:7).  In another  exper iment ,  
animals were fed a semisynthet ic  fat-free diet 
supplemented with 5% hydrogena ted  coconut  
oil (HCO) or 5% safflower oil (SAFF)  f rom 
weanling to 11 months  of  age. The composi t ion  
of this diet and the fat ty acid composi t ion  of  
the dietary fat supplements  are shown in Tables 
I and II, respectively.  

The testes of each animal were excised, 
washed with cold saline and stored at -70 C 
prior to being processed. Generally,  no tissue 
was stored for more  than 3 wk. 
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AGE-RELATED FLUORESCENT SUBSTANCES 

Chemicals and Solvents 

2 ,2 -Dime thoxypropane  (DMP), Eas tman,  
Roches ter ,  NY, was purif ied by disti l lation over 
KOH pellets. Chloroform and me thano l  used as 
solvents for TLC also were purif ied by distilla- WessonCaSein vitaminsalt mixture b t e s t  
t ion prior  to use. Europ ium [tris (2,2,6,6- Vitamin mix c 
t e t r ame thy l -3 ,5 -hep taned iona t e ) ] ,  [Eu( thd)3]  Sucrose 
was ob ta ined  f rom Aldrich Chemical  Co., C holinemixa 
Milwaukee, WI. Silica Gel H was ob ta ined  f rom Cellulose alphacel 

Fat 
Merck Ag., Darmstadt ,  Germany ,  and washed 
twice with ch lo ro fo rm-me thano l  (2:1,  v/v) to 
remove f luorescent  impurit ies.  

TLC 

Chromatop la t e s  for TLC were prepared  wi th  
a 0.3 m m  coating of  the Silica Gel H and 
activated by heat ing for 1 hr at 110 C. One- 
dimensional  TLC was carried out  wi th  chloro-  
form-methanol -ace t ic  acid-water (95:5:  1:0.3, 
v/v/v/v). Two-dimensional  TLC was carried out  
wi th  the same solvent in the first d imens ion  and 
c h l o r o f o r m - m e t h a n o l - a m m o n i u m  hydrox ide  
(90: 10: 1, v/v/v) in the second dimension.  The 
f luorescent  c o m p o u n d s  were de tec ted  by 
viewing the  plates under  ul traviolet  l ight;  the 
spots  were scraped into small test  tubes  and 
ex t rac ted  wi th  e thanol .  Ex t rac t ion  was ef fec ted  
by thorough  mixing on a vor tex  mixer  for  1-2 
minutes  fo l lowed by centr i fugat ion at 3000 
rpm for  10 min.  SAFF. 

Extraction of Tissue 
10:0 --- 

The tissue (0.5 g), was placed into a 50 ml 12:0 -- 
centr ifuge tube and ex t rac ted  with 20 ml of  14:0 --- 
DMP containing 20/11 of  acetic acid by h o m o -  16:0 10 
genizat ion with a Po ly t ron  homogen ize r  for  1 16:1 --- 

18:0 4 
min at half  speed. The mix ture  was allowed to 18:1 13 
stand for 1 hr  with occasional  mixing and 18:2 73 
centr i fuged at 3000 rpm for  10 min. The DMP 20:0 --- 
layer was separated and the  residue r ehomo-  20:5 -- 

22:6 --- 
genized wi th  I0 ml of  DMP conta ining 10 / l l  
of acetic acid for  30 sec. The 2 DMP ext rac ts  
were combined ,  reduced  in volume under  
reduced pressure on a ro tary  evapora tor  and 
finally taken to dryness  under  an a tmosphere  of  
ni t rogen,  then  dissolved in 2 ml of  ch lo ro fo rm.  

Ch lo ro fo rm-me thano l  ex t rac t ions  of  test icu- 
lar tissue were carried out  as descr ibed by 
F le tcher  et al. (10).  Fa t ty  acid compos i t i on  was 
de te rmined  by gas liquid ch roma tog raphy  
(GLC) of  m e thy l  esters as previously descr ibed 
(15,16).  

Fluorescence Measurements 

Exci ta t ion  and emission spectra  were 
measured with an Aminco -Bowman  spect ro-  
p h o t o f l u o r o m e t e r ,  model  D223-62155 with  
ent rance  and exist slits of  3 mm and p h o t o -  
mult ipl ier  slit of  5 m m  (Amer ican  Ins t rumen t  

TABLE I 

Diet Composition, % by wt 
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22.5 
4.0 
1.0 

56.0 
1.0 

10.5 
5.0 

aCholine mix consists of 22% choline dihydrogen 
citrate in vitamin test casein. 

bWesson salt mixture does not contain zinc or 
manganese, hence these elements are added to the 
mix as follows: 0.60 g of ZnC12 and 0.90 g of 
MnSO4.H20 per 200 g of salt mixture. 

CFat and vitamins A, D and E are mixed into the 
diet daily and stored at 0 C overnight. Vitamin D2, 
5.0 rag; retinol acetate, 6.9 mg; c~-tocopherol acetate, 
300 mg per kg of diet. Vitamin mix (grams): thiamine 
HC1 2.5, riboflavin 2.5, nicotinic acid 9.0, calcium 
pantothenate 9.0, pyridoxine HC1 2.0, cyanocobalmin 
(B12) 4.0, p-amino benzoic acid 7.5, folic acid 0.1, 
biotin 0.02, meso-inositol 20.0 mendione (vitamin K) 
0.5, vitamin test casein 943.0. 

TABLE II 

Fatty Acid Composition of Dietary Fats, % wt a 

Corn-Menh. 
HCO Corn 3:7 

2 . . . . . .  

7 . . . . . .  

36 --- 8 
19 11 19 
. . . . . .  11 
28 2 4 

8 25 17 
--- 61 20 
--- 1 2 
. . . . . .  12 
. . . . . .  7 

aSAFF = Safflower oil; HCO = hydrogenated 
coconut oil; CO = corn oil; Corn-Menh. = Corn- 
Menhaden oil mixture, 3:7. 

Co., Silver Springs, MD). Quinine sulfate,  1 
p l /ml  in 0.1 N H2SO4, was used as the  
f luorescence  s tandard which gave a relative 
f luorescence in tens i ty  of  24 at a me te r  mult i-  
plier set t ing of  0.01 and a sensitivity set t ing of  
50. 

The effect  of  pH and metal  chela t ion using 
Eu( thd)  3 was de te rmined  in me thano l  as 
descr ibed by Malshet  et al. (17). 

RESULTS A N D  DISCUSSION 

Lipofuscin  substances are generally ex- 
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FIG. 3. Two-dimensional TLC of DMP extract of 
rat testicular tissue showing the separation of the 
ARFS (arrow). Solvent chloroform-methanol-acetic 
acid-water (95:5:1:0.3, v/v/v/v) first dimension, and 
chloroform-methanol-ammonium hydroxide (90:10:1, 
v/v/v) in the second dimension. 

FIG. 1. Thin layer chromatographic analysis of 
testicular tissue extracts in Silica Gel H. Solvent 
chloroform-methanol-acetic acid-water (95:5:1:0.3, 
v/v/v/v). 1 = first extraction with DMP; 2 = second 
extraction with DMP; 3 = third extraction with DMP; 
4 = extraction of residue of DMP extractions with 
chloroform-methanol (2:1, v/v); 5 = extraction with 
chloroform-methanol. Dotted spots = fluorescent 
components; spots were visualized by charring other- 
wise. The arrow points to the age-related fluorescent 
substances (ARFS). 
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FIG. 2. Fluorescence spectra of the total extract of 
0.2 g of testicular tissue obtained by (a) DMP and (b) 
chloroform-methanol (2:1, v/v) extractions, meter 
multiplier 0.01, sensitivity 50. 

t r ac ted  f rom animal  t issues wi th  ch lo ro fo rm-  
m e t h a n o l  (2: 1, v/v) wh ich  ex t rac t s  a var ie ty  of  
o t h e r  f luorescen t  c o m p o u n d s  (9 ,10) .  Water-  
soluble  f luo rescen t  c o m p o u n d s  can be r emo v ed  
by  washing the  organic  ex t r ac t  wi th  water ,  bu t  
these  processes are general ly compl i ca t ed  by 
t r o u b l e s o m e  emuls ions .  The  course of  the  
e x t r a c t i o n  of lipid and f luorescen t  subs tances  
wi th  DMP is d e m o n s t r a t e d  by  TLC analysis  in 
Figure 1. These  analyses showed  tha t  mos t  of  
the  lipid and the  organic soluble  f luorescen t  
subs tances  were ex t r ac t ed  in the  first DMP 
ex t r ac t i on .  Excep t  for  a small  a m o u n t  of  highly 
polar  mater ia l  t h a t  r ema ined  at the  origin in t h e  
analyses in Figure 1, 3 ex t r ac t ions  wi th  DMP 
gave essential ly a comple t e  recovery of  the  lipid 
and f luorescen t  subs tances  i na smuch  as l i t t le  
mater ia l  was recovered  by  a f u r t h e r  e x t r a c t i o n  
wi th  c h l o r o f o r m - m e t h a n o l .  A compar i son  of 
No. 1 and  No. 5 in Figure 1 also showed  t h a t  
DMP was essentially as ef f ic ient  as ch lo ro fo rm-  
m e t h a n o l  for the  e x t r a c t i o n  of  an imal  tissues. 
In fact,  the  f luorescence  spectra  in Figure 2 
ind ica te  more  f luorescen t  mater ia l  was 
ex t r ac t ed  by DMP than  c h l o r o f o r m - m e t h a n o l ,  
par t icu lar ly  subs tances  wi th  a m a x i m u m  at 4 4 0  
r i m .  

The subs tance  ident i f ied  as an A R F S  in 
previous  work (14)  was comple t e ly  separa ted  
f rom o t h e r  f luorescen t  c o m p o u n d s ,  as well as 
lipids, by 2 -d imens iona l  TLC as s h o w n  in 
Figure 3. None  of the  A R F S  were de tec ted  in 
the  testes  of  y o u n g  animals,  up  to ca. 8 wk of  
age, but  it accumula ted  the rea f t e r  in l inear  
fasion wi th  increasing age as i l lus t ra ted in 
Figure  4A. 

T h e  A R F S  c o n t a i n e d  a con juga ted  Schiff  
base as ind ica ted  by its f luorescence  spec t rmn  
(Fig. 4B) and  by the  observance  t ha t  i ts  
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f luorescence  was q u e n c h e d  at a lkal ine pH and  
by  meta l  che la to r s  as s h o w n  in Table  III. 
Malshet  et  al. (17)  showed  these p roper t i e s  are 
c o m m o n  to con juga ted  Schif f  base s t ructures .  
In o rder  to  conf i rm t h a t  the  A R F S  de t ec t ed  
in k idney  tissue in previous  work (18)  also 
c o n t a i n e d  a Schiff  base s t ruc ture ,  it was s h o w n  
to be similarly a f fec ted  by  acidic and  basic 
cond i t i ons  and  meta l  che la tors  (Table  I l l ) .  
In  cont ras t ,  the  in tens i ty  of  the  f luorescence  of  
re t ino l  was u n a f f e c t e d  by  these  t r e a t m e n t s ;  the  
small  decrease in the  f luorescence  of  this  
c o m p o u n d  resu l ted  f rom des t r uc t i on  by  expo-  
sure to u l t rav io le t  light.  

No p h o s p h o r u s  was de t ec t ed  in the  A R F S  as 
observed in the  main  f r ac t ion  of  f luorescen t  
subs tances  isola ted f rom testes  by  T r o m b l y  et 
al. (19) .  Moreover ,  the  exc i t a t ion-emiss ion  
m a x i m a  355 and  490  n m  of the  A R F S  was 
similar to  this  f r ac t ion  which  was isola ted by  
silicic acid c o l u m n  c h r o m a t o g r a p h y .  The  A R F S  
was isolated as a single spo t  by  2-d imens iona l  
TLC in our  work ;  hence ,  it could  be a compo-  
n e n t  of the  f rac t ion  isola ted by these investi-  
gators. One migh t  expec t  the  f luorescen t  
subs tances  to  con ta in  a p h o s p h a t e  m o i e t y  
i na smuch  as in vivo lipid ox ida t i on  is general ly  
believed to involve the  p o l y u n s a t u r a t e d  f a t t y  
acids of  phosphol ip ids .  However ,  shou ld  these  
f luorescen t  subs tances  undergo  par t ia l  
hydrolys is  by  lysosomal  lipases, wh ich  is h ighly  
plausible,  f luorescen t  residues t ha t  con t a i n  no  
phosphorous ,  as de tec ted  here,  might  be 
p roduced  as suggested by  T r o m b l y  et al. (19) .  
Moreover ,  the  large n u m b e r  and  c o m p l e x i t y  of 
f luorescen t  subs tances  de t ec t ed  in m a m m a l i a n  
tissue migh t  well be exp la ined  on  the  basis of 
part ial  degrada t ion  of  these subs tances  by 
lysosomal  enzymes.  A l t h o u g h  one  subs tance  
was ident i f ied  par t icu lar ly  wi th  aging in this  
s tudy,  m a n y  o the r  f luorescen t  subs tances  were 
de tec ted ,  and  some of  these  also could  be 
re la ted to the  f o r m a t i o n  of  the  aging p igment .  

A l t h o u g h  the  f o r m a t i o n  of l ipofusc in  
subs tances  is bel ieved to or ig inate  wi th  the  in 
vivo ox ida t i on  of  p o l y u n s a t u r a t e d  fa t ty  acids, 
the  resul ts  in Tables  IV and  V show tha t  the  
in tens i ty  of  the  A R F S  was no t  re la ted  d i rec t ly  
to  the  u n s a t u r a t e d  fa t ty  acid c o m p o s i t i o n  of  
the  tissues. On the  o the r  hand ,  the  ef fec t  of  age 
on  the  accumula t i on  of  A R F S  is ev ident  by  
compar i son  of the  11- and  20 - m on t h - o l d  
animals.  In a s o m e w h a t  ana logous  s i tua t ion ,  
(18)  the  acce lera t ion  of  aging in k idneys  of  ra ts  
exposed  to x- i r radia t ion  gave an increase in 
a c c u m u l a t i o n  of  A R F S  wi th  no  appa ren t  
change in the  fa t ty  acid c o m p o s i t i o n  of  the  
tissue. Because p o l y u n s a t u r a t e d  fa t ty  acids are 
supplied daily in the  diet ,  the re  is no  reason  to 

expec t  tha t  the  f o r m a t i o n  of  age-related 
f luorescen t  subs tances  should  have any ef fec t  
on  t issue f a t t y  acid compos i t i on .  Thus,  it 
appears  the  f a t ty  acid c o m p o s i t i o n  of  the  
tissues, as re f lec ted  by tha t  of  the  diet ,  in- 
f luence the  f o r m a t i o n  of aging p igmen t  on ly  
insofar  as aging is in f luenced .  O t h e r  factors ,  
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FIG. 4. Analysis of the age-related fluorescence 
substance (ARFS) in the testes of rats. (A) Relation- 
ship of the accumulation of ARFS with age expressed 
as relative fluorescence per gram of tissue, o = 10% 
corn oil diet; �9 = 10N corn + menhaden oils (3:7) diet, 

= mean. Linear regression data: N = 30; correlation 
coefficient = 0.972; P < 0.001; slope = 0.118; Y 
intercept = - . 1 8 4  fluorescence/age. (B) Excitation 
emission spectra of testicular ARFS; meter multiplier 
0.001; sensitivity 50; lower curve = 8-week-old 
animals; middle = l 1-month-old animals; upper curve 
= 20-month-old animals. 
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T A B L E  III 

E f f ec t  o f  p H  a n d  C h e l a t i o n  on  F l u o r e s c e n c e  o f  A R F S  

F l u o r e s c e n c e  
m a x i m a  

Percen t  f l u o r e s c e n c e  

Ex E m  
(nm)  (nm)  Base a Ac id  b C h e l a t o r  c 

Test is  355  4 9 0  5 0 . 5 3  + 3.61 d 9 9 . 0 7  _+ 1.32 8 3 . 8 6  -+ 1.51 
K i d n e y  355  4 9 0  4 8 . 4 0  _+ 4 .05  9 8 . 3 3  _+ 0 .35  83 .51  • 2 . 1 4  
Re t i no l  335  4 7 8  98.83_+ 2 .27  92.10_+ 2 .23  9 7 . 4 4  • 2 .01  

aTen  /.t l i ters o f  0 . 5 N  p o t a s s i u m  m e t h o x i d e  in m e t h a n o l  a d d e d  to  2 ml  s o l u t i o n  o f  A R F S  
in e t h a n o l .  

b A R F S  e t h a n o l  s o l u t i o n  a d j u s t e d  to  n e u t r a l i t y  b y  a d d i t i o n  o f  10 #1 o f  1N ace t i c  ac id .  

CAdd i t i on  o f  4 0  g l  o f  2.5 x 10 -5 E u ( t h d ) 3  to e t h a n o l  s o l u t i o n  o f  A R F S .  
dM _+ SD (n = 5). 

T A B L E  IV 

Ef fec t  o f  D i e t a r y  Fa t  a n d  Age o n  the  A c c u m u l a t i o n  o f  A R F S  in Ra t  Testes  a 

Max.  f l u o r e s c e n t  

Age o f  
D ie t a ry  b No.  o f  an ima l s  Body  w-t. Testes  wt .  Ex E m  Rela t ive  f l u o r e s c e n c e  
g r o u p  an ima l s  ( m o n t h s )  (g) (g) ( nm)  (nm)  per  g o f  t issue d 

5% S A F F  5 11 522  -+ 10.3 c 4 .06  + 0 .44  355  4 9 0  0 . 6 8  + 0 .11 e 
5% H C O  4 11 351 +- 38 .3  2 .84  -+ 0 .51 3 5 5  4 9 0  0 . 8 8  + 0 . 0 8  f 
10% C o r n  

5 11 548-+ 32 .0  3 .89  -+ 0 .18  355  4 9 0  1.01 -+ 0 . 2 1 g  oil 
10% C o r n  

oil  5 2 0  513  -+ 52 .0  3 .87  _+ 0 . 2 0  3 5 5  4 9 0  2 .25  -+ 0 .18  h 

10% C o r n  
+ m e n h a d e n  5 11 5 7 7 - + 2 5 . 8  4 . 0 4 _ + 0 . 1 5  355  4 9 0  0 . 9 8 - + 0 . 0 4  i 

10% C o r n  
+ m e n h a d e n  5 20  578  _++75.0 4 .42  _+ 0 .47  355  4 9 0  2 .11 _+ 0.19J 

a F l u o r e s c e n c e  va lues  are re la t ive  to  a s t a n d a r d  qu in ine  su l fa te  s o l u t i o n  (1 g g / m l  o f  0 . 1 N  H 2 S O 4 )  w i t h  a 
re la t ive  f l u o r e s c e n c e  i n t ens i t y  o f  24 .  

bSee  E x p e r i m e n t a l  fo r  c o m p o s i t i o n  o f  d ie t .  
CM + SD. 

dS ign i f i cances :  e vs f, P < 0 . 0 2 5 ;  g vs h, P < 0 .01  ; i vs j, P < 0 . 0 1 ;  f vs i, P < 0 . 0 2 5 .  

such as vi tamin E or ant ioxidant  levels, also 
might  be impor tan t  in this respect (20). Since 
the A R F S  was higher in the testes of EFA- 
deficient animals than the normal  controls ,  
biological aging may be increased in these 
animals inasmuch as their  life span is shorter  
than normal.  
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T A B L E  V 

Fa t ty  Acid Compos i t i on  o f  Rat Testes and Se ru m a 
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Testes 

Se ru m 
10% Corn - 

Fa t t y  Menhaden  oils 
acid 5% S A F F  b 5% H C O  10% Corn oil (3 :7 )  5% S A F F  5%/- /CO 

16:0 33 .19  -+ 0.67 c 33 .64  -+ 0.53 33 .14  • 2 .64 34.59 • 0 .70 20 .85  -+ 1.20 22 .99  -+ 0.91 
16:1 1 . 0 1 - + 0 . 3 3  1 . 9 8 - + 0 . 1 8  0 . 9 7 + _ 0 . 4 8  0 . 8 8 - + 0 . 0 9  1 . 8 2 + - 0 . 8 4  9 . 4 3 - + 1 . 2 0  
18:0 7.52 +- 0 .34  7.53 +- 0 .47 6.93 +- 0 .27 7.12 -+ 0.07 9 .78  +- 1.21 8.79 -+ 1.42 
18:1 11.38 -+ 0.51 2 0 . 0 0 + - 0 . 0 4  11.98 +_ 2.24 1 2 . 0 9 - + 0 . 1 5  9 .66  -+ 2 .64  4 1 . 8 4 - + 4 . 6 9  
18:2 5.18 -+ 0.49 0 .64  +_ 0.21 7 .86  -+ 3.80 5.98 + 0 .80  22 .64  • 2.31 0.27 -+ 0 .19  
2 0 : 3 ~ 9  9.57 -+ 0.07 14.21 • 2 .59  
20:3co3 0.92 • 0 .13 1.24 + 0.25 1.68 -+ 0.05 
20 :4  16.28 + 0 .28  6 .69  + 0.18 14.95 + 1.30 14.0.0 -+ 0 .08  35 .25  -+ 4 .74  2.46 -+ 1.28 
2 2 : 4 w 6  2 .78  -+ 0.12 Tr. 2.33 -+ 0.41 1.77 -+ 0 .18  
22:5co6 21.73 + 0.91 12.79 +- 0 .24 19.89 +- 1.83 19.30 -+ 0 .10  
22 :6  Tr. Tr. 0.71 • 0 .05 2 .60  -+ 0 .26  

a l  1-month-old  rats. 

b S A F F  = saf f lower  oil; HCO = h y d r o g e n a t e d  c o c o n u t  oil, see E x p e r i m e n t a l  for  co mp o s i t i o n  of  diets.  
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Erucic Acid-Induced Alteration of Cardiac 
Triglyceride Hydrolysis 
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Biochemistry I, Medical Faculty, Erasmus University Rotterdam, PO Box 1738, 
3000-DR Rotterdam, The Netherlands 

ABSTRACT 

Male Wistar rats were fed for 3 or l 0 days with high erucic acid rapeseed oil (HEAR) or trierucate 
(TE). These diets produced increased myocardial triglyceride (TG) levels. Cardiac lipid accumulation 
was related to basal- and hormone- (glucagon, norepinephrine) stimulated lipolysis, determined as 
glycerol release, which proved to be enhanced in isolated, perfused hearts from HEAR- and TE-fed 
rats. Endogenous TG levels in isolated hearts from rats fed the stock and the sunflowerseed oil (SSO) 
diet were low and probably rate-limiting for tissue lipolytic activities. HEAR feeding of rats did not 
modify the rate of erucic acid (22: 1) oxidation in heart. Prolonged HEAR and TE feeding led to a de- 
crease in the endogenous TG level, a process in which the increased rate of TG hydrolysis might play 
an important role. The enhanced breakdown of tissue TG in hearts from TE- and HEAR-fed rats was 
accompanied by an increased release of fatty acids into the coronary effluent. Erucic acid was a major 
constituent of the perfusate fatty acids. Evidence is presented that the site of the intracellular TG 
breakdown is associated with lysosomes, since a subcellular fraction enriched in acid lipase, N-acetyl- 
t3-glucosaminidase and TG could be isolated from heart homogenates of TE-fed rats. Fatty acids 
seemed to be an important regulator of tissue lipase activity: palmitate inhibited glucagon-stimulated 
lipolysis, which suggests the tissue lipase is subject to product inhibition by fatty acids. 

INTRODUCTION 

The effects of dietary emcic acid (cis-22:l 
o09) u p o n  cardiac lipid m e t a b o l i s m  are biphasic .  
Dur ing the  first th ree  days of  feeding erucic 
ac id-enr iched diets,  an acute  myocard ia l  tri- 
g lycer ide (TG)  a c c u m u l a t i o n  occurs  (1,2).  The  
in t race l lu la r  l ipidosis can be ascr ibed first to 
increased erucic  acid delivery to  the  hear t  s ince 
22:1 levels in serum very low dens i ty  l ipopro-  
te in  TG (VLDL-TG)  (3) and  myocard ia l  lipo- 
p ro t e in  l ipase (LPL)  act iv i ty  are e n h a n c e d  
(4,5).  Second,  the  increased in t race l lu la r  levels 
of  22:1 are oxidized at a low rate  (6,7)  and  
2 2 : i  inh ib i t s  the  /3-oxidation of  o t h e r  f a t ty  
acids (8-12).  This  u l t ima te ly  leads to  increased 
es te r i f ica t ion  of f a t ty  acids, main ly  in TG. The  
fa t ty  acid c o m p o s i t i o n  of  the  accum ul a t ed  TG 
has  been  extens ive ly  d o c u m e n t e d  by  Kramer  et 
al. (13)  and  reveals increased a m o u n t s  of  22 : 1, 
18:1,  20:1 ,  18:2 and  16:2,  wh ich  t oge the r  
fo rm the  greates t  f r ac t ion  of  TG- fa t ty  acids. 

Dur ing p ro longed  feeding of 2 2 : l - e n r i c h e d  
diets,  in t race l lu lar  cardiac TG levels decrease  
and  may  a lmos t  reach  a n o r m a l  value (14).  In 
th is  process,  a role of  increased chain  sho r t en -  
ing of  22:1 by  a pe rox i soma l  /3-oxidation 
sys tem in liver and  hear t  has  been  cons idered  
(15-17) .  Recen t  s tudies  f rom our  l abo ra to ry  
(17-18)  have s h o w n  die tary  erucic ac id- induced  
cardiac l ipidosis al ters the  ra te  of  basal- and  
h o r m o n e - s t i m u l a t e d  lipolysis. 

In accordance  wi th  prev ious  f indings  of 
Chr i s t iansen  and  Jensen  (19)  in hear t ,  and  of  
Angel  (20)  in adipose  tissue, we have d e m o n -  
s t ra ted  at  least  par t  of  the  in t race l lu la r  T G  in 

hear t s  f rom t r ie ruca te - fed  (TE)  ra ts  is mem-  
brane- l imi ted  (18).  F u r t h e r m o r e ,  we p resen ted  
evidence  t ha t  these  l ipid-fil led part icles  prob-  
ably r ep resen t  ( s e c o n d a r y ) l y s o s o m e s  or  au to-  
phagosomes .  These  obse rva t ions  seem to agree 
wi th  the  a p p a r e n t  e n g u l f m e n t  of  a l ipid d rop le t  
by  m e m b r a n e - b o u n d  organelles  observed  in 
guinea- pig hear t  lysosomal  f r ac t ions  (21) ,  and  
wi th  the  lipid-filled lysosomes  observed  in 
l ipid- laden rabb i t  aor t ic  cells (22) .  

The  in t race l lu la r  locus / loc i  of  e n d o g e n o u s  
l ipolyt ic  enzymes  has no t  been  clearly shown.  
Evidence  for a lysosomal  or a u t o p h a g o s o m a l  
or igin of e n d o g e n o u s  lipase act iv i ty  has  b e e n  
p resen ted  for  l iver (23)  and for  hea r t  
(18 ,24-25) .  Recent ly ,  Wang et al. (26)  were 
able to  isolate f rom hear t  h o m o g e n a t e s  a 
f r ac t ion  enr iched  in TG and  acid lipase. 

H o r m o n a l  ac t iva t ion  of t issue l ipolysis may  
be med ia t ed  by  p h o s p h o r y l a t i o n  of  t issue lipase 
in hear t ,  b u t  t he  ma in  regu la to r  of  t issue 
lipolysis in hear t  is possibly  the  in t race l lu la r  
f a t t y  acid level by  e n d - p r o d u c t  i n h i b i t i o n  
(27-29) .  We have p resen ted  recen t  evidence t h a t  
l ipolysis in isola ted hear t s  f rom TE-fed rats  is 
s t imula ted  when  f a t t y  acid ox ida t i on  is s t imu- 
lated by  d in i t r opheno l ,  whereas  5-gluconolac-  
t o n e - i n h i b i t i o n  of  f a t ty  acid re-es ter i f ica t ion  ted 
to a decrease in basal  and  h o r m o n e - s t i m u l a t e d  
l ipolyt ic  ac t iv i ty  (28,29) .  These  obse rva t ions  
m ay  ind ica te  t he  act iv i ty  of t he  t issue lipase in 
hear t  is d e t e r m i n e d  b y  the  ra te  of  removal  of  
p r o d u c t  f a t ty  acids. 

The  expe r imen t s  p re sen ted  in th is  paper  will 
deal wi th  t he  increased ra te  of  l ipolysis in 
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isolated, perfused hearts of high erucic acid 
rapeseed oil (HEAR)-and TE-fed rats and its 
relation to the increased endogenous cardiac 
TG pools. The role of stimulated lipolysis in the 
decreased TG formation and TG breakdown 
will be discussed. Furthermore, attention is 
given to the intracellular site of hpolysis, and 
some regulatory aspects of the enzyme are 
reviewed. 

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

Animals and Diets 

Male Wistar rats (200-250 g body weight) 
were purchased from TNO (Rijswijk, The 
Netherlands). The animals had free access to 

food and water and were given the diets listed 
in Table I, supplemented with the indicated 
amounts of minerals and vitamins. Total fat 
content of the TE diet was 50%, whereas the 
HEAR diet contained 40% fat. The fatty acid 
composition of the sunflower seed oil (SSO), 
the HEAR and TE diets are given in Table II. 
The stock diet was from Hope Farms (Woerden, 
The Netherlands) and contained 11 energy- 
percent fat, 23 energy-percent protein, 66 
energy-percent carbohydrate and a mineral and 
vitamin supplement. Before changing to an- 
other diet, the rats were fasted overnight. For 
the perfusion experiments, the rats were 
anesthetized with intrap eritoneally-inj ected 
sodium pentobarbital (70 mg/kg body weight -1 ). 
In all other cases, the rats were decapitated. 

T A B L E  I 

Compos i t ion  of  the  SSO, H E A R  and  TE diets 

Digestible energy (%) g / 1 0 0 0  kcal 

Ingredients  SSO H E A R  TE SSO H E A R  TE 

Casein (86% pro te in )  23 23 23 62 62 62 
Corn s tarch 37 37 27 77.1 77.1 56.3 
Saw dust  . . . . . . .  20 20 20 
Sunf lowerseed  oii 40 --- 16 43 --- 17 
Rapeseed oil --- 40 . . . . . .  43 --- 
Tr ie ruea t  e a . . . . .  34 . . . . .  53.8 
Minerals b . . . . . . . . .  5.4 5.4 5.4 
Vi tamins  c . . . . . . . . .  1.0 1.0 1.0 

aThe  22 : 1 c o n t e n t  o f  the  t r i e ruca te  was  90-92%. 

b g / 1 0 0 0 k c a l : K C l  0 .350,  M g H P O 4 . 3 H 2 0  0 .956,  K H 2 P O  4 0 .475,  K H C O  3 0 .719,  C6H 5 
N a 3 O T " 2 H 2 0  0.711,  CaCO 3 2 .014,  M n S O 4 . 4 H 2 0  0 .0678 ,  C6H 5 F e O T ' S H 2 0  0.044,  
C u 2 C 6 H 6 0  8 0 .0047 ,  Zn 3 ( C 6 H 5 0 7 )  2 0 .0125 ,  KIO 3 0 .00007 .  

Cg/1000 kca l :chol ine  0 .250,  v i t a min  E 0 .020,  ca lc ium silicate 0.05,  my o in o s i t o l  0 .025 ,  
v i t am i n  B12 0 . 000005 ,  v i t a m i n  A 0 .007,  niacin 0 .005,  p a n t o t h e n i c  acid 0 .005,  r ibof lavin  
0 .0015 ,  t h i amine  0 .0015 ,  v i t a min  D 3 0 . 003125 ,  v i t amin  K 0 .0 0 0 2 2 7 ,  v i t amin  B 6 0 .00005 ,  
folic acid 0 .00025 ,  b io t in  0 .00005 ,  filled up  to 1.00 wi th  saccharose.  

T A B L E  II  

Main Fa t ty  Acid Compos i t i on  (wt%)  of  S tock Diet Fats, Sunf lowerseed  Oil (SSO), 
High Erucic Acid Rapeseed  Oil ( H E A R )  and Tr i e ruca te - sunf lower  Oil Mixture  (TE)  

Stock-diet  
Fa t t y  acid fats SSO H E A R  TE 

16:0 13 6 3 2 
16:1 3 . . . . . . . .  
18:0  3 4 - -  2 
18:1 33 25 16 6 
18:2 a 42 62 13 26 
18:3 + 20 :0  6 --- 9 2 
20:1 . . . . .  10 2 
22:1 . . . . . .  44 60 

acis-Cis-linoleic acid. 
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Perfusion Procedure 

The hearts were quickly excised, chilled in 
precooled  perfusion buffer  and arranged for 
retrograde coronary  perfusion at a rate of  300 
beats /min -1 as described previously (30-31). 
The basic substrate-free perfusion buffer  
contained 128 mM NaC1, 4.7 mM KC1, 1.3 mM 
CaC12, 20.2 mM NaHCO3, 0.4 mM NaH2PO 4 
and 1.0 mM MgC12 and was cont inuously  
gassed with 95% 02  and 5% CO 2 (pH 7.4, 37 
C). Glucagon (2.10-7 M) was dissolved in 
perfusion medium.  Norepinephr ine  was dis- 
solved in buffer  and infused above the aortic 
cannula in a final concent ra t ion  of 2.10 -7 M. 
When perfusion took  place in the  presence of  
[9 ,10-3H]ole ic  acid, [9 ,10-3H]erucic  acid or 
palmitic acid, the fat ty  acids were neutral ized 
with equimolar  amounts  of  NaOH and com- 
plexed to fa t ty-acid-poor  bovine serum a lbumin 
(BSA). BSA was defat ted according to Chen 
(32). Before perfusion, these solutions were 
passed through a washed 1:2 /~ Millipore mem- 
brane filter (Sartorius,  Gottingen,.  Germany)  
and foaming of  the a lbumin-containing solu- 
t ions was prevented by a silicone defoamer  
(Ant i foam A). 

Hearts f rom TE- and HEAR-fed  rats could 
maintain proper  mechanical  activity,  de- 
termined as cont rac t ion  ampl i tude  or  left  
ventr icular  pressure deve lopment  (30), for  
many hours during substrate-free perfusion. 
Hearts isolated f rom rats fed with  the stock or 
SSO diet revealed a slow and gradual loss of 
contract i l i ty  after about  45 min of  substrate- 
free perfusion. Cont ro l  coronary  f low rates 
(ml/min- 1/g wet wt- 1) determined by t imed 
col lect ion,  after 15 min of  preperfusion were 
6.3 -+ 0.1 (n = 10) for hearts f rom rats fed with 
the stock diet, 6.2 -+ 0.12 (n = 10) in hearts 
f rom SSO-fed rats, 7.3 -+ 0.2 (n = 10) in hearts 
f rom HEAR-fed  rats and 8.0 + 0.1 (n = 18) in 
hearts f rom TE-fed rats. Af te r  the exper iments ,  
the hearts were cut open, dried thoroughly  and 
weighed. 

Preparation of Subcellular Fractions 

The procedure  for the preparat ion of  sub- 
cellular fract ions from hearts of  TE-fed rats is 
summarized in Figure 1. Two hearts were used 
for one fract ionat ion.  Af te r  decapi ta t ion of  the 
rats, the  hearts were removed  quickly and 
placed in ice-cold saline (0.15 M NaC1). Major 
b lood vessels were removed and the organs were 
minced with a pair of scissors. Homogen iza t ion  
(20% w/v in saline) was done with  a Tef lon  
pestle tissue grinder (Pot ter-Elvehjem) and was 
achieved by five up-and-down strokes wi th  a 
loose f i t t ing pestle,  and the  same number  wi th  a 
t ight fit t ing pestle, while the pestle was rota t ing 

HOMOGENATE 

3'x 270 g 

i 

wash,a'x270g S 1 (POOLED SUPERNATANTS) 
F 
P~ 5'x 5000 g 

(NUCLEI) 

' S 2 (POOLED SUPERNATANTS) 
i r 
P2 ] lO'x 3o,ooo g 

(MITOCHONDRIAL [ 
PELLET) E - - 1  

P3 S3 

(LYSOSOMAL PELLET) 30'x 2OO.OOOg 

I I 
% s, 

(MICROSOMAL PELLET) 

FIG. 1. Flow sheet of the isolation of mito- 
chondrial, lysosomal and microsomal fractions from a 
homogenate of hearts from trierucate-fed rats. Time of 
centrifugation is given without acceleration. 

slowly. All operat ions  were carried out  at 4 C. 
The  nuclei  and floating lipid material  f rom the 
first centr i fugat ion were discarded and the 
pellets obtained in the f rac t ionat ion  scheme 
were suspended in distilled water.  All fract ions 
were stored at -20 C. 

Radioactive Isotope Experiments 

Oxidat ion  of  oleate and erucate by isolated 
hearts f rom SSO- and HEAR-fed  rats was 
determined during a recirculating perfusion of  
the hearts with 50 ml buffer  containing 0.5 mM 
[aH]e ruc i c  acid (sp act 2.2 M B q / # m o l - l ) a n d  
0.5 mM [3H] oleic acid (sp act 3.4 MBq/~tmol 
-1) in a molar  ratio to fa t ty  acid-free BSA of  
1 : 1. At  regular intervals, perfusate samples were 
taken,  extracted according to Bligh and Dyer 
(33) and 1 ml of  the water  phase, containing 
the oxida t ion  product ,  3 H 2 0  , was added to 10 
ml of  Instagel. Radioact iv i ty  was determined by 
liquid scinti l lation counting.  

Assay of Enzymatic Activities 

Acid lipase activity (used as a lysosomal  
marker) was determined at pH 4.0 with 4- 
methy lumbel l i fe ry l  oleate as substrate accord- 
ing to Cortner  et al. (34). A second lysosomal  
marker,  N-acetyl-/3-glucosaminidase, was also 
measured f luorometr ica l ly  with 4-methylum- 
bell iferyl  2-ace tamido-2-deoxy@D-glucopy-  
ranose as substrate at pH 4.4 under  the same 
condi t ions  as the acid lipase assay. Act ivi ty  of  
succinate dehydrogenase,  a mi tochondr ia l  
marker  enzyme,  was de termined  as succinate-p- 
iodoni t ro te t razo l ium reductase according to 
Meijer et al. (35). Esterase, a microsomal  
marker,  was assayed according to Hulsmans 
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(36), with eserine (60 /aM) present to inhibit 
acetylcholine esterase activity (37). 

Gas Chromatographic Analysis 

During control perfusion with buffer con- 
taining 1 mg fatty-acid-free BSA/ml-1, and 
during perfusion with additional glucagon 
(2.10 -7 M), total coronary effluent was col- 
lected. Effluent fatty acids were extracted 
according to Bllgh and Dyer (33) and methyl- 
ated with BF 3 (14% in methanol) as described 
by Morrison and Smith (38). Analysis of the 
methyl esters of the fatty acids was performed 
with a gas chromatograph (type F&M 402, 
Hewlett Packard) as described by Ruitenbeek 
(39). Retention times were compared with 
standard esters and mixtures of known compo- 
sition. Corrections were made for residual fatty 
acids in the BSA-containing perfusion buffer 
treated with antifoam. 

Analytical Methods 

Glycerol in effluent samples was determined by 
the method of Laurell and Tibbling (40). 
Careful calibration of fluorescence was carried 
out by adding a known amount of NADH to 
the cuvette. Total lipids were extracted from 
the hearts as described by Folch et al. (41) and 
TG determined according to Laurell (42). 
Protein was estimated by the procedure of 
Lowry et al. (43) and effluent fatty acids 
according to Duncombe (44). 

Reagents 

Reagents (all of analytical grade) were 
obtained from Merck (Darmstadt, Germany), 
bovine serum albumin (fraction V) and boron- 
trifluoride (BF3) from Sigma (St. Louis, MO). 
Sodium pentobarbital was obtained from 
Abbott  (Saint-Remy sur Avre, France) and 
Antifoam A from Dow Coming (Midland, MI). 
The enzymes and cofactors for the determina- 
tion of glycerol were from Boehringer and 
Sons (Mannheim, Germany). [3H]Oleic acid 
was purchased from the Radiochemical Centre 
(Amersham, England), and instagel from 
Packard Instrument Company (Downers Grove, 
IL). [3H]Erucic acid was synthesized by 
Unilever Research (Vlaardingen, The Nether- 
lands). 

Statistical Analysis 

Most results are given as mean -+ standard 
error of the mean (SEM); n is the number of 
experiments. Values of P were calculated with 
Student t-test (two-tailed). P > 0.05 was con- 
sidered not significant (NS). 
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RESULTS AND DISCUSSION 

Myocardial Lipidosis, Lipolysis 
and Erucate Oxidation 

Dietary TE and HEAR lead to a tremendous 
rise in endogenous cardiac TG levels: 33.6 -+ 2.6 
/~mol TG/g myocardial protein- 1 in hearts (n = 8) 
from rats fed with the stock diet, 300 -+ 33 in 
hearts (n = 3) after a 3 day diet with HEAR and 
716 -+ 33 in hearts (n = 7) after a 3 day diet 
with TE. The 22:1-induced TG accumulation is 
well known and illustrates a marked alteration 
in the TG metabolsim of the heart. Since fatty 
acid turnover in heart is high, a minor im- 
balance between fatty acid supply and oxida- 
tion rate will rapidly promote fatty acid esteri- 
fication and intracellular accumulation of TG 
(45), at least partly, in membrane-limited 
particles which may represent lipid-filled 
(secondary) lysosomes or autophagosomes 
(17-19,21,26). 

The activity of endogenous TG hydrolyzing 
enzyme(s) in isolated, perfused hearts can be 
determined from the rate of glycerol released in 
the coronary effluent. The effect of HEAR and 
TE feeding of rats on basal- and hormone- 
(norepinephrine) stimulated glycerol release 
from the hearts during substrate-free perfusion 
is presented in Figure 2. The low basal rate of 
lipolysis observed in hearts from rats fed with 
the stock or SSO diet is markedly increased 
after feeding a high fat diet rich in 22:1 (HEAR 
and TE) while no difference could be observed 
between the rates of lipolysis in hearts from 
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FIG. 2. The effect of dietary sunflowerseed oil 
(SSO), high erucic acid rapeseed oil (HEAR) and 
trierucate (TE) upon basal and norepinephrine- 
stimulated glycerol release from isolated, substrate- 
free perfused rat hearts. Control values were obtained 
from hearts of rats fed with the stock diet. The data 
are the mean -+ SEM of the indicated number (n) of 
experiments. 
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HEAR- and TE-fed rats. Basal and norepine-  
phrine-st imulated lipolysis in hearts, obta ined 
f rom rats after a 3-day diet with SSO, did no t  
differ  significantly f rom lipolysis in hearts 
f rom rats fed with the stock diet while no TG 
accumula t ion  occurred:  33.6 -+ 2.6 ~ m o l  TG/g  
myocardia l  protein-I  in hearts (n = 8) f rom 
stock-fed rats and 27.7 -+ 2.9 in hearts (n = 4) 
f rom SSO-fed rats, NS. Norepinephr ine-  
s t imulated glycerol  release is of short durat ion 
in hearts f rom stock-fed rats, but  prolonged in 
TG-enriched hearts. The low basal rates and the 
transient ho rmona l  s t imulat ion of  lipolysis 
argue for l imited availability of  endogenous  TG 
in isolated, perfused hearts f rom rats fed with  
the stock diet (46). The correlat ion be tween  
endogenous TG availability and the rate of 
tissue lipolysis is also present in hearts f rom 
fasted and diabetic rats (47) where intracellular 
TG accumula t ion  is accompanied by an in- 
creased rate of glycerol release during perfu- 
sion. In contrast  to our  experiments ,  Hsu and 
K u m m e r o w  (48) could not  demonstra te  hor- 
monal  s t imulat ion of  l ipolytic act ivi ty in 
extracts of  hearts f rom HEAR-fed  rats. 

In addi t ion to increased tissue TG levels, 
o ther  factors may be involved in the modif ica-  
t ion of  tissue lipase activity in l ipid-enriched 
hearts f rom H E A R  and TE-fed rats. For  in- 
stance, increased serum cor t icos terone and 
tes tos terone levels as a consequence  of  feeding 
rats diets rich in very long chain fat ty  acids, as 
reported by Hulsmann (49), may be a com- 
plementary  regulating factor,  especially since 
we have found glucocort icoids exert  a per- 
missive action on lipolysis in hearts f rom 
HEAR-fed  rats (18). 

It has been known  for some t ime (1-3,14-16) 
that  upon  prolonged feeding of  a high fat diet 
rich in 22:1,  rat cardiac TG levels reach a 
max imum after about  4 days and then tend 
to decrease gradually. We found that  after 10 
days of  TE feeding, myocardia l  TG con ten t  had 
declined f rom 716 -+ 33 (n ; 7) to 509 -+ 57 (n 
= 4) /amole TG/g  myocardial  protein-1 (P<  
0.05). The decrease in TG levels did no t  affect  
endogenous lipolysis, since basal- and glucagon- 
s t imulated glycerol  release in hearts f rom rats 
fed 3 and I0  days with TE were not  statistically 
different  (Fig. 3). 

Several mechanisms may  be involved in the  
well known l imita t ion of  TG accumula t ion  in 
heart. The decreased presence of  22:1 in 
VLDL-TG (3) and increased chain-shortening of  
22:1 in the  myocard ium itself (16) may lead to 
a decreased intracellular 22:1 level. These 
actions result in decreased fat ty  acid esterifica- 
t ion and TG format ion.  The quest ion remains 
by which mechanism the TG conten t  will 
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FIG. 3. The effect of prolonged trierucate (TE) 
feeding upon basal and glucagon-stimulated glycerol 
release from isolated, substrate-free, perfused rat 
hearts. See legend to Fig. 2. 

decline. It has been demonst ra ted  (10) that  the 
rate of  oxida t ion  of  22:1 in heart is slower 
compared  to the  ox ida t ion  rate of  16:0. To in- 
vestigate whether  22:1 feeding would  enhance 
the capacity of  the heart to oxidize 22:1 (in 
o ther  words, whether  the "ox ida t ive  machin- 
ery"  could adapt  toward a specific fa t ty  acid), 
hearts f rom H E A R - a n d  SSO-fed rats were 
perfused with [3H] erucic acid and the rate of  
22:1 oxidat ion  was compared with [3H]o le ic  
acid oxidat ion  in both  groups of  hearts. It 
proved hearts f rom H E A R  and SSO-fed rats 
oxidized 22:1 at the same rate (2.3 vs 2.1 /amol 
22 .1 /hF1/hear t -1 ,  (n = 2) while the oleate 
oxida t ion  rate was higher but  again not  dif- 
ferent  in both  groups of  hearts (4.8 ~ m o l  
18 : l /h r - ] /hea r t -1 ,  n = 2). F r o m  these data, we 
conclude that  22:1 feeding does not  enhance 
22:1 oxidat ion  in heart.  Our data agree with 
previous findings in mi tochondr ia l  preparat ions 
isolated f rom hearts of  rats fed rapeseed oil 
(50). Therefore ,  the events leading to a decline 
in TG conten t  are: (a) increased chain shorten- 
ing of  22:1 by a peroxisomal ,  cyanide insensi- 
tive, 13-oxidation system in the liver, resulting in 
a decreased 22:1 conten t  in the blood lipids 
and concomi tan t ly  to a reduced 22:1 delivery 
to the heart (3,17,51),  (b) increased capacity 
for chain shortening of  22:1 in hearts f rom 
HEAR-  and TE-fed rats (16) and (c) increased 
TG hydrolysis.  

One consequence of  increased TG break- 
down in hearts of  TE-fed rats could be stimu- 
lated fat ty  acid release f rom the heart.  In 
Tables III and IV, total  release of  fa t ty  acids 
and their  relative composi t ion  are presented. 
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TABLE III 

Glycerol and Fatty Acid (FA) Release from Isolated Hearts 
of Trierucate-fed Ratsa: Effect of Glucagon 

247 

Glycerol release Fatty acid release 

FA/glycerol 
Condition nmoles/min" 1 g wet wt- 1 ratio 

Control 30.2 +- 1.4 b 1"/.3 • 4.7 b 0.53 • 0.12 
Control + 2.10 -7 M glucagon 62.1 + 1.2 c 19.1 -+ 2.5 c 0.31 • 0.04 

aThe hearts were obtained from rats fed for 3 days with the TE diet. 
bMean glycerol or fatty acid release + SEM during the 15 rain preperfusion (control), 

n = 4 .  
CMean glycerol or fatty acid release during a subsequent 15 rain perfusion in the 

presence of 2.10 -7 M glucagon, n = 4. 

T A B L E  IV 

Relative Composition of Fatty Acids in Effluent from Perfused 
Hearts of Trierucate-fed Rats: Effect of Glucagon 

Fatty  acid (wt %)a Control + 2.10 -7 M glucagon 

12:0 3.4 • 1.1 b 2.9 -+ 0.4 
14:0 4.4 • 0.4 4.3 • 0.5 
14:1 1.7 • 0.5 2.2 -+ 0.5 
16:0 23.8 -+ 1.7 P < 0.0l 16.6 +- 1.3 
16:1 7.8 • 1.5 4.0 + 0.4 
18:0 12 .8•  P < 0.05 17.6 -+0.9 
18:1 16.8 • 0.9 P < 0.01 13.0 • 0.9 
18:2 4.3 • 1.0 6.5 + 2.0 
18:3 + 20:0 2.3 • 0.3 3.0 • 1.1 
20:1 2.2 • 0.5 3.4 + 0,4 
20:3 1.7 • 0.2 3.8 + 0.5 
20:4 + 22:0 2.2 • 0.3 2.9 • 0.6 
22:1 16.1 • 2.1 19.3 + 1.3 

aIndicated number of carbon atoms: number of double bonds. 
bAll data are the mean + SEM of 4 separate experiments; when no P value is indicated 

the data were not significantly different. 

A s s u m i n g  tha t  e n d o g e n o u s  t r ig lycer ide  h y d r o l -  
ysis is c o m p l e t e  ( T G  -+ g lycero l  + 3 f a t t y  acids),  
it can be ca lcula ted  t h a t  du r i ng  c o n t r o l  per- 
f u s ion  a b o u t  20% of  the  l ibe ra ted  T G - f a t t y  
acids are r ecove red  in t he  pe r fu sa t e ,  w h e r e a s  in 
t he  p re sence  o f  g lucagon  on ly  10% is re leased 
f r o m  the  hear t s .  This  m a y  be exp la ined  b y  
m o r e  f a t t y  acid o x i d a t i o n  in t h e  p r e sence  o f  
g lucagon  w h e n  the  m e c h a n i c a l  ac t iv i ty  o f  t he  
hea r t s  is i nc reased  and b y  m o r e  f a t t y  acid 
r e -es te r i f i ca t ion  w h e n  g l y c e r o l - 3 - p h o s p h a t e  be- 
c o m e s  available b y  g l u c a g o n - s t i m u l a t e d  glyco-  
geno lys i s  (5).  F a t t y  acid re lease f r o m  sub-  
s t ra te - f ree  p e r f u s e d  hea r t s  f r o m  TE-fed  ra t s  is 
a b o u t  10 t imes  h ighe r  t h a n  f a t t y  acid release 
f r o m  hea r t s  o f  rats  fed w i t h  the  s tock  diet  
p e r f u s e d  in t he  p r e sence  o f  11.1 mM g lucose  
w h i c h  a m o u n t e d  1.82 (1 .77  and  1.88) n m o l e s /  
m i n - 1 / g  we t  wt  -1. T h e  f a t t y  acids m a i n l y  
re leased f r o m  the  T G - e n r i c h e d  hea r t s  are 16:0,  

18:0,  18:1 and  22:1 (Tab le  IV) .  The  s igni f icant  
decrease  in p e r c e n t  16:0 and 18:1 re leased 
du r ing  p e r f u s i o n  in the  p re sence  o f  g lucagon  
p r o b a b l y  resu l t s  f r o m  p re fe ren t i a l  o x i d a t i o n  o f  
these  s u b s t r a t e s  fo r  ene rgy  m e t a b o l i s m  w h e n  
con t r ac t i l i t y  is inc reased  b y  g lucagon.  T h e  
s igni f icant  rise in p e r c e n t  18:0  re leased m a y  
suggest  s luggish use  of  th is  f a t t y  acid. T h e  
inc reased  f a t t y  acid release m a y  be involved in 
the  e n h a n c e d  c o r o n a r y  f low ra tes  observed  in 
hea r t s  f r o m  H E A R -  and TE-fed  ra ts  (see Ma- 
terials  and Me thods ) .  Earlier,  c o r o n a r y  vaso-  
d i l a to ry  p r o p e r t i e s  of  m e d i u m  and  long cha in  
f a t t y  acids were  d e m o n s t r a t e d  (52) .  

Subcellular Origin of Endogenous 
Lipolytic Activity 

T w o  l ipases are p r e s u m a b l y  p r e s e n t  in hea r t  
(19) .  Firs t ,  a l i p o p r o t e i n  l ipase,  w h i c h  in t e r ac t s  
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with chylomicrons  and VLDL may be localized 
on the endothefial  fining of  the  coronaries.  This 
enzyme can be removed almost  comple te ly  
f rom the heart by heparin perfusion. Second,  
there  is a tissue lipase, which is the  intracellular 
locus of  lipolysis (17-18,21,26).  In heart,  the  
tissue lipase is probably of  lysosomal origin 
since chloroquine,  a lysosomal  inhibitor ,  could 
inhibit  TG breakdown (17). Fur thermore ,  a 
chloroquine- inhibi t ion of  adipose tissue fipoly- 
sis was repor ted  (17) and a chloroquine-  
sensitive ke tone  body fo rmat ion  in fiver was 
demonst ra ted  (53-54). These findings suggest 
that  also in these tissues, a lysosomal lipase is 
involved in the hydrolysis  of  endogenous  TG. 
Moreover,  the  demons t ra t ion  of  lipid-filled 
lysosomes in heart (5,18) is an addit ional  
indicat ion that  lysosomes are impor tan t  in 
myocardial  TG turnover.  To investigate the 
subcellular dis t r ibut ion of  marker  enzymes  and 
triglycerides, hearts f rom TE-fed rats were 
homogenized  in 0.15 M NaC1 and subcellular 
fractions obtained as il lustrated in Figure 1. 
The use of  ionic extract ion solutions in prepa- 
rative methods,  giving a be t ter  yield and qual i ty  
of  lysosomal membranes,  has been advocated 
recent ly  by Ruth  et al. (55). The subceUular 
distr ibut ion of  markers and TG is presented in 
Figure 4. The lysosomal f ract ion (L) appeared 
to be enriched in two lysosomal marker  enzyme 
activities (acid lipase and N-acetyl-fl-glucos- 
aminidase) and TG, whereas the  contamina t ion  
with mi tochondr ia l  membranes,  es t imated f rom 
the  succinate dehydrogenase activity, is low. 
Al though the L-fraction is contamina ted  with 
microsomal  membranes,  it still contains ap- 
preciable esterase activity, and the dis t r ibut ion 
pa t te rn  of  the  TG-containing fract ions suggests 
lysosomal instead of  microsomal  enr ichment  
with TG. Therefore ,  lysosomes in hearts f rom 
TE-fed rats may be sites of  the lipase (acid) 
activity,  since lysosomes are enriched both  in 
acid lipase and TG (5,29). 

Regulation of Triglyceride Hydrolysis 

In agreement  with a previous report  (48), we 
have found the lipase act ivi ty in homogenates  
of  hearts from TE-fed rats, determined with 
added tr ioleate as substrate,  is low, whereas 
with umbell i feryl-oleate  as substrate,  hpase 
activity is higher. On the o ther  hand, during 
incubat ion  of  a 500 g supernatant  of  a homo-  
genate f rom a TG-enriched heart at pH 7.0 and 
37 C, cont inuous  glycerol  product ion  can be 
est imated (14.3 nmoles/min-Vheart-1) .  This 
rate o f  glycerot p roduc t ion  is lower  still in 
comparison with the rate of  lipolysis in the 
isolated, substrate-free perfused heart of  a 
TE-fed rat (30-34 nmoles /min-1/hear t -1) .  The 

;,! li i 
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FIG. 4. Distribution patterns of enzymes and 
triglycerides in rat heart subcellular fractions separated 
as presented in Fig. 1. From left to right in their order 
of isolation: heavy mitochondrial (M), lysosomal (L), 
microsomal (P), and final supernatant (S) fractions. 
Relative specific activity is defined as % of total 
activity/% of total protein -1. Relative specific distribu- 
tion is defined as % of total triglycerides/% of total 
protein -1. Enzyme activities are enriched in the 
subfractions if the relative specific activity is greater 
than one. 

depressed lipase act ivi ty in these heart homo-  
genates or  subcellular fract ions probably results 
f rom product  inhibi t ion of  the  tissue lipase by 
the  hberated fat ty  acids. Crass III et al. (27) 
demonst ra ted  that  TG breakdown in the 
isolated, perfused heart was suppressed when 
fa t ty  acids were present during perfusion, and 
Hron et al. (56) showed inhibi t ion of  glycerol 
release by octanoate  (8:0).  In Figure 5, 0.25 
mM palmitate,  complexed  to fatty-acid-free 
BSA in a molar  ratio of  4:1,  depressed the 
glucagon-st imulated glycerol  release in hearts 
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FIG. 5. The effect of 0.25 mM palmitate and 0.063 
mM bovine serum albumin (BSA) upon glucagon- 
stimulated glycerol release from isolated, substrate- 
free, perfused hearts of rats fed for 3 days with TE. 
The palmitate was complexed to fatty acid-free BSA 
in a molar ratio of 4: l .  The first six points (t = -10 -, t 
= 5) are the mean ~ SEM of 4 perfusions. The data of 
two subsequent, separate perfusions, illustrating the 
palmitate and BSA effect, are presented. 

LIPIDS, VOL. 15, NO. 4 



ERUCIC ACID AND CARDIAC LIPOLYSIS 249 

from TE-fed rats. This high fatty acid: BSA 
molar ratio was used to assure a high palmitate 
uptake by the heart (see 57 for a review). Since 
fatty acids do not affect myocardial adenyl 
cyclase activity (49), the inhibitory action of 
16:0 is p robab ly  direct ly caused by  feedback 
regulat ion of  the  tissue lipase activity.  In 
previous repor t s  (28,29)  we showed mechan-  
isms leading to enhanced  fa t ty  acid ox ida t ion  
( increased contract i l i ty ,  uncoupl ing  of  oxida- 
tive phosphory la t ion )  lead to s t imulated  
glycerol release (lipase activity) in hear ts  f rom 
TE-fed rats. Thus,  besides a possible direct  
h o r m o n a l  regulat ion of the  tissue lipase ac- 
tivity, for which  no clear-cut evidence has been  
presented ,  inhibi t ion by end-produc t  fa t ty  acids 
is an impor t an t  regulating mechan ism in cardiac 
TG hydrolys is  (54). 

In summary ,  our  expe r imen t s  indicate  the 
TG pool  in isolated,  perfused hear ts  f rom stock 
diet-fed rats is small and probably  rate-l imit ing 
for  endogenous  lipolysis. The increased cardiac 
TG con ten t  by  dietary 22:1 is accompanied  by  
increased basal- and ho rmone- s t imu la t ed  l ipoly- 
sis. We propose  this enhanced  rate of  endogen-  
ous TG hydrolys is  is responsible  part ly for  the  
decreased tissue TG levels observed during 
pro longed 22:1 feeding. Increased lipolysis is 
associated wi th  fa t ty  acids released f rom the 
perfused heart ,  wi th  22 : 1 as a main cons t i tuen t  
of  the  l iberated fa t ty  acids. TG storage and 
hydro lyz ing  enzyme(s )  are p robab ly  of  lysoso- 
mal origin and p roduc t  fa t ty  acids may  be 
p r e d o m i n a n t  in the  regulat ion of the  tissue 
lipase activity. 
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ABSTRACT 

Essential fatty acid (EFA) restriction has been found to inhibit the action of vitamin D on the 
active transport of calcium in the intestine. This inhibition suggests EFAs are involved in facilitating 
the active transport of calcium across the mucosal membrane. 

INTRODUCTION 

It is recognized that lc~,25-dihydroxy- 
cholecalciferol (lc~,25(OH)2D3) is the active 
hormonal form of vitamin D 3 and that the 
intestine is one of its major target organs. The 
focus is now on the hormone's  mode of action 
in the gut; one major physiological effect is a 
stimulation of intestinal calcium transport 
(1-3). The biochemical basis of this action 
is, however, still not clear. 

In the chick, one change ascribed to this 
hormone is an alteration in the brush-border 
lipid composition of intestinal mucosal cells 
(4,5). Goodman et al. (4) reported vitamin D 
treatment led to an alteration in the microvillar 
total phosphoglyceride fatty acid composition 
of vitamin D-deficient chicks. Rasmussen et al. 
(5) observed that la(OH) D 3 administered to 
vitamin D-deficient chicks resulted in an 
increased total lipid phosphorus of duodenal 
brush-border membranes; they also noted a 
reorganization of the choline phosphoglyceride 
(CPG) fatty acids with an increase in linoleic 
(18:2 n-6) and arachidonic (20:4 n-6) acids. 
These lipid changes in the vitamin D-supple- 
mented animals were associated with increased 
calcium transport. 

In the rat, we have also observed changes in 
the intestinal fatty acid composition of vitamin 
D-deficient animals following treatment with 
l~,25(OH)2D 3 (6). The fatty acid changes were 
more pronounced in the CPG fraction of the 
smooth muscle where there was decreased 
linoleic acid and increased arachidonic acid. On 
the other hand, in the mucosal CPG fraction, 
there was increased linoleic acid. These lipid 
changes in the lc~,25(OH)2D3-dosed rats were 
also associated with increased calcium transport 
(6). 

More recently, O'Doherty (7) has reported 
(a) lc~,25(OH)2D 3 stimulates the activity of the 

1Address to which reprint  requests should be sent, 

intestinal phosphatidylcholine (PC) deacyla- 
tion-reacylation cycle, and (b) this stimulation 
in the activity of the enzymes may be the 
mechanism for the reported fatty acid composi- 
tional changes of the choline phosphoglyceride 
fractions in the intestinal cell membranes. Such 
fatty acid changes could modify the fluidity 
and permeability properties of the membranes, 
thus facilitating calcium transport. 

Linoleic and arachidonic acids are important 
constituents of the structural lipids. Both acids 
are involved in membrane permeability (8), 
membrane-bound enzyme and ion transport (9) 
and both are precursors of prostaglandins 
(10,11). The possibility exists, therefore, that 
an increased intestinal calcium transport could 
be associated with one, or indeed all, of the 
above parameters. 

To investigate these possibilities further, we 
examined the influence of dietary linoleic acid 
and of an inhibitor of prostaglandin synthesis 
on the calcium transport in vitamin D-deficient 
and vitamin D-treated rats. 

MATERIALS AND METHODS 

Weanling inbred Wistar albino strain rats 
were raised for 3 wk on a semisynthetic vitamin 
D-deficient diet. The composition of the diet is 
presented in Table I. Arachis oil provided the 
linoleic acid. After 1 wk on this diet, 18 rats 
were provided an essential fatty acid (EFA)- 
deficient diet by replacing arachis oil with 
hydrogenated coconut oil. The remaining 32 
rats were maintained on the arachis oil diet. 
After an additional 2 wk, the animals were used 
in the experiments. However, 3 days before 
killing, half the animals on both diets were 
given vitamin D (orally, 100 iu, 2.5 /Jg/rat). 
Also, half the rats on the arachis diet, including 
vitamin D-deficient and D-replete rats, received 
2 doses of indomethacin (intraperitoneally) at 
0.2 mg/kg, body wt. at 28 hr and 4 hr before 
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killing. 
The  rats  were killed by  cerebral  f rac tu re  and  

the  in tes t ine  r emoved  i m m ed i a t e l y  for  the  
gut-sac p repa ra t ion .  Detai ls  of  the  i n c u b a t i o n  
p rocedure  are given by Hill et  al. (1). 

RESULTS 

The  in vi t ro  calc ium t r a n s p o r t  in the  gut-sac 
p repa ra t ions  f rom the  d i f fe ren t  d ie tary  groups  
are p resen ted  in Table  II, expressed as the  ra t io  
of  45Ca serosal :mucosal .  This  rat io  was low at 
1.8 in the  v i t amin  D-defic ient  animals  e i the r  on  
the  E F A - a d e q u a t e  or EFA-de f i c i en t  diets.  The  
group in jec ted  wi th  i n d o m e t h a c i n  had  a s imilar  
low ratio.  However ,  t he  an imals  t h a t  were sup- 
plied wi th  v i t amin  D 3 days  before  the  experi-  
m e n t  and  were also on  an E F A - a d e q u a t e  diet  
showed  an increased calcium t r anspo r t  wi th  a 
rat io  of  3.4. No such increase in the  calcium 
t r anspo r t  ra t io  was observed  in the  group 
reple ted  wi th  v i t amin  D but  fed an EFA-  
def ic ien t  d ie t ;  calcium t r a n s p o r t  in the  v i t amin  
D-supp lemen ted  EFA-de f i c i en t  animals  was 
s ignif icant ly  Iower t han  in the  v i tamin  D- 
s u p p l e m e n t e d  EFA-rep le te  animals  (P < 0.005) .  
The  D-replete ,  E F A - a d e q u a t e  group dosed wi th  
i n d o m e t h a c i n  showed  an even higher  calc ium 
t ranspor t ,  however ,  t han  the  D-replete ,  EFA- 
adequa te  group (P < 0.05).  

Weight gain in the  ra ts  on  the  EFA-de f i c i en t  
diet  was lower  t han  in animals  in the  EFA-  
adequa te  diet .  The  weights  are given in Table  
l l I  for  the  2 wk per iod  the  animaIs  were on  
the  diet.  

DISCUSSION 

I t  has been  suggested t ha t  the  changes  in the  
f a t ty  acid compos i t i on  of the  in tes t ina l  cell 
m e m b r a n e s  observed in v i t amin  D def ic iency 
has an inf luence  on the  calc ium t r a n s p o r t  
(5). Such  fa t ty  acid changes,  by mod i fy ing  the  
f luidi ty  and pe rmeab i l i t y  of  the  m e m b r a n e ,  
may inf luence  calc ium t ranspor t .  Al te rna t ive ly ,  
p ros tag land in  synthes is  m ay  also in f luence  the  
t r anspo r t  mechan i sm.  

Our  resul ts  show qui te  clearly tha t  EFAs  do 
affect  the  v i t amin  D - d e p e n d e n t  t r anspo r t  of  
calc ium across the  in tes t ina l  mucosa.  An  
EFA-de f i c i en t  diet  fed to the  ra ts  for  2 wk was 
suf f ic ien t  to negate  the  effect  of  v i t amin  D on 
ca lc ium abso rp t i on ,  and  it can be seen f rom the  
results  i nTab l e  III t ha t  ca lc ium a b s o r p t i o n  is the  
same in D-replete  animals  fed an EFA-de f i c i en t  
diet  as it is in the  D-def ic ient  cont ro ls .  

Why calc ium a b s o r p t i o n  in rats  is a f fec ted  
by  an EFA-de f i c i en t  diet  c a n n o t  be answered  
by  our  results.  The  m e c h a n i s m  of  ac t ion  

T A B L E  I 

C o m p o s i t i o n  o f  t he  V i t a m i n  D-Def ic i en t  
S e m i s y n t h e t i c  Diet  

Diet  g 

Whi te  f l o u r  4 , 2 5 0  
Egg a l b u m i n  5 0 0  
NaCI 100  
C a C O  3 4 7 . 5  
Fer r ic  c i t r a t e  10 
D i s o d i u m  h y d r o x y  o r t h o p h o s p h a t e  112  
V i t a m i n  mix  2 0  a 
Arach i s  oil 2 2 0  

Tota l  5 , 0 0 0  g 

V i t a m i n  P e r c e n t  c o m p o s i t i o n  

A n e u r i n e  HC1 0.5  
R ibo f l av in  0.5 
P y r i d o x i n e  HCI 0 .5  
C a l c i u m  p a n t o t h e n a t e  2 .8  
N i c o t i n a m i d e  2 .0  
Inos i to l  2 0 . 0  
Fol ic  ac id  0 .03  
Biot in  0 .01 
V i t a m i n  B12 0 . 0 0 3  
G l u c o s e  m o n o h y d r a t e  73 .7  

aWate r  so lub le  v i t amin  m i x t u r e  20  g/5 kg diet .  

af fec ted  by  EFAs  may  involve f lu idi ty  or 
pe rmeab i l i t y  changes  in the  m e m b r a n e .  If  
p ros tag land ins  faci l i ta te  ca lc ium abso rp t ion ,  
i n d o m e t h a c i n  dosed animals  migh t  have been  
e x p e c t e d  to have had  a lower  ca lc ium absorp-  
t ion  than  thei r  respect ive undosed  cont ro ls ,  
whereas  in our  e x p e r i m e n t  the  reverse is t rue.  
T he  D-replete ,  EFA-rep le te  an imals  dosed wi th  
i n d o m e t h a c i n  had  a h igher  calc ium a b s o r p t i o n  
t h a n  the  undosed  D-replete ,  EFA-rep le te  
cont ro l s .  

We have already s h o w n  (6)  t ha t  
1 ,25(OH)2D 3 will a l ter  the  f a t t y  acid composi-  
t i on  of  phosphog lyce r ides  in the  mucosa  and 
s m o o t h  muscle  of  D-deficient ,  EFA-rep le te  
animals  and  t h a t  the  ma in  changes  observed are 
in the  c o n c e n t r a t i o n s  of  l inoleic and  arachi-  
don ic  a c i d s - b o t h  p ros tag land in  precursors .  The  
reul ts  r epor t ed  here would suggest tha t ,  if 
p ros tag land ins  are involved in calc ium absorp-  
t ion ,  it may  be at a stage of  one  remove  f rom 
the  ini t ial  step fac i l i ta t ing  en t ry  of  calc ium to 
the  cell. Pros tag landins  pe rhaps  l imit  the  
e n t r y  of  calc ium to the  ceil. I nh ib i t i ng  prostag-  
l and in  synthes is  wi th  i n d o m e t h a c i n  m a y  
remove  this  l imi ta t ion  and  p e r m i t  more  calc ium 
to cross the mucosa.  This suggest ion could  
expla in  the  increased calc ium a b s o r p t i o n  which  
we observed in the  i n d o m e t h a c i n  dosed 
animals .  
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EFA RESTRICTION INHIBITS Ca ABSORPTION 

TABLE II 

The Ratio of 45Ca Serosal/Mucosal in Everted Gut Sacs from Rats 
Maintained on Different Dietary Regimes a 

253 

EFA-deficient 
EFA-adequate (hydrogenated 

(arachis oil) coconut oil) 
EFA-adequate plus 

indomethacin 

Vitamin D-deficient 1.8 + 0.56 1.8 • 0.22 1.5 • 0.37 
( n =  7) (n = 8) (I1TM 8) 

Vitamin D-treated 3.4 + 0.84 b 2.0 + 0.42 4.4 • 0.68 b 
(n=  8) (n = 8) (n = 7) 

aResults expressed as Mean • SD. 
bSignificantly different from equivalent D-deficient control (*P<0.005). 

TABLEII I  

Weight Gain (g) in Vitamin D-deficient Rats Fed Essential Fatty 
Acid (EFA)-adequate and EFA-Deficient Diets a 

Days on diet 

EEA status 0 7 13 

EFAadequate  55.06 • 7.16 62.56 -+ 8.21 73.81 + 8.23 
(n = 16) 

EFA adequate 
given indomethacin 55.75 -+ 7.92 67.31 + 10.17 81.87 + 11.8 b 
(n = 16) 

EFAdeficient 55.4 -+ 7.16 59.16 • 7.69 68.2 +- 11.72 
(n = 18) 

aValues expressed as mean + SD. 
bSignificantly different from EFA adequate group (P<0.05) and from EFA deficient 

group (P•0.01). 

Ef fec t s  o f  v i t a m i n  D and  its m e t a b o l i t e s  on  
the  c o m p o s i t i o n  o f  p h o s p h o g l y c e r i d e s  have  
b e e n  r e p o r t e d  by  G o o d m a n  et al. (4 ) ,  Ras- 
m u s s e n  et al. (5)  and  ourse lves  (6) .  R e c e n t l y ,  
O ' D o h e r t y  (7)  r e p o r t e d  t ha t  lc~ ,25(OH)2D 3 
s t imula t e s  the  act ivi ty  of  t he  in tes t ina l  p h o s -  
p h a t i d y l  d e a c y l a t i o n - r e a c y l a t i o n  cycle.  He 
sugges ted  this s t i m u l a t i o n  m i g h t  be the  
m e c h a n i s m  f o r  the  changes  in f a t t y  acid c o m -  
p o s i t i o n  r e p o r t e d  by  the  o t h e r  g roups .  O u r  
resu l t s  take these  o b s e r v a t i o n s  o n e  stage f u r t h e r  
and s h o w  tha t  the  reverse is also t rue  and  
tha t  a def ic iency  of  E F A s  will a f fec t  v i t a m i n  
D - d e p e n d e n t  ca lc ium a b s o r p t i o n  in the  gut .  O u r  
resu l t s  were  o b t a i n e d  wi th  an imals  dosed  w i t h  
v i t a m i n  D 72 h r  b e f o r e h a n d .  I t  is still u n k n o w n  
w h e t h e r  the  s ame  ef fec t  can be o b t a i n e d  w i t h  
the  active m e t a b o l i t e  l a , 2 5 ( O H ) 2 D  3 in the  
t ime  in terva l  du r ing  w h i c h  th is  m e t a b o l i t e  is 
k n o w n  to  increase  ca lc ium a b s o r p t i o n  in t he  
gut .  I f  it is, E F A s  will be s h o w n  to  have a direct  

role  in t he  m e c h a n i s m  of  ac t ion  of  ca lc ium 
e n t r y  i n to  the  in tes t ina l  cell. This  w o r k  is in 
p rogress .  
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Mitochondrial Metabolism of (D,L)-Threo-9, 10-Dibromo Palmitic 
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ABSTRACT 

Bromination of palmitoleic or palmitelaidic acid proceeds by trans addition and yields dibromina- 
ted products which cannot undergo /3-oxidation when incubated with mitochondria isolated from 
hamster brown adipose tissue. These mitochondria were selected because they have a high capacity for 
oxidation of C16 fatty acids and because they are readily uncoupled by an excess of free fatty acids of 
this chain length. The only metabolites which could be recovered from the incubation mixtures were 
dibromopalmitoylcarnitine and dibromopalmitoyl CoA. Free fatty acid was also recovered. Addition 
of synthetic carnitine or CoA esters of brominated fatty acids did not interfere with subsequent 
oxidation of palmitoylcarnitine. Addition of the free brominated fatty acids did significantly increase 
the rate of oxidation of subsequent additions of palmitoylcarnitine, as did other known synthetic un- 
couplers. These results are consistent with observations by others that feeding brominated oils leads to 
brominated fatty acid incorporation into tissue lipids, and indicate why this is so. They also provide a 
possible explanation for the hepatic damage noted in feeding experiments. 

Brominated oil feeding leads to accumula-  
t ion of  brominated  fats and to evidence of  
hepat ic  injury in subject animals (1-3). Since 
the major  site of  fa t ty  acid ox ida t ion  is the 
mitochondria ,  the exper iments  repor ted  here 
were addressed to the ques t ion  of  how bromi-  
nated fat ty  acids are metabol ized  by isolated 
mitochondria .  It has long been known  that  
mi tochondr ia  isolated f rom brown adipose 
tissue (BAT) have an unusually high capacity to 
oxidize fa t ty  acids (4). In addit ion,  these 
mi tochondr ia ,  when freshly isolated, show very 
loose coupling o f  ox ida t ion  to phosphoryla t ion .  
When suspensions are t reated with carnit ine and 
ATP they  can readily be brought  to a more  
t ight ly coupled state (5) and they  then exhibi t  
a sensitivity to uncoupl ing effects of  excess free 
fa t ty  acids several t imes that  of  liver mito-  
chondria (4,6). Fo r  these reasons, we selected 
BAT mi tochondr ia  as a sensitive and effect ive 
means of  s tudying the metabol ism of  9,10- 
d ib romo palmitic acid prepared by direct 
b romina t ion  of  ei ther palmitoleic  or palmitel-  
aidic acid. Using this system we have shown 
that  brominated  fat ty acids cannot  undergo 
normal  fl-oxidation. 

MATERIALS AND METHODS 

[U-14C]Palmi t ic  acid was obtained f rom 
New England Nuclear  Corp. (Boston,  MA) and 
di luted to an appropr ia te  specific act ivi ty (sp 
act) with unlabeled material  purchased f rom 
the Hormel  Ins t i tu te  (Austin,  MN) or  f rom 
Sigma Chemical  Co. (St. Louis, MO). It was 

1To whom correspondence should be addressed. 

dissolved in 95% ethanol  to give a final concen- 
t ra t ion  of  5.4 mM. The radioact ivi ty was 
de termined  by liquid scinti l lat ion counting.  

[U-14C]Palmi to le ic  acid was obtained f rom 
D o h m  Products,  Ltd.,  N. Hol lywood ,  CA. It 
was diluted as required with unlabeled material  
purchased f rom Sigma Chemical  Co. Since 
this supplier was unable to furnish addi t ional  
material,  some of  the later exper iments  were 
per formed with a sample of  [ 1-14C] palmitoleic  
acid purchased f rom Applied Sciences, Belle- 
fonte,  PA. 

(D,L)- threo-9 ,10-Dibromo palmit ic  acid 
(DBPA) was prepared by direct b romina t ion  of  
the monoeno ic  acid. A 10% (v/v) solut ion of  
bromine  in CC14 was added dropwise to a 
vigorously stirred solut ion of  the free fa t ty  acid 
in the same solvent. Solut ions were thoroughly  
chilled in ice baths and exposure  to bright light 
was avoided. Bromine  was added unti l  a calcu- 
lated 5% molar  excess was present,  the  solut ion 
was stirred for an addit ional  15-30 rain, then 
the brominated  p roduc t  was washed with 10% 
NaHSO3,  10% NaC1 and water,  in that  order. 
The organic phase was dried over  anhydrous  
magnesium perchlorate,  f i l tered and solvent 
removed  at r o o m  tempera tu re  in a ro tary  
evaporator .  The product  was a colorless thick 
oil at r o o m  temperature .  When examined by 
p ro ton  nuclear magnet ic  resonance (NMR) and 
by mass spec t romet ry  (MS), no evidence of  
a -b romina t ion  was detectable.  

When prepared f rom [U-14C]pa lmi to le ic  
acid, the product  was adjusted by di lut ion with  
unlabeled material  to a s p  act of  100 pCi /mmol .  
When prepared f rom [ 1A4C] palmitoleic  acid, 
the final sp act was adjusted to 23 pCi /mmol .  
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(D, L)-threo-9,10-Dibromop almitoyl chloride 
(DBPC1) was prepared by heating free DBPA 
acid for 18 hr at 45-50 C with redistilled 
thionyl chloride in the presence of a catalytic 
concentration of dried dimethylformamide 
using the precautions described by Bosshard et 
al. (7). Excess reagent and solvents were re- 
moved with a rotary evaporator at room 
temperature. 

(D, L)~ mopalmitoyl-L-carni- 
tine (DBPC) was prepared as follows: L-carni- 
tine benzyl ester, prepared according to Brendel 
and Bressler (8), was acylated with the bromo- 
acid chloride (DBPC1) prepared as we have 
outlined. After acylation the product was 
dissolved in ethanol and hydrogenated at room 
temperature in the presence of platinum 
ox ide  The free acylcarnitine was precipitated 
with isopropyl ether, thoroughly washed with 
petroleum ether (30-60) and dried. The product 
gave a single spot on silica gel (thin layer 
chromatography (TLC) plates developed with 
chloroform/methanol/0.1 M sodium acetate 
(80:80:20) with an Rf = 0.6. This is compara- 
ble to the value observed for unbrominated 
palmitoyl carnitine. Free carnitine did not 
move from the origin under these conditions, 
and free fatty acids migrated with the solvent 
front. In addition, the product gave an orange- 
yellow precipitate with Dragendorff's reagent 
(Bregoff-Delwiche modification as described by 
Stahl) for quaternary bases (9). 

(D, L)-threo-9,10-Dibromopalmitoyl CoA 
(DCPCoA) was synthesized by the Seubert 
method (10). Thioester bonds in the product 
were detected by measuring the change in 
optical density at 232 nm before and after 
alkaline hydrolysis. No free fatty acid could be 
detected in the product by TLC. 

Isolation of Mitochondria 

Commercially procured male golden ham- 
sters (Mesocricetus auratus) with an initial body 
wt of 90-100 g were cold acclimated at 4 C for 
at least 4 wk with free access to food and 
water. Prior to sacrifice the animals were fasted 
for 24 hr. Animals were sacrificed by decapita- 
tion and exsanguination and the brown adipose 
tissue was collected from the interscapular, 
cervical and thoracic deposits. The excised 
tissue was quickly chilled in 0.3 M sucrose and 
the mitochondria isolated as previously de- 
scribed (11). The washed mitochondria were 
finally suspended in 0.3 M sucrose at a protein 
concentration of 35-50 mg protein/ml. 

Measurement of Oxygen Uptake 

Mitochondrial oxygen uptake was de- 
termined polarographically with a Clark type 

electrode system, using the apparatus and 
standardization procedures previously described 
(11). For each experiment, ca. 1 mg of mito- 
chondrial protein was suspended in 1 ml of a 
buffer containing 50 mM KC1, 6 mM MgC12, 8 
mM N-tris[ hydroxymethyl]  -2-amino-ethanesul- 
fonic acid acid (TES), 1 mM ethylenediamine 
tetraacetate (EDTA), 23 mM sucrose, 3.3 mM 
K Malate and 14 mM KH2PO4, at pH 7.4. 
Coupling was induced by the addition of 2.5 
mM ATP, 5 nM CoA and 3.3/~M DL-carnitine. 
Each mitochondrial preparation was further 
checked for tightness of  coupling by observing 
the several-fold stimulation in the maximal 
oxidation rate of added L-palmitoylcarnitine 
caused by the addition of carbonyl cyanide 
trifluoromethyl phenylhydrazone (FCCP). 

In experiments where it was desired to 
recover added radiolabeled materials, a 10 ml 
polarographic cell was employed, with all 
additions scaled upward, accordingly. 

Recovery of Labeled Metabolites 

Aliquots of mitochondria (6-7 mg), coupled 
as already described, were treated with a single 
addition of L-palmitoylcarnitine (37.5 nmol) as 
a routine check of metabolic state. After this 
addition, the respiratory rate quickly returned 
to basal values. Within the next minute, 100 
nmol of 14C-DBPA was added. One minute 
thereafter, a second addition of L-palmitoyl- 
carnitine was made and again the respiratory 
rate was allowed to return to a basal rate. 

The entire contents of the cell was trans- 
ferred to a centrifuge tube. The ceil was washed 
with 10 ml of fresh suspending buffer which 
was also added to the centrifuge tube. The 
mitochondria were then pelleted at 5 C and the 
supernatant carefully decanted. The pellet was 
resuspended in fresh buffer, centrifuged again, 
and the washed pellet resuspended in 1.375 M 
KC1. Between experiments, the ceil was exten- 
sively washed with water, 95% ethanol, isola- 
tion medium, 95% ethanol, 1% bovine serum 
albumin and fresh isolation medium in order to 
remove strongly absorbed dibromo palmitic 
acid. 

The collected pellets and supernatants from 
several experiments were combined and ex- 
tracted according to the Bligh and Dyer pro- 
cedure C (12). Following the extractions, both 
chloroform and methanol-water portions were 
dried at room temperature in a nitrogen evapo- 
rator, then redissolved in a known volume of 
chloroform. For column chromatographic sepa- 
ration, each sample was applied to a silicic acid 
column, I 1 cm x 2 cm, prepared according to 
Hirsch and Ahrens (13). 

The columns were eluted with 3 separate 
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solvent systems (14), composed as follows: 
Solvent I: CHC I 3 /CH30H/NH4OH/H20 
(1()0:70:6:6, v/v), Solvent II: CHC13/CH3OH / 
CHaCOOH(17 N) /H20 (100:50:16:8,  v/v), 
Solvent III: n-CH3(CH2)3OH/CH3COOH(17 
N) /H20 (5:2:3, v/v) .  In each instance, 100 
fractions (1 ml) of Solvent I were collected 
before passage to the next solvent. 

Fractions were added to Tritosol and count- 
ed in a Beckman liquid scintillation counter. 

Detection of 14CO2 Production 

Aliquots of freshly prepared BAT mito- 
chondria were precoupled by the treatment 
already described, with constant magnetic 
stirring for 10 min. At the end of the interval, 
when respiratory rates had subsided to basal 
values, aliquots of 0.73-0.75 ml were added to 
50 ml Erlenmeyer flasks fitted with a plastic 
center suspended from a pierced, tightly fitting 
rubber septum (Kontes Glass Co., Vineland, 
N J). The center wells were fitted with fluted 
strips of filter paper wet with 0.25 ml of 10% 
KOH. Additions of either [U-14C]palmitic 
acid or[U-14C] DBPA were made by placing the 
requisite amount of reagent in 6 mm x 10 mm 
test tubes added to the system just before 
closure. The substrate contained in the small 
test tubes was mixed with the remainder of the 
contents by tipping the flasks several times; 
they were then placed in a metabolic shaker at 
25 C for 10 min. The reactions were stopped 
and CO2 released by addition of lactic acid (0.1 
ml, 85%) by injection through the rubber septa. 
After 30 min of additional shaking, the center 
wells were removed, and the individual wells 
were transferred to Tritosol for scintiallation 
counting. 

Quantitative Estimation of 9,10- 
Dibromopalmitoylcarnitine 

To detect and measure this acylcarnitine 
ester in eluates from silicic acid columns, we 
used Dragendorff's reagent. Palmitoylcarnitine 
or its dibromo-derivative give precipitates with 
this reagent. These were pelleted by low speed 
centrifugation, the excess reagent was decanted 
and the precipitates washed with 1 N HC1] The 
drained precipitates were then dissolved in 2 ml 
of acetone and the absorbancy was measured at 
a wave leng th  of 375 rim. This assay gave a 
straight-line calibration curve over the concen- 
tration range of 0-3/2mol/2 ml. 

R ESU LTS 

Characterization of the Bromination Product 

Because it has been shown that 2-bromo 

palmitic acid is a potent inhibitor of  fatty acid 
oxidation (15,16), it was important to de- 
termine that the conditions we defined for 
bromination of palmitoleic acid did not intro- 
duce bromine at other than the 9,10-positions. 
When a solution of  t he  product was examined 
by proton NMR spectroscopy, it yielded 
an integration pattern for CH3/CH2/CH/COOH 
(1:11-12:2-3:1) which was consistent with 
specific bromination of  the double bond. More 
specific evidence was obtained by MS, which 
showed (Fig, 1) a peak at m/e = 428, with 
peaks at P + 1 and P + 2, consistent with the 
molecular weight of  the expected product and 
with the presence of not more than 2 bromine 
atoms per molecule. A series of  fragment peaks 
was also consistent with the proposed structure 
(17,18). 

Purity of the preparation was assessed by 
TLC on Silica Gel G plates. Separations in 1 
dimension (neutral plates) gave a single spot 
with Rf = 0.75; 2 dimensional separations 
(basic plates) (19) also gave a single spot with 
Rf = 0.49 and 0.71 for the first and second 
dimensions, respectively. 

Effect of Added [U-14C] -DBPA 
on Mitochondrial Oxygen Uptake 

When an ethanolic solution of dibromo 
palmitic acid was added to a suspension of 
mitochondria prior to coupling by carnitine + 
ATP, the quantity of oxygen taken up by 
mitochondrial respiration was not significantly 
increased over the control values, but the 
maximum rate of uptake was significantly 
reduced, as shown in Table I. That is, the 
quantity of oxygen consumed (expressed as 
natoms 0/mg protein) can be estimated by the 
area under the polarographic curve. If, in our 
experiments, one waited until the recording of 
cuvet oxygen concentration after a DBPA 
addition had returned to a stable reading, no 
significant effect of the addition could be 
detected. A return to the stable state did 
require a longer time than did the addition of 
ethanol blanks. Effect of DBPA on the maxi- 
mum rate of oxygen uptake was more reliably 
measured in another way, by direct reading of a 
simultaneous tracing which recorded the first 
derivative of the cuvet oxygen concentration. 
The effects did not result from the solvent 
ethanol. Lack of measurable differences in 
oxygen uptake suggested no /3-oxidation oc- 
curred. For this reason, mitochondria were 
incubated with uniformly labeled DBPA acid in 
completely closed vessels containing CO2 traps, 
as already described. In no instance was the 
scintillation counting rate of the CO2 traps 
significantly above background, from which we 
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FIG. 1. Mass spectrogram of  methyl  (D,L)-threo-9,10-dibromopalmitate.  
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c o n c l u d e  ~ - o x i d a t i o n  h a d  n o t  o c c u r r e d .  
T o  d e t e r m i n e  t h e  p rec i se  f a t e  o f  t h e  a d d e d  

D B P A ,  la rger  scale  i n c u b a t i o n s  we re  p e r f o r m e d  
u s i n g  a 10 m l  p o l a r o g r a p h i c  cell.  T h e  e n t i r e  cell  
c o n t e n t  was  c o l l e c t e d ,  s e p a r a t e d  i n t o  a m i t o -  
c h o n d r i a l  pe l l e t  a n d  t h e  s u p e r n a t a n t  s u s p e n s i o n  
m e d i u m ,  a n d  e a c h  f r a c t i o n  w a s  s u b j e c t e d  to  
l ip id  e x t r a c t i o n  as d e s c r i b e d .  R e c o v e r y  o f  
a d d e d  r a d i o a c t i v i t y  is s h o w n  in  T a b l e  II. I n  
t h e  c o u r s e  o f  t h e s e  e x p e r i m e n t s ,  i t  was  ob-  
s e rved  t h a t  t h e  b r o m i n a t e d  f a t t y  ac id  w a s  m o r e  
s t r o n g l y  a d s o r b e d  to  t h e  s u r f a c e  o f  t h e  p o l a r o -  

g r a p h i c  cell,  c o n s t r u c t e d  o f  m e t h a c r y l a t e  
p o l y m e r ,  a n d  to  o r d i n a r y  g l a s s w a r e  t h a n  was  
p a l m i t i c  ac id .  I n  o r d e r  t o  r e m o v e  t h e  las t  t r a c e s  
o f  a d s o r b e d  m a t e r i a l ,  i t  w a s  n e c e s s a r y  to  w a s h  
t h e  cell  w i t h  a 1% b o v i n e  s e r u m  a l b u m i n  
s o l u t i o n .  S imi l a r ly ,  in  o r d e r  to  m i n i m i z e  l o s se s  
o f  m a t e r i a l  d u r i n g  o t h e r  m a n i p u l a t i o n s ,  all 
g l a s s w a r e  was  t r e a t e d  fo r  24  h r  w i t h  a s o l u t i o n  
c o n t a i n i n g  t h e  p o l a r o g r a p h i c  b u f f e r ,  p l u s  10% 
lac t i c  ac id  a n d  50  n m o l / m l  o f  u n l a b e l e d  D B P A  
to  s a t u r a t e  a d s o r p t i o n  s i tes .  W i t h  t h e s e  p re -  
c a u t i o n s ,  it  was  p o s s i b l e  to  r e c o v e r  m o r e  t h a n  

TABLE I 

Effect of  DBPA a, Added before Carnitine Recoupling, on Oxygen Uptake 

DBPA added, Oxygen taken up, b Maximum rate of  oxygen uptake,  c 
(nmol /mg protein) (natoms 0/mg protein) (natoms 0 /mg protein/rain) 

0 78 + 18 106-+ 44 
1.0 66-+ 24 58 + 32 
5.0 71 -+ 24 65 -+ 35 

10.0 62 +-40 68 +- 41 
15.0 75 +- 29 63 +- 42 
15-50 75 +- 29 --- 
EtOH d 88 + 24 125 -+ 70 

a(D, L)-threo- 9,10-dibromopalmit ic  acid. 
bEach value based on at least 6 separate exper iments  using 6 different mitochondria l  

preparations. Values cited as the  means  -+ standard deviation of the  mean for each entry. 
The experimental  points  are not  significantly different (p = 0.01) f rom the control. 

CEffect of  added DBPA significantly different (p = 0.01) f rom the control. 
dEthanol  added in amounts  up to 5% of  the total cell volume. 
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TABLE II 

Recovery of Added [ U- 14 C] D BPA a 
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[ U- 14 C] Content, Percent radioactivity 
Fraction CPM recovered recovered 

Supernatant 
Pellet 
Buffer wash of cell 
BSA wash of cell 

Pellet- 
C H C I  3 phase 
CH3OH-H20 phase 
Residue 

Supernatant + buffer wash 
CHC13 phase 
CH3OH-H20 phase 
BSA wash of separatory system 

32,068 
9,547 
2,664 
1,521 

45,800 

46,360 

2,250 
5,850 

744 

8,844 

9,547 

12,148 
15,300 

6,310 

33,748 

34,732 

98.8% of total added b 

92.6% of pelleted 14C 

97.2% of total in ini- 
tial supernatant + 
buffer wash 

a(D,L)-threo-9,10-dibromo palmitic acid. 
bTotal [U-14C] DBPA added (sp act = 100 gCi/mmol) = 46,360 cpm. 

98% of the added radioactivity during the sepa- 
ration of the mitochondrial pellet. 

When the pelleted material was subjected to 
lipid extraction, the recovery was over 92% of 
that originally present in the pellet. The sus- 
pending medium was similarly extracted with 
a recovery of radioactivity ca. 97% of that 
initially present in the supernatant plus the 
buffer wash. These high recoveries were essen- 
tial to attempts at characterization of the 
radioactive materials recovered from nanomolar 
amounts of starting material. 

Radioactivity contained in extracts of 
pelleted material and of the supernatant was 
distributed between the chloroform and aque- 
ous methanol phases. The chloroform-soluble 
materials were examined by silicic acid column 
chromatography as we have described. Results 
for the experiments with the pellet extract are 
shown in Figure 2, and Figure 3 gives results for 
the extract of the supernatant materials. 
Detection of the synthetic carnitine ester in 
column eluates was done using the spectropho- 
tometric procedure outlined earlier, detection 
of the synthetic CoA ester was accomplished by 
specific absorbance of the adenine moiety, and 

detection of the free acid was done using the 
1-14C-label and scintillation counting. The 
identical lot of silicic acid was used to prepare 
both sets of columns. There is close agreement 
between the elution volumes of peaks in the 
experimental extracts and those in the known 
mixtures. 

In experiments with the pellet extract, 
Solvent I removed 59.4% of the total applied 
radioactivity; Solvent II removed the remain- 
der. Chromatography of known mixtures 
strongly supports the hypothesis that the 2 
components could be characterized as unaltered 
dibromo palmitic acid (the substance responsi- 
ble for the first peak) and as the CoA ester (the 
substance responsible for the second peak). 

In experiments with the supernatant extract, 
results were more complicated. Only 58% of 
the total applied radioactivity could be re- 
covered from the column eluates. Material was 
again located in 2 distinct peaks, both eluted 
with Solvent I. No additional radioactivity 
could be eluted, even through 100 ml of 
Solvents II and III were passed through the 
column. We have no explanation for the low 
elution recoveries in these experiments, which 
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were repea ted  several t imes.  T he  congruence  of  
t he  2 curves suppor t s  t he  hypo thes i s  t h a t  the  
second  peak in t he  ex t rac t  of  t h e  s u p e r n a t a n t  
f r ac t ion  was d i b r o m o p a l m i t o y l c a r n i t i n e .  

Recovery  of  free b r o m o - f a t t y  acid f rom 
b o t h  f rac t ions  suggested ac t iva t ion  of  the  acid 
migh t  be a ra te- l imi t ing  step in m i t o c h o n d r i a l  
me tabo l i sm.  O t h e r  evidence  s u p p o r t e d  th is  
possibi l i ty .  Thus ,  th iok inase  p repa ra t i ons  f rom 
avocado  mesocarp ,  accord ing  to Gall iard and  
S t u m p f  (20)  or  f rom rat  liver mic rosomes  (21)  
gave no  p r o d u c t  wi th  DBPA, a l t h o u g h  p r o d u c t  
was ob t a ined  in reasonable  yields  wi th  n o r m a l  
pa lmi t ic  acid. 

Effect of Added CoA and Carnitine Esters 
on Mitochondrial Oxygen Uptake 

E x p e r i m e n t s  were p e r f o r m e d  in which  
chemica l ly  syn thes ized  esters were i ndepend -  
en t ly  added to  f reshly  coupled  m i t o c h o n d r i a l  
suspensions.  Resul ts  of  these  e x p e r i m e n t s  are 
s h o w n  in Figure  4. Af te r  r ecoup l ing  b y  add i t i on  
of  carni t ine ,  CoASH and ATP,  t he re  is a b r i e f  
burs t  of  respi ra t ion ,  ind ica ted  by  the  s teep 
slope of  t h e  d imin ish ing  oxygen  t ens ion  in the  
suspension.  This  subsides to  a basal ra te ,  at 
wh ich  po in t  a 2 /al a l iquot  of  95% e t h a n o l  was 
added  to indica te  lack of  apprec iab le  ef fec ts  of  
th is  solvent .  S u b s e q u e n t  add i t i on  of  an  a l iquo t  
(20  n m o l / m g  p ro t e in )  of  pa l m i t oy l ca r n i t i ne  
( shown  by t he  symbol ,  P.C.) i nduced  a rapid  
burs t  of respi ra t ion ,  since acyl  carni t ines  are 
readi ly  me tabo l i zed  b y  BAT m i t o c h o n d r i a .  The  
rate  of  oxygen  u p t a k e  fo l lowing subs t ra t e  
add i t ion  was 15 n m o l ' m i n - l " m g  p r o t e i n  -1. 

Curve B is a similar e x p e r i m e n t  in which ,  at 
t he  po in t  ind ica ted ,  an  e thano l i c  so lu t ion  of  
DBPC (20  n m o l / m g  p ro te in )  was added.  This  
p roduced  no  discernible  ef fec ts  on  oxygen  up- 
take  rate,  no r  did it a f fec t  the  ox ida t i on  rate  
fol lowing subs t ra t e  add i t ion .  This  d e m o n s t r a t e s  
t h a t  b r o m i n a t e d  pa l m i t oy l ca r n i t i ne  was no t  
oxidized,  b u t  ne i t he r  did it act  as a compe t i t i ve  
i n h i b i t o r  of  t r ans loca t ing  or  /3-oxidation en- 
zymes.  Ana logous  results  were ob t a ined  w h e n  
DBPCoA was added  in place of  the  ca rn i t ine  
es ter  (da ta  no t  r ep roduced  here) .  

Curve C represen t s  a similar e x p e r i m e n t  in 
wh ich  free DBPA (20  n m o l / m g  p ro t e in )  was 
added  in place of  the  esters.  I m m e d i a t e l y  af te r  
the  add i t i on  t he re  was a d is t inc t  increase  
in ox ida t ion  rate.  Since it  had  a l ready b e e n  
s h o w n  tha t  the  free acid was no t  subjec t  to 
/3-oxidation, we conc luded  t h a t  t he  s t i m u l a t i on  
of  basal r e sp i ra t ion  was caused by  an uncoup-  
ling ef fec t  of  the  free f a t t y  acid. This  was 
subs t an t i a t ed  by  obse rva t ion  t h a t  the  o x i d a t i o n  
ra te  of  pa lmi toy l ca rn i t i ne  was increased to ca. 
1.6 t imes  the  con t ro l  rate.  This  obse rva t ion  
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agrees ent i re ly  wi th  the  effects  of  such  k n o w n  
uncoup le r s  as FCCP. In fact ,  w h e n  BAT mi to -  
c h o n d r i a  are ox id iz ing  pa lmi toy l ca rn i t i ne  at  the  
m ax ima l  rate ,  t he  effects  of  the  b r o m i n a t e d  
f a t t y  acid and FCCP are qui te  similar,  as s h o w n  
in Figure 5. 

Effect of Configuration of the 
Brominated Palmitic Acid 

A d d i t i o n  of b r o m i n e  to t he  d o u b l e  b o n d  of  
pa lmi to le ic  acid proceeds  b y  trans-addition 
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FIG. 2. Silicic acid co lumn ch romatogram of  a 
mitochondrial pellet extract. Solid lines refer to 
chloroform-soluble material recovered from mitocbon- 
dria previously treated with [U-14C]DBPA (5.4 
nmol/mg protein). Counting rate for these samples 
given by inner left hand ordinal scale. Dotted lines are 
a chromatogram of a mixture containing 10 umol 
[1-14C]DBPA plus 10 gmol DBPCoA applied di- 
rectly to a similar column. Counting rate for the free 
acid indicated by outer left hand ordinal scale. The 
CoA ester was traced by absorbance measurements at 
260 nm, with further identification by absorbance 
measurements at 232 nm before and after alkaline 
hydrolysis (data not shown here). Roman numerals I 
and II refer to eluting solvents, as described in the 
text. 
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FIG. 3. Colunm chromatogram of suspension 
medium extract. Solid lines refer to chloroform- 
soluble material recovered from the suspension 
medium following removal of the mitochondrial 
pellet. Dotted lines refer to a mixture of 10 #tool of 
DBPA plus 10 ~mol DBPC applied to a similar 
column. The carnitine ester was assayed by absorbance 
at 375 nm of an acetone solution of the complex 
formed with Dragendorff's reagent, as detailed in the 
text. 
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(22) .  Pahni te la id ic  acid was b r o m i n a t e d  u n d e r  
ident ica l  cond i t ions ,  wh ich  should  have pro- 
duced  D ,L-e ry th ro -9 ,10 -d ib romo  pa lmi t ic  acid. 
When  samples  of  this  mate r ia l  were added  to  
m i t o c h o n d r i a  as a l ready descr ibed,  and  com- 
pared  to the  effects  of t he  th reo  c o m p o u n d ,  

r 
ATP 

\ 
\ 

\ 
\ \  

[ z, ..o... 
] O=ygo. 

\ 
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FIG. 4. Effect of added DBPA or DBPC on 
respiration of brown adipose mitochondria. The 
polarographic cell contained 1.5 mg mitochondrial 
protein suspended in 1 ml of buffer. Coupling of the 
mitochondria was induced by addition of K-ATP (2.5 
mM), Coenzyme A (5 nM) and D,L-carnitine (3.3 ~M). 
Additions of these reagents were as indicated at the 
upper left of the tracings. Trace A described a control 
experiment in which 2 ul of ethanol (ALC) was added, 
followed by an aqueous solution of palmitoylcarnitine 
(P.C.) (20 nmol/mg protein). Trace B is from a similar 
experiment in which an ethanol solution of (DBPC) 
(20 nmol/mg protein) was added. The last addition 
was palmitoylcarnitine, as in trace A. Trace C is from 
an experiment in which DBPA (20 nmol/mg protein) 
was added after mitochondrial coupling. Other condi- 
tions were as just described. Figures in the lower right 
represent the rate of oxygen uptake (nmol/min/mg 
protein) caused by oxidation of the palmitoylcarni- 
tine. 

.d 
2 ~  
< O 

2.0 
o 
o 

1.5 

1.0~-  1~0 2~0 3J0 
NANOMOI_E$ U N C O U P L E R / M G  PROTEIN 

FIG. 5. Comparative effectiveness of dibromo- 
palmitic acid and FCCP as uncouplers of oxidative 
phosphorylation during oxidation of palmitoyl- 
carnitine by brown adipose mitochondria. Release of 
respiratory control increased maximal oxidation 
rates to approximately the same extent with either un- 
coupler. Open circles represent addition of FCCP, 
closed circles represent addition of DBPA. Each point 
is the mean of not less than 6 determinations, each 
involving 0.75-1.0 mg mitochondrial protein in a final 
volume of 0.91 ml. 

the  resul ts  were ind i s t ingu ishab le ;  t ha t  is, no  
evidence for  H-oxidation could be  observed,  and 
the  add i t i on  u n c o u p l e d  pa lmi toy l ca rn i t i ne  
ox ida t ion .  Fo r  these  reasons,  e f fo r t s  to  measure  
carn i t ine  or CoA ester  f o r m a t i o n  w i th  the  
e r y t h r o - d i b r o m o  c o m p o u n d  did no t  seem 
jus t i f ied .  On the  same basis,  no  e f fo r t  has  b e e n  
m a d e  to resolve the  b r o m i n a t e d  c o m p o u n d s  
in to  the i r  opt ica l  isomers.  It  seemed unl ike ly  
t h a t  e i the r  i somer  would  c o m p e t e  w i th  t he  
o t h e r  on  t he  basis of  cu r ren t  i n f o r m a t i o n .  

DISCUSSION 

Repor t s  a l ready m e n t i o n e d  on  effects  of  
feeding b r o m i n a t e d  oils lead to the  conc lus ions  
t ha t  b r o m i n a t e d  f a t t y  acids m a y  be  abso rbed ,  
t h a t  t hey  are no t  readily oxid ized  and t h a t  
t hey  persist  in t issue lipids for  some t ime  a f te r  
b r o m i n a t e d  oil feeding is d i scon t inued .  These  
obse rva t ions  are r emin i scen t  of  similar observa- 
t ions  fo l lowing the  feeding of  t r a n s  m o n o -  or 
po lyeno ic  acids (23 ,24) ,  a l t h o u g h  wi th  t r a n s  

u n s a t u r a t e d  c o m p o u n d s  it has  been  es tabl ished 
t ha t  ra t  liver m i t o c h o n d r i a  have the  e n z y m a t i c  
mach ine ry  to slowly effect  to t a l  o x i d a t i o n  
(25).  

Resul ts  p resen ted  here  are cons i s t en t  wi th  
earl ier  ev idence;  d i b r o m o a c y l  CoA esters  are 
readi ly  fo rmed  as a m a j o r  m e t a b o l i t e  of  b romi -  
n a t e d  fa t ty  acids. Indeed ,  since the  equ i l ib r ium 
cons t an t  for  acyl  exchange  b e t w e e n  CoA and  
ca rn i t ine  esters is essential ly un i ty  (26) ,  one  
might  surmise t h a t  in in tac t  t issues the re  would  
be a ready  supply  of ac t ivated  b r o m o a c y l  
groups  available for  i n c o r p o r a t i o n  in to  tri- 
glycerides  or p h o s p h a t i d e s  (27)  and  t h a t  
v i r tual ly  all of  t he  ac t iva ted  b r o m o a c y l  g roups  
would  funne l  in to  those  end  p roduc t s .  I t  is also 
clear t ha t  DBPC does  n o t  act  as a compe t i t ive  
i n h i b i t o r  of  acyl  g roup  t r a n s p o r t  or ~3-oxidation, 
since p a l m i t o y l c a r n i t i n e  is qu i te  readi ly  t rans-  
por t ed  and  oxid ized  even in t he  presence  of  the  
b r o m i n a t e d  analogs. 

E x a m i n a t i o n  of  molecu la r  mode ls  of  DBPA 
shows t h a t  i n t r o d u c t i o n  of  the  b u l k y  b r o m i n e  
a t o m s  p roduces  several changes  in molecu la r  
a rch i tec tu re ,  c o m p a r e d  to  pa lmi t ic ,  pa lmi to le ic  
or pa lmi te la id ic  acids. First ,  t he re  is h i n d r a n c e  
of  free r o t a t i o n  a b o u t  the  9 ,10 c a r b o n - c a r b o n  
b o n d .  Second,  b r o m i n a t i o n  i n t r o d u c e s  a 
cons iderable  increase  in e lec t ron  dens i ty  in t he  
cen te r  o f  the  h y d r o c a r b o n  chain.  As a conse- 
quence  of  b r o m i n a t i o n ,  the  h y d r o c a r b o n  chain  
b e c o m e s  more  s t ra igh tened ,  since the  b e n d  
resul t ing f rom the  doub le  b o n d  has  been  
e l iminia ted.  B r o m i n a t i o n  also appears  to 
min imize  molecu la r  associat ion,  since d i b r o m o  
palmi t ic  acid is a l iquid at r o o m  t empe ra tu r e .  
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Thus, this molecule has the properties of both 
saturated and unsaturated acids. 

It is not possible from the present evidence 
to determine how any of the possibilities 
described contributes to prevention of ~oxida- 
t ion; neither is it possible to decide if the block 
is caused primarily by inability to transport the 
bromoacyl group into the matrix space, via the 
acylcarnitine-CoA transferase II, or by unac- 
ceptability of internalized bromoacyl groups 
as a substrate for any of the /3-oxidation en- 
zymes. Preliminary evidence suggests the 
problem is a matter of transport, but elucida- 
tion of these questions requires more study. 

Finally, it should be pointed out that the 
properties of dibromo patmitic acid may make it 
a useful tool in examining the effect of changed 
lipid composition on membrane-bound enzyme 
function, or as an additional means of altering 
membrane fluidity. 
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Effect of Ethanol Administration on Fatty Acid Desaturation 
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ALICIA ISABEL LEIKIN,  C&tedra de Bioqui'mica, Instituto de Fisiologla, Faculad de 
Ciencias M~dicas, Universidad Nacional de La Plata, Calle 60 y 120, 1900-La Plata, 
Argentina 

ABSTRACT 

The effect of ethanol on the fatty acid desaturation by rat liver has been studied using liquid diets 
of different composition. Acute ethanol administration increased triacyiglycerols of total liver lipids, 
but did not modify significantly the lipidic composition of microsomes. The A6 and ~5 desaturases 
were inhibited by ethanol whereas the z~9 desaturase and fatty acid synthetase were apparently 
modified only by diet composition. NADH-cytochrome (cyt.) c reductase was partially inhibited, 
whereas NADH-cyt.b$ reductase remained practically unaltered and NADPH-cyt. c reductase activity 
was enhanced. Decreased electrons supplied by the microsomal cyt.b 5 electron transport chain would 
not be the reason for the inhibition of 2=6 and A5 desaturases by ethanol. 

INTRODUCTION 

In animals, the desaturation of fatty acids 
occurs in the microsomal membrane. This 
reaction requires 3 amphipatic proteins em- 
bedded in the microsomal membrane: NADH 
cytochrome (cyt.) b s reductase, cyt. b s and the 
desaturase (1). There are different desaturases 
and their activity is related to dietary condi- 
tions. A diet high in carbohydrates increases the 
A9 desaturase, whereas a high-protein diet 
increases A5 and A6 desaturases and a fat-free 
diet increases both A9 and A6 desaturases (2). 

Ethanol administration to rats produces 
fatty liver via accumulated fatty acids in 
hepatic triacylglycerols. The origin and extent 
of accumulation depend on dosage, period of 
administration and kind of diet (3,4). Liver 
triacylglycerols contain fatty acids provided by 
the fat depots, the diet or by endogenous 
synthesis (5). 

Ethanol is oxidized to acetaldehyde and 
acetate through the cytosohc NADH dependent 
alcohol dehydrogenase (EC 1.1.1.1.) and 
aldehyde dehydrogenase (EC 1.2.1.3.). The 
oxidation of NADH has been considered the 
rate-limiting factor for this oxidation in vivo 
(6). However, the microsomal ethanol oxidizing 
system (MEOS) has been shown to contribute 
significantly to ethanol oxidation (7,8) and a 
role for catalase also has been suggested (9). 

Since ethanol produces a fatty hver and 
microsomes are involved in both the biosynthe- 
sis of unsaturated fatty acids and alcohol 
oxidation, it is relevant to explore whether 
ethanol may modify (a) the lipid composition 
of liver and microsomes, and (b) the fatty acid 
desaturation reaction and some related en- 
zymatic activities, such as NADH cyt. c re- 

1Members of the Carrera del investigador Cientl- 
rico of the Consejo Nacional de Investigaciones CientJ- 
ficas y T~cnicas, Argentina. 

ductase, NADPH cyt. c reductase, NADH 
ferricyanide reductase and fatty acid syn- 
thetase. 

MATERIALS AND METHODS 

[ 1-14C] Palmitic acid (55 mCi/mmol), 
[1-14C]linoleic acid (50 mCi/mmol) and 
[l-14CJeicosa-8,11-14-trienoic acid (61 mCi/ 
mmol) were provided by New England Nuclear, 
Boston, MA. Cyt. c was provided by Sigma 
Chem. Co., St. Louis, MO. Cofactors for 
desaturation reaction were provided by Boe- 
hringer Argentina, Buenos Aires, Argentina. 

Diet Treatment 

In the first experiment, 15 female Wistar rats 
of 150-180 g body weight were divided into 3 
lots: the first received Purina chow ad libitum, 
the second received a hyperlipidic diet and the 
third a hyperlipidic diet plus ethanol (see Table 
I). The second and third lots received isocaloric 
and force-fed diets, which were administered as 
12.5 Kcal/100 g body weight every 12 hr for 48 
hr. 

In a second experiment, 20 female Wistar 
rats of 150-180 g body weight were divided 
into 4 lots. Each lot received the diet described 
in Table I. The isocaloric liquid diets were fed 
to the rats as described for the first experiment. 
Lot 2 received the same diet as lot 1, but 36% 
of dextrine calories were substituted by 
ethanol. Lot 3 received a diet without ethanol 
that maintained the same ratios of carbohy- 
drates, hpids and proteins as lot 2; lot 4 re- 
ceived a diet with ethanol, but with the same 
ratios of carbohydrates, lipids and proteins as 
lot 1. 

Microsomes 

After the treatment, the rats were killed by 
decapitation. Livers were immediately collected 
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and homogenized in a solution containing: 0.25 
M sucrose, 0.15 M KC1, 62 mM phosphate 
buffer (pH 7) and 1.5 mM glutathione. The 
homogenate was centrifuged at 10,000 x g for 
20 min, the pellet was discarded and the 
supernatant was centrifuged again at 110,000 x 
g for 60 min. The supernatant was discarded 
and the pellet containing the microsomes was 
suspended in the homogenizing solution. 

Fatty Acid Desaturase Assay 

Fatty acid desaturase was assayed using 120 
nmol of palmitic acid, 90 nmol of linoleic acid 
and 100 nmol o eicosa-8,11,14-trienoic acid. 
The acids were incubated with 5 mg of micro- 
somal protein at 35 C for 20 min. Under these 
conditions, the enzymes were saturated by the 
substrate. The solution contained: 0.25 M 
sucrose, 0.15 M KC1, 0.04 M phosphate buffer 
(pH 7), 1.5 mM glutathione, 0.04 M KF, 1.3 
mM ATP, 0.06 mM CoA, 0.87 mM NADH, 5 
mM MgC12 and 0.33 mM nicotinamide in a final 
volume of 1.6 ml. Reactions were stopped by 
the addition of 2 ml of 10% methanolic KOH. 
Fatty acids were saponified for 45 rain at 80 C 
under nitrogen, then acidified and extracted 3 
times with 2 ml of petroleum ether (30-40 C 
bp). They were sterified 30 rain with 3 N HC1 
in methanol. Conversion was measured by gas 
liquid radio chromatography in a Packard 
apparatus (with proportional counter) as 
described elsewhere (10). 

NADH Cytochrome Bs--Ferricyanide 
Reducase Activity 

Ferricyanide reductase activity was assayed at 
25 C by measuring the NADH oxidation at 340 
nm. The reaction mixture contained 30 nmol of 
NADH, 70 nmol of potassium ferricyanide and 
2-10/lg of  microsomal protein in a final volume 
of 0.27 ml of 0.05 M Tris acetate (pH 8.1) and 

1 mM ethylenediaminetetraacetate (EDTA). 
The absorption decrease at 340 nm was fol- 
lowed as a function of time. An extinction 
coefficient of 6.22 mM -1 x cm -1 was used. 

NADH Cytochrome c-Reductasa Activity 

The reduction of cyt. c was measured at 550 
nm using 20 nmol of cyt. c, 30 nmol of NADH 
and 2-10 pg of microsomal protein in a final 
volume of 0.27 ml of 0.05 M Tris acetate (pH 
8.1) and 1 mM EDTA. The absorption increase 
at 550 nm was followed as a function of time. 
An extinction coefficient of 18.5 mM -1 x 
cm-1 was used. 

The activity of NADPH cyt. c reductase was 
assayed similarly using 20 nmol of cyt. c, 30 
nmol of NADPH and 2-10 /lg of microsomal 
protein. 

Fatty Acid Synthetasa Activity 

Fatty acid synthetase activity was assayed 
by the Bruckdorfer et al. method (11), in which 
NADPH oxidation was measured at 340 nm. 

Lipid Composition 

Liver and microsomal lipids were extracted 
by the Folch et al. procedure (12). Complex 
lipids were separated in Silica Gel G (20 x 20 
cm plates 0.5 mm thick), with chloroform/ 
methanol/water (65:25:4, v/v), whereas the 
simple lipids were separated with petroleum 
ether/ethyl ether/acetic acid (90:10:1, v/v). 

Spots were developed by spraying the plates 
with H2SO 4 (70% saturated with Cr2OTK2) 
and then heating at 200 C for 30 min. They 
were quantified by photodensitometry with 
adequate reference standards (13). 

R ESO LTS 

When ethanol is included in the rat diet, an 
imbalance in fatty acid metabolism is produced 

T A B L E  I 

Percentage  Caloric Compos i t ion  o f  the  Diets 

E x p e r i m e n t  1 E x p e r i m e n t  2 

Lot  1 Lot 2 Lot 3 Lot  1 Lot  2 Lot  3 Lot  4 

C a r b o h y d r a t e  40 4 53 17 26.6 34 
(Dex t r ine )  

Fat Purina 41 41 25 2 S 39 16 
(Oil m i x t u r e )  a c h o w  

Protein 19 19 22 22 34.4 14 
(Casein) 

E thano l  . . . . .  36 --  36 - -  36 

a 1 6 : 0 =  11.8%; 16.1 = 0.3;  1 8 : 0 =  3.1;  1 8 : 1 =  27.6 ;  1 8 : 2 =  57.2. 
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and the animal develops a fatty liver. This can 
be produced either by repeated administration 
of low doses of ethanol or by a large single dose 
(3,4). Hyperlipidic diets contribute to this fatty 
liver production. In the first experiment, the 
effect of repeated doses of ethanol for 48 hr 
was studied on rats receiving a hyperlipidic diet 
(Table I). The compositions of liver lipids and 
liver microsomes were determined (Table II). 
The activities of A5, A6 and A9 desaturases, 
the NADH-cyt. c reductase, NADH-ferricyanide 
reductase and fatty acid synthetase were 
measured (Table III). 

In the first place, it was found that a change 
in the diet from Purina chow to an hyperlipidic 
diet evokes only minor changes in the lipid 
composition of the l iver-an unimportant  
decrease in triacylglycerols. A decreased phos- 
phatidylcholine (PC) and an increased phos- 
phatidylethanolamine (PE) were shown in the 
microsomes. The A5 and A6 desaturases were 
not significantly altered, and the NADH- 
ferricyanide reductase and NADH-cyt. c re- 
ductase were only decreased to a minor extent, 
whereas the activities of the A9 desaturase and 
fatty acid synthetase were drastically 

T A B L E  II 

Percentage  Lipid Compos i t i on  in E x p e r i m e n t  1 

Liver Microsome 

Lot  1 Lot  2 Lot  3 Lot  1 Lot  2 Lot  3 

Diacylglycerols  1.3 1.0 1.2 1.0 0.9 1.2 
Choles tero l  8.2 5.3 4.2 3.6 3.7 3.2 
Free f a t t y  acids 1.1 3.1 2.0 2.1 1.6 2.2 
Tr iacylg lycerols  19.0 12.9 35.5 5.5 6.0 7.2 
Choles terol  esters 5.5 7.5 7.1 1.4 3.7 3.6 
L ysopbospholipids 5.8 10.1 4.1 13.5 12,3 10. 2 
Phospha t idy lcho l ine  37.6 36.2 23.7 52.9 40 .9  42.1 
Phospha t idy le t  h a n o l a m i n e  21.7 23.9 22.2 20.1 30.8 30.4 

% Caloric d ie ta ry  C Purina 40 4 
ra t ios  a E c h o w  41 41 

P 19 19 
E --- 36 

Purina 40 4 
c h o w  41 41 

19 19 
--- 36 

a c  = c a r b o h y d r a t e  ; F = fat  ; P = p ro te in  ; E = e thanol .  

T A B L E  II I  

E n z y m a t i c  Activi t ies  in E x p e r i m e n t  1 

E n z y m e s  Lot  1 Lot  2 Lot  3 

A9 Desaturase  
(% conversion) 53.0  -+ 3.2 a 8.2 • 0,5 7.1 +- 0.3 

A6 Desaturase  
(% convers ion)  23.3 -+ 1.5 23.3 • 1.9 14.1 -+ 1.l  

A5 Desaturase  
(% convers ion)  19.9 -+ 3.3 17.2 ~ 0.9 12.3 -+ 1.8 

Fa t t y  acid syn the t a se  
( n m o l / m i n ' l / m g  "1) 37.6 +- 4.7 6.0 • 0.4 5.8 • 0.7 

N A D H  cyt ,c  r educ tase  
( # m o l / m i n ' l / m g  "1) 0.87 +- 0 .04  0.46 • 0,01 0.30 -+ 0,01 

N A D H  cyt .b~ fe r r i r educ tase  
( # t o o l / r a i n - I / r a g  "1) 2.51 + 0 .08  2,02 • 0 .08  1.86 • 0. I1 

% Caloric d ie ta ry  C Purina 40 4 
ra t ios  b F c h o w  41 41 

P 19 19 
E --- 36 

aResul ts  r epresen t  t he  m e a n  o f  5 samples  • SEM. 

b c  = c a r b o h y d r a t e ;  F = fa t ;  P = p r o t e i n ;  E = e thanol .  
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diminished. 
When ethanol replaced 36% of the calories 

provided by the carbohydrates of the hyper- 
lipidic diet, the result was the typical increase 
of triacylglycerols in the total liver lipids. 
Triacylglycerols are minor components of the 
microsomes and were not modified (Table II). 
A6 Desaturase, A5 desaturase and the NADH- 
cyt. c reductase were significantly inhibited, 
but the activities of  the other enzymes were not 
modified significantly. 

These results would suggest ethanol de- 
creases the activity of the A5 and A6 desatura- 
tion of fatty acids and the microsomal electron 
transport involved in the fatty acid desatura- 
tion, since the NADH-cyt. c reductase was 
inhibited. So, the steps that would be altered 
are the A5 and A6 desaturases and the electron 
transport from the cyt. b 5 reductase to the cyt. 
b 5 (Table III). 

However, since 36% of the calories provided 
by carbohydrates in the hyperlipidic diet (lot 2) 
were replaced by ethanol (lot 3) one might 
speculate that the decrease of the A6 desaturase 
and NADH-cyt. c reductase activities were 
evoked by a decreased percentage of dietary 
carbohydrates. In order to discount this possi- 
bility, a second experiment was programmed 
(Table I): a carbohydrate-rich diet was tested 
(lot 1) and compared to a similar diet in which 
36% of the carbohydrate calories were replaced 
by ethanol (lot 2). Lot 3 received a diet with- 
out ethanol which maintained the same ratios 
of carbohydrates, lipids and proteins as lot 2; 

lot 4 received a diet with ethanol, but with the 
same ratios of carbohydrates, lipids and pro- 
teins as lot 1, 

Total liver lipid composition showed varia- 
tions in triacylglycerol content as follows: lot 
1, 11.7%; lot 2, 26.5%; lot 3, 6.8%; and lot 4, 
23.4%. The microsomal liver lipid composition 
showed no significant variation among the 4 
lots and it was similar to the composition 
shown in Table II. The unsaturated fatty 
acid:saturated fatty acid ratio in microsomal 
fatty acid composition also showed no signifi- 
cant variation. 

The effects of the diets on the enzyme 
activities is summarized in Table IV. The 
comparison of lot 1 with lot 2, where 36% of 
dextrine calories were replaced by ethanol, 
showed an inhibition of the 3 desaturases (Ag, 
A6 and A5), the fatty acid synthetase and the 
NADH-cyt. c reductase, whereas the NADH- 
ferricyanide reductase remained unmodified. In 
this experiment, NADPH-cyt. c reductase, an 
enzyme involved in the transport of electrons 
to cyt. P450, was also measured and we found 
the activity was enhanced. 

However, when the effect of  ethanol feeding 
(lot 2) was compared to rats fed on ethanol-free 
diet (lot 3) in which the proportion of carbo- 
hydrates, Iipids and proteins remained constant, 
ethanol only inhibited the A6 and A5 desatu- 
rases; the A9 desaturase and the fatty acid 
synthetase were unmodified. For the reductases 
tested, only the NADH-cyt. c and the NADH- 
cyt. c reductase were changed by ethanol. 

T A B L E  I V  

E n z y m a t i c  A c t i v i t i e s  in  E x p e r i m e n t  2 

E n z y m e s  L o t  1 L o t  2 L o t  3 L o t  4 

A 9  D e s a t u r a s e  
(% c o n v e r s i o n )  16 .2  -+ 1.1 a 9 .6  -+ 0 . 9  9 .7  -+ 0 . 8  4 4 . 5  +- 4 .1  

A 6  D e s a t u r a s e  
(% c o n v e r s i o n )  1 8 . 0  +- 1 .2  9 .9  -+ 0 .8  1 8 . 3  -+ 0 .6  11.1 + 1 .0  

A5 D e s a t u r a s e  
(% c o n v e r s i o n )  2 7 . 6  -+ 0 .9  16 .7  + 2 .4  3 2 . 0  + 0 .6  17 .5  -+ 1.5 

F a t t y  a c i d  s y n t h e t a s e  
( n m o l / m i n ' l / m g  "1) 4 0 . 7  + 2 .4  2 4 . 8  + 3 .6  2 3 . 6  -+ 1 .9  7 1 , 0  + 3 .2  

N A D H  e y t . c  r e d u c t a s e  
(~zmol/min'l/mg -1) 0 .6  + 0 . 0 6  0 . 3 6  + 0 . 0 1  0 . 6 0  + 0 . 0 6  0 . 4 3  -+ 0 . 0 3  

N A D H  c y t . b  s f e r r i r e d u c t a s e  
( # m o l / m i n - I / m g  "1) 2 .5  -+ 0 .1  2 .4  + 0,1 2 ,3  -+ 0 .1  2 . 4  + 0 .1  

N A D P H  c y t . c  r e d u c t a s e  
( n m o l / m i n : l / m g  "1)  5 2 . 6  + 0 .3  7 7 . 3  -+ 1.5 5 2 . 9  +- 4 .1  7 6 , 4  + 1 1 . 9  

P e r c e n t  c a l o r i c  C 53 17 2 6 . 6  34  
d i e t a r y  r a t i o s  b F 25  25  39  16 

P 22  22  3 4 . 4  14 
E --- 36  --- 36  

a R e s u l t s  r e p r e s e n t  t h e  m e a n  o f  5 s a m p l e s  +- SEM.  

b c  - c a r b o h y d r a t e ;  F = f a t ;  P = p r o t e i n ;  E = e t h a n o l .  
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Apparently, the specific effect of  ethanol is 
produced only in the A6 and A5 fatty acid 
desaturases and the NADPH-cyt. c and NADH- 
cyt. c reductase. The comparison of the de- 
creased fatty acid synthetase and A9 de- 
saturase activity of lot 2 with lot 1 indicates 
there is no specific ethanol effect, since the 
activity of both enzymes shows a similar 
decay when lots 3 and 1 are compared. Ethanol 
was not given to the rats in lots 1 and 3, but the 
diet composition was changed. The decreased 
A9 desaturase and fatty acid synthetase could 
result from decreased carbohydrates in the diet 
(14) or from an increased polyunsaturated lipid 
content (15), or from a combined effect. 

The comparison of lot 2 with lot 4 in Table 
IV supports this last interpretation. Both 
groups of rats received, in this case, the same 
caloric intake of alcohol, but lot 4 was fed a 
diet richer in carbohydrates and lower in 
polyunsaturated lipid than the lot 2 diet. 

DISCUSSION 

The results of the experiments described 
show the modification of lipid metabolism 
produced by ethanol addition. Ethanol also 
increases liver triacylglycerols. 

When rats are given a low-fat diet and 
ethanol is included, the liver fatty acid bio- 
synthesis is enhanced (4,5). However, it has 
been shown that fatty acid synthetase and A9 
desaturase activities respond to diet changes 
and that carbohydrates activate both enzymes 
(2,14-16). Therefore, the results of Table IV 
must be analyzed considering the lower, lipid 
and higher carbohydrate content of the diet in 
lot 4 which cause increased activities of fatty 
acid synthetase and A9 desaturase when com- 
pared to lot 2. Also, administering ethanol, 
fewer carbohydrates and the same lipid and 
protein content to lot 2 results in lower syn- 
thetase and A9 desaturase activities than in lot 
1. Under our experimental conditions than the 
activities of these enzymes are probably more 
dependent on the diet components than on 
ethanol ingestion. 

Ethanol decreases the biosynthesis of 
polyunsaturated fatty acids. This effect is 
produced by (a) a decreases A6 desaturase 
activity that converts linoleic acid to 7-linolenic 
acid, and (b) a decreased A5 fatty acid desatu- 
ration that converts eicosa-8,11-14-trienoic acid 
to arachidonic acid. The decreased A6 and 
A5 desaturase activity is apparently caused by 
ethanol and not by a different composition of  
the diet for the following reasons: first, it is 
known that carbohydrates decrease the A6 
desaturase (17) and that they may not modify 

the A5 desaturase (10). However, if we com- 
pare lots 2 and 1 of Table IV, we see the 
decreased carbohydrates (lot 2) neither, in this 
case evoke, an increased A6 desaturase nor 
change the A5 desaturase. On the contrary, we 
found that both enzyme levels decreased and 
suggest this effect results from the ethanol 
administration to lot 2. Second, proteins are 
known to increase the A6 desaturase level (17). 
In spite of the dietary proteins provided con- 
sistently to lots 1 and 2 decreases in A5 and A6 
desaturases resulted. 

The decreased A6 and A5 desaturase activi- 
ties are probably not caused by a change in the 
lipid composition of the microsomal mem- 
brane. (The fatty acid desaturases and the 
electron transport system involved in the fatty 
acid desaturation are embedded in the mem- 
brane). (Table II). 

Ethanol feeding induces a small but signifi- 
cant decrease in the microsomal electron 
transport activity involved in fatty acid desatu- 
ration. The electron transport from NADH to 
cyt. b s is significantly reduced; the specific 
decrease is not, however, produced by the 
cytochrome b s reductase activity but by the 
flux of  electrons from the flavoprotein to the 
cyt. b 5. Moreover, the NADPH-cyt. c reductase 
activity of  the microsomes was enhanced by the 
alcohol (Table IV) and this enzyme is linked 
mainly to the cytochrome P4so and MEOS 
systems which oxidize ethanol (7,8,18). There- 
fore, we see (a) a decreased electron flux to the 
cytochrome b s and polyunsaturated fatty acid 
desaturation and (b) an increased electron flux 
to the microsomal system involved in the 
oxidation of alcohol. 

It is improbable that the decreased electron 
flux to the cytochrome bs, shown in Tables III 
and IV, might induce a decreased A6 and A5 
desaturation of fatty acid for the following 
reasons: first, the same electron transport 
system is used for the A9, A6 and A5 desatura- 
tion (19) and the A9 desaturation of fatty acids 
was not diminished by ethanol (Tables III and 
IV); Second, the supply of electrons by the 
NADH-cyt. b s system is so high that, provided 
sufficient NADH is present, it can easily fulfill 
the requirements of fatty acid desaturation 
(20-22). It has been experimentally shown that 
even after 99% inhibition of NADH-cyt. b s 
reductase activity, there are enough electrons to 
account for 80% of the desaturase activity 
(20,2 I). Finally, NADPH may provide electrons 
to cyt. b s and fatty acid desaturase by a link 
through the NADPH-cyt. c reductase (18). The 
fatty acid desaturase is generally the rate- 
limiting step of the fatty acid desaturation 
system, since it has the lowest turnover number 
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(20,22). These results would therefore suggest 
that alcohol evokes a specific effect on the A6 
and A5 desaturation of  fatty acids. 

These experiments demonstrate again that 
the zX9 desaturase follows a pattern of  activity 
control different from the A6 and A5 desatu- 
rases-a thesis already stated by us in previous 
works (2). Moreover, the A9 desaturase and 
fatty acid synthesis would not be modified by 
ethanol under the conditions of this experi- 
ment;  they follow a behavior similar sequence 
to that caused by changes in the diet. We 
suggest they may be linked as a unit by a 
common mechanism, a theory already proposed 
by Jeffcoat and James (23). 
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METHODS 

A Single-Step Method for Determination 
Radioactivity of Lipids 
R.C. NOBLE and J.H. SHAND, Hannah Research Institute, 
AYR, Scotland KA6 5H L 

of the Specific 

ABSTRACT 

The use of a liquid scintillation counter to measure both the mass and the radioactivity content of 
charred 14C-labeled lipid bands from thin layer chromatoplgtes has been evaluated. Following lipid 
mass determination from a measurement of the external standard channels ratio, a suitable choice of 
counting parameters enabled a reproducible and efficient 14C count to be obtained over virtually the 
whole  range of lipid concentrations tested. Although the charring procedure resulted in some loss of 
radioactivity, the efficiency of counting remained high enough for accurate-dpm measurements. 

INTRODUCTION 

To consider the  use of  a liquid scinti l lat ion 
counter  for  purposes o ther  than the quantif ica-  
t ion of  radioact ivi ty is unusual. However ,  as 
recent ly  shown,  its use in the labora tory  
can be extended considerably outside this 
funct ion  into areas of  analysis with which it is 
not  normal ly  associated. As a result,  this 
normal ly  specialized piece of  equ ipmen t  can be 
used for quant i f ica t ion in a range of  colori-  
metr ic  and ultraviolet  (UV) absorpt ion analyses 
(1). More recently,  the  l iquid scinti l lat ion 
counter  has been applied to the  quant i f ica t ion 
of  lipid mass through the dens i tometr ic  mea- 
surement  of  charred lipid bands f rom thin layer 
chromatopla tes  (2). The me thod  is based on the  
ability to measure the  amount  of  suspended,  
charred material  through a reduct ion  in the  
value for the  external  standard channels ratio 
(an external  standard is incorpora ted  into 
modern  liquid scinti l lation counters  in order  to 
measure the  extent  of  quenching).  A m o n g  the  
many  suggested advantages for this t echn ique  
over existing me thods  was the possibili ty that ,  
in circumstances where radioactive lipids were 
being investigated, specific act ivi ty  (sp act) data  
could be provided in a single analytical  step, a 
feature not  possible with o ther  techniques  for 
lipid quant i f ica t ion .  This aspect of  the  m e t h o d  
has now been investigated. 

EXPERIMENTAL PROCEDURE 

Standard solutions o f  pure glycerol  tri[  1-14C] 
palmitate ,  [1-14C]palmi t ic  acid and [4-14C] 
cholesterol  (Radiochemica l  Centre,  Amersham,  
England) were made up to provide varying 
amounts  (ranging f rom 0.01-1.0 mg) o f  lipid of  

known dpm and were separated as small (ca. 8 
cm) discrete bands on thin layer chromatopla tes  
of Silica Gel G (E. Merck, Darmstadt ,  Germany).  
The subsequent  charring in situ and suspension 
of  each lipid band as a th ixo t rop ic  gel within a 
standard 20 ml glass scinti l lation vial was as 
described previously (2). Each sample was 
counted  first for  1 min in the  external  standard 
channels ratio mode  of  a Model  2425 liquid 
scinti l lat ion counter  (Packard Ins t ruments  Ltd.,  
Downers  Grove, IL) and then  for a suitable 
per iod of  t ime at a spec t rometer  sett ing appro- 
priate for the quant i f ica t ion of  14C radioac- 
t ivi ty in gels. The value obtained for the ex- 
ternal  standard channels ratio was then  inter- 
pola ted into (a) a series of  previously derived 
curves for concen t ra t ion  of  lipid vs external  
standard channels ratio to determine  the  
concent ra t ion  of  lipid and (b) a series of  
previously derived curves for eff ic iency of  14 C 
count  vs external  standard channels ratio to 
de termine  dpm 14C. The abili ty to derive 
accurate  sp act data over  the comple te  dynamic  
range of  the  m e t h o d  was then  evaluated. 

RESULTS AND DISCUSSION 

Figure 1 shows the  calibration curves ob- 
tained for mass of  lipid and eff ic iency of  14C 
count ing vs the  external  standard channels 
ratio.  The  curves relating the  mass of  lipid to 
the  external  standard channels ratio were 
similar to those obta ined previously and dem- 
onstra ted a range for the accurate determina- 
t ion of  mass from 0.01-1 mg lipid. Al though  
the  response to charring (as measured by the 
change in the external  standard channels ratio) 
for the lipid classes was similar, a wider dis- 
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FIG. 1. Calibration curves relating the external 
standard channels ratio (ESCR) to (a) the amount of 
lipid applied to the thin layer plates: ; ~ tripalmi- 
tin; o-----o palmitic acid; + - - +  cholesterol, and 
(b) the 14C counting efficiency: �9 . . . . . .  �9 tripalmitin; 
o . . . . . .  o palmitic acid; +- . . . . .  + cholesterol. Each point 
is the mean of 6 observations. In no case was the 
standard error greater than • 3% of the mean value. 

parity was evident with regard to eff iciency of  
14C count ing.  The  max imum efficiencies of  
counting,  i.e., those obtained at 0.01 mg of 
charred lipid, were 51% (S.E. -+ 0.6), 49% (S.E. 
-+ 0.7) and 63% (S.E. -+ 0.7) for tr ipalmitin,  
palmit ic  acid and cholesterol ,  respectively.  In 
the  absence of  any spray reagent or charring, 
the eff iciency of  counting of  the lipid bands 
was 81% (S.E. + 0.4). The  presence of  the 
small amoun t  of  charred material  f rom 0.01 mg 
lipid accounted  for only  a small p ropor t ion  of  

this decrease in count ing  eff ic iency;  loss of  
radioact ivi ty  f rom the factors involved in the 
charring procedure  were clearly the major  
reason for the reduc t ion  in count ing efficiency.  
Thus, where standard amounts  of  virtually 
carrier-free 14C-labeled lipids were applied to 
thin layer chromatopla tes ,  which were sprayed 
and charred, count ing efficiencies of  only 53% 
(S.E. + 0.8), 51% (S.E. + 0.8) and 70% (S.E. + 
1.4) were obtained for the t r ipalmit in,  palmitic 
acid and cholesterol ,  respectively,  compared  
with count ing efficiencies of  74% (S.E. + 1.1), 
76% (S.E. + 1.2) and 76% (S.E. + 1.3), respec- 
tively, when the bands were sprayed but  not  
charred. Reproducib i l i ty  and accuracy of the  
curves for the external  standard channels ratio 
vs 14C count ing eff iciency were high over the  
full range of the lipid concent ra t ions ;  in the 
absence of  any major  a l terat ion to the overall 
analytical  technique,  adjustments  to the quench  
correct ion curves were unnecessary.  However ,  
as a result of  the presence of  large concentra-  
t ions of  charred material ,  extensive quenching 
(efficiencies of  10% or less) was observed at 
concent ra t ions  of  0.8-1.0 nag lipid. Compari-  
sons o f  actual and derived values for the  radio- 
act ivi ty con ten t  of  a series of  known lipid 
standards are given in Table I. Accurate  mass 
de terminat ions  were possible over  the comple te  
range (0.01-1.0 rag) of  lipid but  the  levels of  
quenching  associated with 1.0 mg lipid caused 
somewhat  larger errors in the dpm 14C deter- 
ruination. Whether  the error in t roduced into 
the de te rmina t ion  o f  absolute  quant i t ies  of  

T A B L E  I 

A C o m p a r i s o n  o f  t h e  A c t u a l  A m o u n t s  ( d p m  x 10 -3)  o f  14C R a d i o a c t i v i t y  
A p p l i e d  t o  Th in  L a y e r  Pla tes  w i t h  T h a t  E s t i m a t e d  f r o m  Q u e n c h  C o r r e c t i o n  Curves  a 

T r i p a l m i t i n  Pa lmi t i c  ac id  C h o l e s t e r o l  

d p m  (x 10  -3)  
A p p l i e d  to  p la te  

C a l c u l a t e d  d p m  (x t 0  -3)  
at  d i f f e r e n t  l ip id  
c o n c e n t r a t i o n s  

Lipid  conc .  (my)  

39 .8  25 .8  17 .9  

0 .01 3 9 . 9 + 0 . 4  2 5 . 2 •  1 8 . 1 •  
0 . 0 2 5  4 0 . 0 •  2 4 . 7 •  1 8 . 4 •  
0 .05  4 0 . 2 + 0 . 7  2 4 . 5 •  1 8 . 0 •  
0 . 0 7 5  3 9 , 7 •  2 4 . 6 •  1 7 . 8 •  
0.1 4 0 . 9 + 0 . 4  2 6 . 3 •  1 8 . 5 •  
0 ,2  4 0 , 2 •  2 5 . 0 •  1 7 . 9 •  
0 .3  4 0 . 2 •  2 5 . 2 •  1 7 . 6 •  l 
0 .4  3 9 . 9 •  2 6 . 4 •  1 8 . 2 •  
0.5 4 0 . 1 •  2 7 . 8 •  1 8 . 4 •  
0 .8  3 8 . 4 •  2 7 . 9 •  1 8 , 3 •  
1,0 4 2 . 3 •  1.4 2 7 . 5 •  1 6 . 7 •  

a E a c h  re su l t  is t he  m e a n  • SD o f  six d e t e r m i n a t i o n s .  
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radioactivity from counting efficiencies of ca. 
10% exceed acceptable limits depends entirely 
upon the needs of the individual user and 
the limits of accuracy for the experiment but, 
as usual in radioactive determinations, they 
must be viewed with some caution. The ability 
of the method to provide accurate quantifica- 
t ion of the radioactive content of the lipid 
classes from normal biological extracts was 
demonstrated by analyzing a sample of 14C- 
labeled pig liver lipids. As determined by con- 
ventional means, the radioactivity contents of 
the triglyceride, unesterified fatty acid and free 
cholesterol fractions were 4.83 x 104, 2.78 x 
104 and 1.13 x 104 dpm, respectively. Values 
obtained using the quench correction curves 
shown in Figure 1 for the lipid bands following 
charring were 4.81 (S.E. +- 0.07), 2.90 (S.E. + 
0.06) and 1.18 (S.E. -+ 0.01) dpm, respectively. 

These investigations serve to show that, 
providing separate quench correction curves are 
drawn up for individual lipid classes (a pro- 
cedure which is normal, good laboratory 
practice), the suggested method for the quanti- 
fication of lipid mass from thin layer chroma- 

toplates following charring in situ does allow 
the accurate determination of 14 C radioactivity 
over a range of lipid concentrations that would 
be more than adequate to cover most practical 
thin layer chromatographic conditions. Its 
application to lipids containing isotopes of 
similar or greater emission energies to that of 
14C, e.g., 35S or 32p, is obvious. In the case of 
3H-labeled lipids, however, the combined 
effects of gel counting and quenching by the 
charred lipid material on the transmission of 
the considerably weaker photon emissions 
preclude the possibility of its use. 
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COMMUNICATIONS 

Lipids of Myelin, White Matter and Gray Matter in a Case of 
Generalized Deficiency of Cgtochrome b 5 Reductase in Congenital 
Methemoglobinemia with Mental Retardation 
H. HIRONO 1, University of GSteborg, Department of Neurochemistry, 
Psychiatric Research Centre, Sweden 

ABSTRACT 

The lipid classes and fatty acid compositions of myelin, white matter and gray matter were 
analyzed in a case of generalized deficiency of cytochrome b 5 reductase in congenital methemo- 
globinemia with mental retardation. When compared with normal data, the percentage of 24:1 was 
considerably decreased and diminished unsaturation was observed in cerebrosides, whereas the sum of 
24:0 and 24:1 was the same as in normals. The ratio of hydroxy fatty acids to total fatty acids in 
cerebrosides was low. The contents of cholesterol and phospholipids in white matter were reduced to 
80% of the normal, whereas cerebroside was reduced to 48% of the normal. 

INTRODUCTION 

A general ized def ic iency of  c y t o c h r o m e  b s 
reductase  is expec ted  to p r oduce  a sys temic  
i m p a i r m e n t  of  the  me tabo l i c  process  l inked to 
c y t o c h r o m e  bs ,  such as f a t ty  acid desa tu ra t i on  
(1,2) .  The  re la t ionship  be t w een  m e t h e m o -  
g lob inemia  and  nervous  sys tem f u n c t i o n  has 
been  poor ly  u n d e r s t o o d ,  bu t  it was r epo r t ed  
t ha t  m e t h e m o g l o b i n e m i a  wi th  neurologica l  
i nvo lvemen t  migh t  resul t  f rom a general ized 
e n z y m e  defec t  (3,4) .  Since the  disease pr imar i ly  
affects  the  cent ra l  nervous  sys tem,  it was 
cons idered  i m p o r t a n t  to  analyze  the  fa t ty  acids 
of  bra in  l ipids in a m e t h e m o g l o b i n e m i c  pa t ien t .  

MATERIALS AND METHODS 

Brain material 

A 3 3 - m o n t h - o l d  girl had  died f rom con-  
geni tal  m e t h e m o g l o b i n e m i a  wi th  m e n t a l  
r e t a r d a t i o n  and bi lateral  a the to id  s y n d r o m e  
caused by  general ized def ic iency of NADH 
c y t o c h r o m e  b s reductase .  The  bra in  was 
r emoved  4 hr  af ter  d e a t h  and i m m ed i a t e l y  
f rozen  in dry ice and s tored at -80 C. 

Preparation of Myelin 

The  whi te  m a t t e r  was h o m o g e n i z e d  in 120 
vol of  0 .32 M sucrose as descr ibed earlier (5)  
and  the  mye l in  was isolated using the  m e t h o d  

iMailing address: Haruko Hirono, Ph.D., College of 
Medical Science, Tohoku University, Seiryo machi 2-1, 
Sendai 980, Japan. 

descr ibed by N o r t o n  and  Podus lo  (6). The  
sucrose so lu t ions  were buf fe red  wi th  10 mM 
Tris-HC1 (pH 7.4). 

Lipid Determinations 

The lipid e x t r a c t i o n  and isola t ion of the  
indiv idual  phospho l ip id s  and  d e t e r m i n a t i o n  of 
the i r  fa t ty  acid compos i t i ons  have been de- 
scribed earlier (7-10).  

Lipid p h o s p h o r u s  was d e t e r m i n e d  accord ing  
to Svenne rho lm  and  Vanie r  (9)  and  choles te ro l  
accord ing  to Crawford  (11).  Sialic acid was 
quan t i f i ed  using the  resorc ino l  p rocedu re  (12)  
and  cerebrosides  were isola ted by  prepara t ive  
t h in  layer  c h r o m a t o g r a p h y  (TLC)  and  ana lyzed  
for  galactose (12).  

Controls 

Con t ro l  samples were ob t a ined  f rom an 
11-year-old boy  who  had  d rowned .  Sialic acid 
d e t e r m i n a t i o n  was done  as a cont ro l .  O the r  
con t ro l  data  are ci ted f rom S v e n n e r h o l m ' s  
l abo ra to ry  data  which  were pub l i shed  in par t  
(5).  None  of  the  subjects  had  any  previous  
h i s to ry  of  neuro logic  or psych ia t r ic  disease and  
all had  no rma l  b o d y  and bra in  weight.  All 
bra in  samples  were ana lyzed  in the  same 
l abo ra to ry  using the  same t e c h n i q u e s  as those  
used in the  analysis of  the  p a t i e n t ' s  bra in .  

RESULTS AND DISCUSSION 

There  were decreases in the  mola r  ra t io  of  
cho les te ro l  to phospho l ip id s  in mye l in  bu t  no t  
in whi te  m a t t e r ;  however ,  the  ra t io  of  cerebro-  
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sides to phospho l ip ids  in the  mye l in  and  
also whi te  m a t t e r  was r educed  (Table  I). The  
c o n c e n t r a t i o n s  ( /Jmol/g wet  wt)  of  cho les te ro l  
and  phospho l ip ids  in whi te  m a t t e r  were 80% of  
the  normal ,  and  cerebros ides  were marked ly  
r educed  to 48% of  the  normal .  Sialic acid 
c o n t e n t  was h igher  in the  whi te  m a t t e r  and  less 
in the  gray m a t t e r  of  the  pa t i en t ' s  bra in  as 
c o m p a r e d  to cont ro l .  The  percen tage  of  
h y d r o x y  fa t ty  acid to to t a l  f a t ty  acids in  
cerebros ides  of  whi te  m a t t e r  was 32.9%, wh ich  
was very low c o m p a r e d  to a n o r m a l  value of  
5 5 % ( 1 3 ) .  

There  was a slightly d imin i shed  p r o p o r t i o n  
of  18:0 in e t h a n o t a m i n e  phosphog lyce r ides  
(EPG)  of gray ma t t e r ,  wh i t e  m a t t e r  and  mye l in  
(Table  II). The  n-3/n-6  ra t ios  in EPG of  whi t e  
m a t t e r  and  gray m a t t e r  were normal ,  bu t  in 
mye l in  t hey  were lower.  The  ra t ios  of  18:0 /  
18:1 in EPG and  chol ine  phosphog lyce r ides  
(CPG) were n o r m a l  or slightly be low normal .  

There  were cons iderab le  decreases in the  
p r o p o r t i o n  of  24:1 and  slight increases in 24 :0  
in cerebrosides ,  sul fa t ide  and  sph ingomye l in  in 
mye l in  and  whi te  m a t t e r  (Table  III). The  
p r o p o r t i o n  of  25:1 was less in all f rac t ions .  The  
p r o p o r t i o n  of  26:1 in sph ingomye l in ,  cerebro-  
sides and  sulfa t ide  was h igher  in the  mye l in  but  
less in the  whi te  m a t t e r  w h e n  c o m p a r e d  wi th  

normals .  The  ra t io  of  2 4 : 1 / 2 4 : 0  was r educed  
by  one-ha l f  in mye l in  cerebrosides .  The  sum of  
24 :0  and  24:1 were a lmos t  the  same as for  
normals .  The  c o n c e n t r a t i o n s  of C22-C26 fa t ty  
acids were n o r m a l  or  slightly be low normal .  
However ,  cons iderab ly  less u n s a t u r a t i o n  was 
observed  in myel in  cerebrosides .  

The  p r o p o r t i o n  of  2 4 h : 0  was n o r m a l  and  
24h:1  slightly be low n o r m a l  in whi te  m a t t e r  
cerebrosides ,  and  those  of  24h:1  was less and  
2 4 h : 0  greater  in sulfat ide (Table  IV). The re  
was n o  change in the  c o n c e n t r a t i o n  of  C22-C2 6 
h y d r o x y  fa t ty  acids in b o t h  cerebros ides  and  
sulfat ide,  bu t  there  was d imin i shed  unsa tu ra -  
t ion  of  h y d r o x y  fa t ty  acids in sulfat ide.  The  
changes  in the  h y d r o x y  fa t ty  acid c o m p o s i t i o n  
of  sul fa t ide  showed  the  same t r ends -a s  in the  
n o n h y d r o x y  fa t ty  acids, whereas  those  in 
cerebros ides  showed  very  slight change.  Gers t l  
et  al. (14)  r e p o r t e d  no  change in the  h y d r o x y  
fa t ty  acid c o m p o s i t i o n  in mye l in  o b t a i n e d  f rom 
mul t ip le  sclerosis. J o h n s o n  and Shah  ( 1 5 ) a l s o  
did no t  f ind any  change  in hype rpheny l a l a -  
n inemia  no r  did H i rono  and Wada (16)  f ind any 
d i f ferences  in fo la te  def ic iency.  

In m a m m a l i a n  bra in ,  2 4 h : 0  is f o r m e d  
d i rec t ly  f rom 24:0 ,  and  24 :0  is f o r m e d  by 

" c h a i n  e longa t ion  of  16:0. The  24:1 ,  on  the  
o t h e r  h a n d ,  is fo rmed  by chain  e longa t ion  of  

TABLE I 

Brain Lipid Distribution 

Molar ratio to  phospholipids 

Cholesterol Phospholipids Cerebrosides 

Patient 0.95 1.00 0.29 
Myelin Normal 

25.month a 1.17 1.00 0.37 

Patient 1.04 1.00 0.20 
White matter Normal 

25-month a 1.04 1.00 0.29 

#mol/g wet wt 

Cholesterol Phospholipids Cerebrosides Sialic acid 

White matter 

Gray matter 

Patient 93.70 90.01 
Normal 
27_month a 118.5 112.1 
Normal 
11-year 

Patient 26.50 43.63 
Normal 
27.month a 24.8 39.4 
Normal 
11 -year 

18.4 

38.3 

1.23 

0.96 

2.98 

3.45 

aNormal data are cited from Svennerholm's laboratory data. 
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T A B L E  II  

Fa t ty  Acid C o m p o s i t i o n  o f  Brain G l y c e r o p h o s p h a t i d e s  a 

E t h a n o l a m i n e  phosphog lyce r ides  

Gray m a t t e r  White m a t t e r  Myelin 

Chol ine  phosphog lyce r ide s  

Gray m a t t e r  White m a t t e r  Myelin 

16:0 6.0 5.1 5.5 
16:1 0.4 0.8 1.2 
18:0 25.9 8.6 7.4 
18:1(n-9)  9.1 33.7 35.2 
18:2(n-6)  0.2 0.5 0.9 
20:1 (n-9) 0.4 4.6 4.7 
20 :3 (n -9 )  0.2 
20 :3 (n -6 )  4.3 9.0 9.7 
20 :4 (n -6 )  17.0 11,8 11.2 
22 :4 (n -6 )  10.3 16.5 17.5 
22: 5(n-6) 2.6 1.7 1,7 
22 :5 (n -3 )  0.6 0.7 0.6 
22 :6 (n -3 )  23.3 7.0 4,4 
(n-3) / (n-6)  0 .694  0 .194  O. 121 
18 :0 /18 :1  2.85 0.29 0,21 
U n s a t u r a t e d  68.1 86.3 87,1 

50.5 39.5 34.1 
2.0 2.9 2.8 

10.8 12.4 14.6 
25.0 39.0 38.9 

0.5 0.5 1.0 
0.5 0.9 1.2 

3.1 1.8 2.3 
5.2 2.1 3.4 
0.6 0.4 1.0 
0.2 0.2 

1.5 0 .4  0.6 
0 .156  0 .080  0 .077 
0.43 0.32 0 .38  

38,7 48.1 51.3 

aValues are mola r  pe rcen tages  o f  f a t ty  acid m e t h y l  esters.  

T A B L E  III  

Fa t ty  Acid Compos i t i on  of  Brain Sphingol ipids  a 

Sph ingomye l in  Cerebrosides  

White m a t t e r  Myelin White m a t t e r  Myelin 

Sulfa t ide  

White m a t t e r  Myelin 

16:0 4.8 5.7 1.0 1.8 2.1 3.4 
16:1 0.5 0.1 0.3 0,3 0.4 
18:0 40 .8  30.7 6.1 5.6 4.6 4.2 
18:1 0.9 4,0 1.4 1.5 2.7 2.4 
20 :0  1.3 1.2 0.8 0.7 0.6 0.8 
22 :0  3.3 4.5 3.7 3.4 3.7 3.8 
22:1 0.7 1.2 0.6 0.5 0.5 0.6 
23 :0  2.2 2.3 4.8 3.8 3.5 3.0 
24 :0  10.9 13.7 25.7 29.1 24.7 25.6 
24:1 26.4 24.4 36.8 27.5 36.4 30.3 
25 :0  1.8 2.6 6.7 6.2 4.7 4.8 
25:1 2.0 1.8 3.3 3.7 3.4 3.4 
26 :0  0.8 1.6 1.9 3.6 2.4 3.8 
26:1 4.1 5.9 7.3 12.3 10.6 13.7 
22-26 52.2 57.9 90 .8  90.1 89.9 88.8 
Monoenes  34.1 37.8 49.5 45 ,8  53.9 50.8 
2 4 : 1 / 2 4 : 0  2.42 1.78 1.43 0.94 1.47 1.18 
24 :0  + 24:1 37.3 38.1 62.5 56.6 61,1 55.9 

aValues are molar  pe rcen tages  of  the f a t ty  acid m e t h y l  esters.  

endogenous 18:1 (17,18). Bourre et al. (19) 
reported cerebrosides and sulfatide were 
drastically reduced to 8% of the normal, and 
they found marked decreases in both 24:0 and 
24:1 in Pelizaues-Merzbacher disease. They 
concluded one aspect of the disease may be a 
defect in the synthesis of very long chain fatty 

acids. In our case, however, there was no 
impairment of chain elongation for 24:0 
synthesis. Since the cytochrome b 5 reductase 
system is involved in fatty acid desaturation 
(20), myelin-related lipid abnormalities in our 
patient may have been a consequence of this 
enzyme deficiency. 
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TABLE IV 

Composit ion of Hydroxy Acids in White Matter a 

Cerebrosides Sulfatide 

18h:0 0.82 1.03 
20h:0 0.48 0.38 
21h:0 0.19 
22h:0 8.99 7.81 
22h:1 0.36 0.20 
23h:0 10.19 7.69 
23h:1 0.59 
24h:0 44.03 46.95 
24t1:1 15.10 15.03 
25h:0 6.37 5.71 
25h:1 2.48 2.55 
26h:0 3.69 3.92 
26h:1 6.69 8.73 
22h-26h 98.5 98.6 
Monoenes 25.2 26.5 
24h : 1/24h :0 0.34 0.32 
24h:0 + 24h:1 59.1 62.0 

aValues are molar  percentages of the hydroxy  acid 
methyl  esters. 
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The Effect of Dietary Fat on the Fatty Acid Composition of Lipids 
Secreted in Rats' Milk 
NANNA PHILIPSON BRANDORFF, Department of Biochemistry, Royal Danish School of 
Pharmacy, Universitetsparken 2, DK-2100 Copenhagen ~, Denmark 

ABSTRACT 

During pregnancy and lactation, female rats were fed diets containing either 28% partially 
hydrogenated marline oil (28MO), 2% arachis oil (2AO), or no fat (FF). Milk lipid composition was 
examined by gas chromatographic analysis of the gastric content of 10-day-old suckling pups. An 
increa~ to 45% in the milk content of long chain monoenoic acids, 18:1, 20:1 and 22:1, reflects the 
fatty acid composition of the marine oil. Milk fatty acids of medium chain length comprised 6%, 31% 
and 24% of total fatty acids in the (28MO), (2AO) and (FF) groups, respectively, suggesting that a 
high-fat diet (28MO) inhibits the lipid synthetic activity of mammary glands. The amount of dienoic 
C 18-acids (6%) in the group fed (28MO) containing no essential fatty acids (F, FA) was similar to the 
amount of 18:2 in the group receiving a low-fat, EFA-rich diet (2AO). However, only half the dienoic 
acid from the milk of the (28MO)-fed animals was linoleic acid, which was most likely mobilized from 
fat depots. 

INTRODUCTION 

The main sources of milk lipids are dietary 
fat and fatty acids synthesized de n e r o  by 
mammary  glands (1-4). Thus, maternal diet 
may influence the nutr i t ional  quality o f  fat 
available to the sucklings (5-8). In this s tudy,  
rat milk fat ty acid composi t ion  was examined 
by gastric conten t  analysis of  10-day-old 
suckling rats. Preintestinal lipolysis converts  
milk triglycerides into diglycerides and free 
fat ty acids to a considerable ex ten t  (9,10):  the 
evidence for gastric absorpt ion is still quest ion- 
able, however.  The  primary purpose of the 
exper iments  reported here was to study the 
effect  of  maternal  dietary partially hydroge- 
nated marine oil on the fat ty acid compos i t ion  
of milk lipids consumed by the offspring. 

MATERIALS AND METHODS 

Rats (Wistar strain, K. MC)lleg~rd-Hansens 
Avlslab. A/S,  L1. Skensved, Denmark)  reared on 
a semisynthet ic ,  basic food (11) supplemented 
with 2% by wt arachis oil were mated,  and from 
about  the tenth day in the gestation period the 
female rats were dividied into 3 groups 
according to the exper imenta l  diets. Group 
2AO, the control  group, cont inued on arachis 
oil, 2% by wt (low-fat) equal to 2 energy 
percent  of  essential fatty acids (EFA).  Group 
FF  was fed a fat-free diet and group 28MO 
received the basic food supplemented  with 28% 
by wt of  partially hydrogenated  marine oil 
(EFA-def ic ient ,  high-fat). The animals were fed 
the exper imental  diets ad l ibitum during late 
pregnancy (i.e., 11 days) and throughout  
lactation. 

Lipid analyses were per formed on the gastric 
content ,  which was immedia te ly  removed from 

decapitated 10-day-old sucklings and stored at 
-80 C prior to analysis. Four  samples from each 
group were examined individually.  Postfreezing 
weight was determined and freeze-drying was 
per formed on each sample after suspension in a 
few ml of  redistilled water. Lipids were ex- 
tracted with 20 vol (relative to dry mat ter  
weight) of  ch lo ro fo rm/me thano l  (2: 1, v/v) with 
vigorous shaking by hand and successive filtra- 
t ion on a sintered glass filter (pore size 20-30 
/,tml. No washing was performed to avoid 
possible loss of monoglycer ides  and fat ty acids. 
The dry weight of  the lipid extracts  was deter- 
mined on an c lect romicrobalance.  Al iquots  of  
extract  containing ca. 15 mg of lipid were 
methyla ted  (12) overnight by benzene/  
me thano l - l ICL/d ime thoxypropane  (7: 2.5:0.5, 
v/v). After  addit ion of  redistilled water ( I0 ml), 
methyl  esters were extracted with petroleum 
ether  (100 ml), concentra ted  and redissolved in 
a known volume of pe t ro leum ether. Tempera-  
ture-programmed gas liquid chromatography  
(GLC) was carried out on a Perkin-Elmer gas 
chromatograph (F11)  with steel columns (2 m 
x 3 ram) containing 15% diethyleneglycol  
succinate (DEGS) on Chromosorb  W/AW. Fat ty  
acid methyl  esters were identified by comparing 
re tent ion times with those of reference methyl  
esters (Nu-Chek-Prep, F.lysian, MN) and fur ther  
confirmed by GI.C on methyl  esters separated 
by AgNO3-thin layer chromatography  (AgNO 3- 
TI,C) according to unsa~u:ation of the fat ty 
acids. Peak areas were integrated by an elec- 
tronic integrator  (Hewlet t-Packard 3370B) and 
quant i ta ted  using an internal standard (penta- 
decanoic acid) added before methyla t ion .  All 
chemicals were analytical  grade; solvents were 
redistilled. 
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RESULTS A N D  DISCUSSION 

Lipids made up 57-67% of the dry matter of 
the gastric contents from all 3 dietary groups. 
The fatty acid composition of the milk lipids in 
the 3 groups is shown in Figure 1. Long chain 
monoenoic acids, 18:1, 20:1 and 22:1, from 
the dietary marine oil made up about half the 
fatty acids secreted in the milk of 28MO rats, 
indicating lipids absorbed from the intestine 
passed readily into the milk. During lactation, 
lipoprotein lipases in the mammary glands 
catalyze the liberation of fatty acids from 
blood lipoproteins (1,2,13), which are, in turn, 
incorporated into triglycerides and secreted 
into the milk. It has been shown (14,15) in 
humans that a high-fat diet suppresses the 
secretion of endogenously synthesized milk 
fatty acids of medium chain length. Similar 
results were obtained in this study with rats 
evidenced by the fatty acid composition of the 
28MO group milk (Fig. 1). Fat ty acids of 
medium chain length (C 8 through C14) com- 
prised only 6%, whereas in the low-fat (2AO) 
and fat-free (FF) groups, medium chain acids 
made up 31% and 24%, respectively. Thus, 
regardless of a similar fat content in the dry 
matter, a marked difference in the medium 
chain length fatty acid percentage is seen. The 
regulatory mechanism of this shift in fatty acid 
composition cannot be deduced from this 
study. It may be an inhibitory effect of high-fat 
intake and blood content on the fatty acid or 
triglyceride synthesizing activity in mammary 
glands. Differences in the quality of the dietary 
fat (i.e., marine oil vs arachis oil) cannot be 
overlooked after comparing the groups in this 
experiment. However, similar results have been 
reported (14) with quantitative differences in 
the diet only. 

EFAs were not included in the diets of 
group 28MO and group FF. The linoleic acid 
content of milk from group FF was reduced to 
1.7%. In the 28MO group, the proportion of 
octadecadienoic acid was similar to the percen- 
tage (6%) found in the milk of the (2AO)-fed 
animals. Yet, about half of the dienoic C 1s- 
acids were isomers, which were not completely 
identified; they did not, however, belong to the 
linoieic acid family as judged by GLC. Only 
trace amounts of another EFA (arachidonic 
acid) were detected in the milk from any of the 
3 groups. The occurrence of EFAs at all in the 
milk from the non-EFA-fed animals indicates 
reserves, which can be mobilized as needed. 
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ERRATUM 

Figures 1 and 2 in "Prenatal Protein Depletion 
and 9, 6 and 5 Desaturases in the Rat" by 
Osvaldo Mercuri, Maria Elena De Tomfis and 

Herminia Itarte (September 1979, page 823) 
were published in reverse order. They should 
have appeared as shown below. 
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FIG. 1. Microsomal A9-desaturase activity from 
maternal and fetal livers and placentas from rats fed 
on different diets throughout  the gestation. Each bar 
is the mean of five sample determinat ions + standard 
deviation. 
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FIG. 2. Microsomal A6-desaturase activity from 
maternal  and fetal livers and placentas from rats fed 
on different diets throughout  the gestation. Each bar 
is the mean of five sample determinat ions +- standard 
deviation. 
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Molecular Species Composition of Phosphatidylcholines 
during the Development of the Avian Embryo Brain 
JOSE M. GONZALEZ-ROS ] and A. RIBERA, 2 Department of Biochemistry, 
Faculty of Biology, Universidad Complutense de Madrid, Madrid-3, Spain 

ABSTRACT 

A comparative approach has been used to investigate the molecular species composition of phos- 
phatidylcholine (PC) and its age variation throughout several developmental stages of chick and duck 
embryo brains: The brain PC consist of 15 major molecular species which do not undergo appreciable 
variation in their relative abundance either during embryonic development or between equivalent 
stages of maturation in the 2 avian species. In fact, a highly invariable molecular architecture of PC 
is shown in the developing organ. Molecular species containing saturated or monounsaturated fatty 
acids were dominant in all stages of development of the avian embryo brain. Among these molecular 
species, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho- 
line accounted for 75-80% of the total PC. 

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

The known influence of phospholipid 
molecular species on the physical properties 
of biological membranes and the activity of 
membrane proteins (I-3) encourages studies on 
the precise structure of the major phospho- 
lipid classes present in order to correlate 
certain membrane functions with specific lipid 
compositions. Additionally, systematic studies 
of developing living systems, which undergo 
drastic changes in their functional capacities, 
could be of interest in determining the possible 
associated lipid compositional changes (4). 

Changes in the diet were found to alter the 
molecular composition of the phosphogly- 
cerides with limited effects on the overall 
physical properties of the membrane (5,6). 
In addition, similarities in the molecular species 
composition of  phosphatidylcholine (PC) from 
homologous tissues of different mammals have 
b e e n  described (7). One is led to believe by 
t h e s e  observations that there exists a certain 
"tissue specificity" in the molecular structure 
of some major phospholipids (8) which appears 
to be important in maintaining the functional 
activity of  the tissue. 

We describe here the detailed molecular 
composition of PC from the avian embryonic 
brain, seeking variation either resulting from 
development or from differences in avian 
species. 

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

Egg incubation, tissue homogenization and 
lipid extraction were performed as previously 

1present address: Department of Biochemistry, 
Medical College of Virginia, Richmond, VA 23298 

2present address: Catedra de Tecnicas Instrumen- 
tales Biologicas, Facultad de Ciencias, Universidad de 
Palma de Mallnrca, Spain 

described (9). A variable number of embryo 
brains (50-150 individuals) were pooled accord- 
ing to age. 

Isolation of the PC Samples 

PCs were obtained directly from the total 
lipid extract by thin layer chromatography 
(TLC) on 1.0 mm layers of Silica Gel G (E. 
Merck A.G., Darmstat, G.F.R.) using chloro- 
form/methanol/water  (65:25:4, v/v/v) as the 
solvent system. Aliquots containing up to 25 
mg of total lipids were applied as narrow 
bands to 20 x 20 cm plates. Bands of PC were 
detected by spraying the margins of the plates 
with the Dittmer reagent (10), then scraped off  
the plates and extracted by successive treat- 
ments with 10 vol of chloroform/methanol 
(2:1, 1:1, 1:2 and 1:9, v/v) and finally meth- 
anol. PC isolated by this method appeared as 
a single spot in 2-dimensional TLC using 
chloroform/methanol/water (65:25:4, v/v/v) 
and n-butanol/acetic acid/water (60:20:20, 
v/v/v) as solvent systems. 

Conversion of PC into 
1,2-Diacyl-3-Acetyl-sn-Glycerol 

Twenty-five units of phospholipase C 
(EC 3.1.4.3) from Clostridium welchii (Sigma 
Chemical Co., St. Louis, MO) were dissolved 
into 8.0 ml of 0.05 M Tris buffer, pH 7.2, and 
10.0 ml of 5 mM CaC12 and washed twice with 
ethyl-ether to remove lipid contaminants. To 
this solution were added PC (35 mg) dissolved 
in freshly distilled ethyl-ether (5.0 ml). The 
mixture was shaken under N 2 at 29 C for 2 hr, 
then it was extracted 5 times with ethyl-ether. 
Combined extracts were evaporated to dryness 
and weighed. An aliquot containing up to 1 
mg of dry extract was analyzed by TLC (0.5 
mm thick) using n-hexane/ethyl-ether/acetic 
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acid (50:50:1, v/v/v) as the solvent system. The 
1,2-diacyl-sn-glycerol spot was visualized by 
spraying the plate with a 0.1% Rhodamine-6-G 
methanol solution or by exposing it to iodine 
vapor. 

The remaining dry extract was acetylated 
with a 24-fold molar excess of acetic anhydride 
and 1 vol of anhydrous pyridine at 40 C for 
4 min. The reaction was stopped by adding 
3.0 ml of anhydrous methanol. Diacyl-glycerol 
acetates were extracted 5 times with ethyl- 
ether and the combined extracts were washed 
with 2 N HC1 (2 vol), 2% NaHCO 3 (2 vol) 
and distilled water (3 vol). The organic phase 
was dried over anhydrous sodium sulfate, 
concentrated in a rotary evaporator and puri- 
fied by TLC on 0.5 mm layers of Silica Gel G, 
using hexane/ethyl-etber/acetic acid (50:50:1, 
v/v/v) as the solvent system. Bands of diacyl- 
glycerol acetates were detected with Rhod- 
amine-6-G solution and the 1,2-diacyl,3-acetyl- 
sn-glycerols were scraped off the plate and 
eluted from the adsorbent with several volumes 
of chloroform. Initial PC and 1,2-diacyl,3- 
acetyl-sn-glycerols did not show significant 
differences in their fatty acid compositions 
(data not shown). 

Subfractionation of 
1,2-Diacyl,3-Acetyl-sn-Glycerol 

1,2-Diacyl,3-acetyl-sn-glycerols were resolved 
by argentation (AgNO3-silica gel) TLC on the 
basis of total number of double bonds per 
molecule. 

Two plates (200 x 200 x 0.5 mm) were 
prepared as described by Renkonen (11), 
except that the plates were dried at 120 C for 
35 rain. The plates were developed using 
benzene/chloroform/methanol (90:10:1, v/v/v), 
followed by benzene/chloroform/methanol (90: 
10:2.5, v/v/v) in order to obtain better reso- 
lution of the most highly unsaturated fractions. 
After development, the plates were sprayed 
with a 0.05% methanol/water (1:1, v/v) solu- 

t t , . , 

tion of 2 ,7  -dlchlorofluorescem and the differ- 
ent subfractions were located under ultraviolet 
(UV) light. Those subfractions corresponding to 
the various degrees of unsaturation were 
recovered separately by repeated extraction of 
the gel scrapings with ether. Silver nitrate was 
eliminated by washing the extracts with 0.1% 
NaC1 solution. The organic extracts were 
evaporated to dryness in a rotary evaporator 
after addition of a small amount  of methanol to 
remove the last traces of water. The ratio of the 
subfractions obtained was determined by gas 
liquid chromatography (GLC) by adding 
methyl pentadecanoate (as in internal standard) 
to the methyl ester derivatives. 

Positional Distribution of Fatty Acids in 
1,2-Diacyl,3-Acetyl-sn-Glycerol Subfractions 

The positional distribution of the fatty acids 
in the 1,2-diacyt,3-acetyl-sn-glycerols was deter- 
mined by hydrolysis with pancreatic lipase 
(EC 3.1.1.3) from Calbiochem (Los Angeles, 
CA). 

Two to 3 mg of 1,2-diacyl,3-acetyl-sn- 
glycerol acetates were suspended in 1.0 ml of 
1 M Tris buffer pH 8.0, 0.25 ml of 2.2% sodium 
deoxycholate and 0.1 ml of 0.1% CaC12. The 
mixture was sonicated for 15 sec in a MSE 
ultrasonic disintegrator, then 5-6 mg of pan- 
creatic lipase were added and the mixture was 
incubated for 1 min at 40 C. The reaction was 
stopped by adding 6 N HC1 (3 ml). Free fatty 
acids and 2-acyl-sn-glycerols were recovered by 
repeated ether extractions and separated by 
TLC (0.5 mm Silica Gel G layers) with n- 
hexane/ether/acetic acid (50:50:1, v/v/v) as 
solvent system. Bands were identified using 
standards, scraped off the plate and directly 
converted to methyl esters. 

Gas Liquid Chromatography 

Preparation of the methyl esters and analy- 
sis of the fatty acids by GLC were done as 
described previously (9). 

Analytical data represent an average of 2-4 
different samples expressed as molar percent- 
ages of total fatty acids. Standard deviation 
for data in Tables I and II and in Figure 1 was 
no more than 1.9% and 1.0%, respectively, for 
molar relative abundances higher and lower 
than 10%. 

RESULTS AND DISCUSSION 

Fractionation by argentation-TLC of 1,2- 
diacyl,3-acetyl-sn-glycerols derived from PC of 
chick (13th, 17th and 21st incubation days) 
and duck embryo brains (17th, 22nd and 28th 
incubation days) provides (a) the relative 
abundance (Table I) and fatty acid composition 
of each fraction, and (b) the positional distri- 
bution of acyl groups (GLC data is available 
from the authors upon request). From these 
complementary results, the experimental mo- 
lecular species composition was estimated 
(Table II). 

Five different groups of 1,2-diacyl,3-acetyl- 
sn-glycerol derivatives (Table I) with different 
degrees of unsaturation were obtained from all 
the developmental stages considered either in 
chick or duck embryo brains, i.e., disaturated, 
mono-, di-, tetra-, and hexaenoic molecules. 
The relative abundances of all these 1,2-diacyl, 
3-acetyl-sn-glycerol subfractions remain fairly 
constant both throughout development and 
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TABLE I 

Molar Relative Abundance of Different Fraction of 
1,2-Diacyl,3-Acetyl-sn-glycerols Derived from Avian Embryo Brain PC 
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Molecular Chick (incubation days) Duck (incubation days) 

classes a 13 12 21 17 22 28 

Disaturat ed 32.1 b 34.7 29.4 29.4 37.1 35.2 
Monoenoic 44.4 46.4 47.7 49.2 46.6 49.0 
Dienoic 8.7 8.0 6.6 4.8 4.5 4.0 
Tetraenoic 7.9 6.0 7.3 10.6 6.8 7.0 
Hexaenoic 6.9 5.0 8.9 5.9 4.9 4.7 

aSubfractionation of 1,2-diacyl,3-acetyl-sn-glycerols is achieved by argentation-TLC on the basis of un- 
saturation degree (see Methods). 

bMolar relative abundance of different 1,2-diacyl,3-acetyl-sn-glycerol fractions within the whole population 
from each developmental stage. 

TABLE II 

Experimental Molecular Species Composit ion of PC from Developing Avian Embryo Brain a 

Chick (incubation days) Duck (incubation days) 
Molecular 
classes b 13 17 21 17 22 28 

16:0/16:0 25.6 30.6 26.8 26.8 32.2 29.1 
18:0/16:0 2.6 3.2 1.5 2.6 2.6 4.4 
16:1/16:0 3.6 1.8 1.0 1.0 2.0 1.4 
18:1/16:0 11.2 13.7 12.6 15.3 19.2 15.4 
16:0/18:1 c 

(+16:0/16:1) 24.8 27.6 28.9 27.9 22.4 27.3 
18:0/16:1 

(+18:0/18:1) 2.4 3.4 4.4 4.0 3.8 6.5 

16:0/18:2 3.0 2.6 2.2 1.2 1.6 1.2 
18:1/18:1 

(+18:1/16:1) 2.4 2.6 3.2 3.0 2.6 2.8 
16:0/20:4 3.8 3.9 4.0 6.0 3.6 3.9 
18:0/20:4 2.0 1.8 2.4 5.4 2.6 2.8 
16:0/22:6 3.9 3.9 5.2 3.1 3~4 2.8 
18:0/22:6 1.2 1.8 2.2 1.4 1.2 1.2 

Total accounted (N)d 86.50 96.90 94.40 97.70 97.20 98.80 

aMolecular species with molar relative abundances higher than 1% are represented. 
bsn- I position/sn- 2 position. 
CMolecular species in brackets indicate minor consti tuents in not-fully-resolved mixtures. 
dMolar percentage of total PC population accounted by the analytical procedure. 

between the 2 avian species considered. Never- 
theless, the previously reported increase in the 
absolute amount of PC during the develdpment 
o f  the brain tissue (9) provides a steady devel- 
opmental increase of an molecular species. An 
overall 1.6 -+ 0.4-fold increase can be calculated 
for each group within the developmental period 
considered (Fig. 1). 

The percentage distribution of individual 
PC molecular species is shown in Table II. 
Fifteen major ( > 2% of total PC population) 
molecular species are found which do not 
undergo significant variation in relative abund- 
ance either during the course of developmental 

s tud ies  o r  b e t w e e n  the  2 avian species  cons id-  
ered.  Th i s  m a i n t e n a n c e  o f  PC c o m p o s i t i o n  
grea t ly  c o n t r a s t s  w i t h  t he  changes  p r ev ious ly  
desc r ibed  in chick e m b r y o  liver (4)  and  m u s t  be  
par t ia l ly  a t t r i b u t e d  to  t h e  m a i n t e n a n c e  o f  t h e  
speci f ic i ty  o f  PC s y n t h e s i s  by  the  deve lop ing  
b ra in  ( G o n z a l e z - R o s ,  in p r e p a r a t i o n ) .  

PC p o p u l a t i o n s  are c o m p o s e d  o f  m o l e c u l e s  
w i t h  selective f a t t y  acid d i s t r i bu t i ons ,  i.e., 
u n s a t u r a t e d  f a t t y  acids are a t t a c h e d  p r imar i l y  
to t h e  sn-2  p o s i t i o n ,  w h e r e a s  s a t u r a t e d  acyl  
g r o u p s  b ind  m a i n l y  to  t he  sn-1 glycero l  hy-  
d r o x y l  g r o u p ,  as desc r ibed  e l s ewhere  fo r  a n ima l  
p h o s p h o g l y c e r i d e s  (3) .  
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The most abundant molecular species of 
PC are monoenoic and disaturated, which 
account for ca. 50 and 30% of the total PC 
population, respectively. The most abundant 
disaturate is 1,2-dipalmitoyl-sn-glycero-3-phos- 
phocholine which exhibits increased relative 
levels on the 17th incubation day in the chick 
embryo (22nd day in duck) in accordance with 
previously described increased levels of palmitic 
acid at the same developmental stage (9). 
Relative abundance of dipalmitoyl-PC from 
brain is somewhat higher than in the majority 
of previously described biological systems 
(7,12), except for lung tissue, where it exists at 
an even greater amount (3,7,13). 

Another type of disaturated PC at lower 
levels is 1 -st earoyl,2-p almit oyl-sn-gly cero-3- 
phosphocholine. There was no detection either 
of 1-palmitoyl,2-stearoyl or 1,2-distearoyl-sn- 
glycero-3-phosphocholine, which is in agree- 
ment with the conclusion reached from studies 
on liposome permeability where these mole- 
cules apparently create a much too rigid and 
impermeable b/layer structure (14-16). In 
addition, the absence of molecules such as 
dilauroyl or dimyristoyl-PC is not surprising 
because of the observed anomalous behavior 
of these molecular species in membrane model 
systems (17). 

The monoenoic PC molecular species are 
present in the developing brain at even higher 
levels than the disaturated ones and the main 
components are 1-palmitoyl,2-oleoyl, and 1- 
oleoyl, 2-p almit oyl-sn-glycero-3-phosp hocholine. 
1-Oleoyl, 2-palmitoyl-sn-glycero-3-phosphocho- 
line probably is uniquely associated with brain 
tissue since it cannot be detected in other 
embryonic organs such as liver or lung (4,13), 
where it was attributed to a positional selec- 
tivity shown by the oleoyl group during the 
biosynthesis of PC (3,18-20). Alternatively, 
O'Brien and Geison (21) indicated 1,2-dipalmi- 
toyl and 1-palmitoyl,2-oleoyl PC species as the 
most characteristic in nerve endings and myelin, 
respectively. 

Other possible combinations of mono- 
unsaturated (oleic and palmitoleic) and satu- 
rated (palmitic and stearic) fatty acids have also 
been detected by forming monoenoic molecular 
species, except that stearic acid was never 
found attached to the sn-2 position. 

Dienoic PC molecular species represent ca. 
7% of the total PC population. They are formed 
either by having 2 double bonds in the same 
apolar chain ( 1-palmitoyl,2-1inoleoyl-sn-glycero- 
3-phosphocholine) or by concomitance of 2 
monounsaturated apolar chains within the same 
PC molecule (1,2-dioleoyl-sn-glycero-3-phospho- 
choline). Both of these have been found pre- 
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FIG. 1. Developmental changes in the amount of 
phosphorus contained in molecular species groups of 
PC with different degrees of unsaturation from chick 
(A) and duck (B) embryo brain. (V)disaturated, (o) 
monoenoie, (e) dienoic, (A) tetraenoie and (x) hexa- 
enoic molecular species. Phosphorus determinations 
were performed as previously described (9). 

viously in the brains of higher animals (3,7). 
Polyunsaturated PC, composed mainly of 

tetraenoic and hexaenoic molecular species, 
have been found with relative abundances 
between 6-9% in all the developmental stages 
considered. These are very low values compared 
to the embryonic chick liver, for example (4). 
In all cases, preferential combinations of pal- 
mitic acid (as different from stearic acid) in 
the sn-1 position with polyunsaturated arachi- 
donic (tetraenoic molecular species) or doco- 
sahexenoic (hexaenoic molecular species) acids 
at the sn-2 position are detected. These combi- 
nations correspond to polyunsaturated molec- 
ular species commonly found in animal tissues, 
although a predominance of tetraenoic molec- 
ular species containing sn-1 bound stearic 
acid, instead of palmitic, also has been reported 
(3,4,7). 

There was no detection of appreciable 
amounts of dipolyunsaturated (e.g., arachi- 
donic/doco sahexenoic, arachidonic/docosahex- 
enoic) molecular species, which agrees with the 
observed instability of membrane m o d e l  
systems containing high amounts of these 
phosphoglyceride molecules (15). 

Table III shows the molecular composition 
of PC that would be expected on the basis of 
a random distribution of the fatty acids present 
in the initial PC (9). In comparison, experi- 
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TABLE lII 

Calculated Molecular Species Composi t ion of PC from the Developing Avian Embryo Brain 
Assuming Random Distribution of Acyl Groupsa, b 
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Molecular Chick (incubation days) Duck (incubation days) 

classes 13 17 21 17 22 28 

16:0/16:0  29.23 32.97 29.87 26.45 35.29 
18:0/16:0 2.87 2.78 3.66 3.13 3.48 
16:1/16:0 2.76 1.73 1.48 1.87 1.06 
18:1/16:0 13.33 13.39 13.78 14.31 13.66 
16:0/18:1 

+16:0/16:1 16.09 15.12 15.26 16.18 14.72 
18:0/16:1 

+18:0/18:1 1.57 1.27 1.86 1.91 1.44 

16:0/18:2 1.09 1.30 1.04 0.39 0.30 
18:1/18:1 

+18:1/16:1 7.34 6.14 7.04 8.05 5.70 
16:0/20:4 1.80 2.13 2.07 2.80 2.69 
18:0/20:4 0.17 0.17 0.25 0.33 0.26 
16:0122:6 1.86 1.90 2.29 1.42 1.77 
18:0/22:6 0.18 0.16 0.28 0.16 0.17 

28.39 
4.63 
0.89 

13.99 

14.88 

2.41 

7.30 
2.74 
0.44 
1.66 
0.27 

Total accounted (2;) 78.29 79.06 78.88 77.00 81.88 79.97 

aData on PC fat ty acid composi t ion taken from Gonzalez-Ros and Ribera (1979) (9). 
bCalculation assuming random distr ibution of acyl groups were done according to Kuksis et al. (1963) (22). 

mental values for saturated and monoenoic 
species containing monounsaturated fatty acids 
at the sn-1 position appear to obey the random 
distribution, whereas monoenoic species con- 
taining monounsaturated fatty acids (mainly 
oleic acid) at the sn-2 position present experi- 
mental values deviated positively from the 
statistical assumption. In the dienoic species 
fraction, appearance of those pairing saturated 
and diunsaturated fatty acids apparently is 
favored whereas the opposite occurs to those 
containing 2 monounsaturated acyl chains. In 
addition, it can be observed that experimental 
values for polyunsaturated species (tetra- and 
hexaenoic molecules), especially those contain- 
ing stearic acid, are much higher than those 
expected from the random distribution assump- 
tion. The observed nonrandomness would mean 
certain acyl groups of PC for the developing 
brain tend to associate with each other on some 
basis other than molar concentration. Another 
possibility is that brain PC represents pooled 
contributions of molecules from several PC 
populations, each of which may possess a 
random distribution for its fatty acids. Whether 
these results are a reflection of the specificity 
of endogenous PC synthesis is as yet unknown. 

In conclusion, PC from the developing avian 
brain shows a molecular composition which 
basically agrees with the trend shown by the 
brain of higher animals, although it differs from 
the molecular composition patterns exhibited 
by other embryonic avian tissues. Monoenoic 

and disaturated PC species roughly account for 
80% of the total PC population where the 
main components are 1,2-dipalmitoyl, 1- 
palmitoyl,2-oleoyl and 1-oleoyl,2-palmitoyl- 
sn-glycero-3-phosphocholine. There is a strong 
maintenance of that pattern both during the 
embryonic development and between the 2 
avian species considered, which may be neces- 
sary to keep the functional activity of the 
embryonic tissue. The mechanism by which 
this constancy of PC molecular composition is 
achieved is not understood at this time but may 
be related to the specificity of endogenous PC 
synthesis and/or caused by selective transport 
within the developing encephalon. 
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Comparisons of Monoacylglycerols and Diacylglycerols of Varying 
Fatty Acid Composition As Substrates for the Acylglycerol 
Kinase(s) of Rat Brain 
H.H. BISHOP and K.P. STRICKLAND, Department of Biochemistry 
University of Western Ontario, London N6A 5C1, Ontario, Canada 

ABSTRACT 

The properties of diacylglycerol and monoacylglycerol kinase activities present in 90,000 x g pellet 
and 90,000 x g supernatant fractions from rat brain were examined and compared. Of the properties 
examined, time course (linear for 10 min), enzyme concentration, pH optimum (7.4-7.5), varying 
ATP (5 mM) and Mg 2+ (10 mM) concentrations all showed similar optima for both activities. The 
optima for acylglycerol (5 mM for diacylglycerols; 3 mM for monoacylglycerols) and deoxycholate 
concentrations (0.1% for diacylglycerol kinase; 0.03% for monoacylglycerol kinase) differed slightly. 
Examination of the subcellular distribution for these activities also showed a similar pattern. All 
fractions showed significant activities, but the most was in the supernatant fraction. The similarities 
in properties and localization of the 2 kinase activities suggest a single enzyme may function. On this 
assumption, an extensive study using mono- and diacylglycerols of varying fatty acid composition gave 
the following results: (a) acylglycerols with the same fatty acid present showed increasing activity in 
the order: 1-monoacylglycerol, 2-monoacylglycerol and 1,2-diacylglycerols; (b) when saturated fatty 
acids were present the order of decreasing activity varied directly with increasing chain length for 
C10---~C20 ; (C) when one or more unsaturated fatty acids were present good activities resulted, but no 
clear pattern emerged, although acylgtycerols with 18:1 and 18:3 fatty acids were more active than 
those with 18:2 and 20:4 fatty acids. These patterns do not support a role for this kinase in producing 
phosphatidic acids or lyso phosphatidic acids of the correct composition to act as precursors for the 
de novo synthesis of the predominant l-stearoyl, 2-arachidonoyl molecular species of phosphatidyl- 
inositol. 

INTRODUCTION 

Michell  et  al. (1-3),  in a n u m b e r  of  reviews, 
has stressed the  po t en t i a l  i m p o r t a n c e  of  the  
cycle of  p h o s p h a t i d y l i n o s i t o l  (PI) b r e a k d o w n  
and resyn thes i s  t ha t  m ay  occur  in t issues 
exposed  to var ious  st imuli .  This  cycle involves 
4 reac t ions :  

CTP + phosphatidic acid (PA)--* 
CDP-diacylglycerol + PPi [I] 

CDP-diacylglycerol + inositol-~PI + CMP [I1] 

P I~  1,2-diacylglycerol + inositol- 1-phosphate [IlI] 
(or inositol-cyclic- 1,2-phosphate) 

1,2-diacylglycerol + ATP--+PA + AMP [IV] 

S t i m u h  wh ich  affect  th is  cycle appea r  to  act  
on  reac t ion  IIt.  Reac t i ons  III and IV clearly 
show tha t  the  f o r m a t i o n  of 1 ,2-diacylglycerol  
( r eac t ion  III)  and  its p h o s p h o r y l a t i o n  by  ATP 
to fo rm PA ( reac t ion  IV)  are i m p o r t a n t  to  the  
cycle. Al te rna t ive ly ,  monoacy lg lyce ro l  m a y  be  
p h o s p h o r y l a t e d  by  a r eac t ion  similar to  reac- 
t ion  IV to form lyso PA wh ich  in t u r n  m a y  
undergo  acy la t ion  to form PA ( reac t ions  V 
and  VI). 

1-monoacylglycerol or 
+ ATP--~Iyso PA + ADP IV] 

2-monoacylglycerol 

lyso PA + acyl CoA---~PA + CoASH [VI] 

Reac t i ons  V and  VI  pe rmi t  some mod i f i c a t i on  
of  t he  PA pool,  depend ing  on  the  monoacy l -  
glycerol  pa r t i c ipa t ing  and  t h e  act ivi ty  of  t he  
monoacy lg lyce ro l  k inase  present .  

In  the  past several years,  we have s tudied  
reac t ions  I and  lI  (4 ,5)  in ra t  b ra in  p r epa ra t i ons  
using subs t ra t e s  of  vary ing  f a t t y  acid compos i -  
t ion.  The  par t icu lar  aim in these  s tudies  was 
to d e t e r m i n e  w h e t h e r  the  p r e d o m i n a n t  molec-  
ular  species of  PI (i.e., 1-stearoyl,  2-arachi-  
donoy l )  t ha t  occurs  na tu ra l ly  could be  fo rmed  
b y  e i the r  o f  these  reac t ions ,  or the  2 r eac t ions  
ac t ing in concer t .  The  evidence  ind ica tes  t ha t  
some bu t  no t  aU o f  t he  p r e d o m i n a n t  molecu la r  
species observed  may  occur  by  reac t ions  I 
and  II. Al te rna t ive ly ,  growing evidence indi- 
cates  a deacy la t ion - reacy la t ion  p a t h w a y  may  
exist  for  PI (6-8).  Our  own  studies  (6,7)  provide  
evidence  for  an  act ive deacy la t ion  sys tem 
whereas  those  of  Baker  and  T h o m p s o n  (8)  
have s h o w n  tha t  r eacy la t ion  of  1-acyl-lyso P! 
readi ly  occurs  wi th  h igh select ivi ty for  arachi-  
d o n o y l  CoA. This  cycle or p a t h w a y  would 
appear  to  c o n t r i b u t e  s ignif icant ly  to  the  genera- 
t ion  of  PI species descr ibed.  A fu r t he r  possi- 
b i h t y  involves r eac t ion  IV and  possibly  reac- 
t ions  V and  VI, par t icu la r ly  if  some compar t -  
m e n t a l i z a t i o n  o f  the  diglyceride f rom PI 
b r e a k d o w n  exists which  permi t s  recycl ing of  
the  diglycer ide in PI b iosynthes is .  
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It was therefore decided to examine diacyl- 
glycerol kinase activity and monoacylglycerol 
kinase activity in rat brain to evaluate their 
significance in the steps of P1 metabolism 
described and the generation of the predomi- 
nant 1-stearoyl, 2-arachidonoyl-species. In the 
initial experiments done on each enzyme activ- 
ity, the best optimal conditions for incubation 
of the enzyme and extraction and measurement 
of the products formed (32p-PA and lyso 
32p_pA ) were defined, Using these conditions, 
diacylglycerols and monoacylglycerols of vary- 
ing fatty acid composition were then synthe- 
sized and compared as substrates. A summary 
of the findings is described in the following 
text. 

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

Materials 

The [732P] ATP was purchased from the 
Amersham Corp. (Arlington Heights, IL) as 
the sodium salt of adenosine 5'-[732P] triphos- 
phate (0.5-3.0 mCi/mmol). The following 
monoacylglycerols: R a c - 1 ,  10:0, 12:0, 14:0, 
16:0, 18:0, 18:1, 18:2, and 20:4 and rac-2,  
16:0 and 18:1; 1,2-diacylglycerols: sn 1,2-di, 
10:0, 12:0, 14:0, 16:0, 18:1; sn 1-16:0, 2-18:1, 
sn 1-18:1, 2-16:0, sn 1-18:0,2-18:1,sn 1-18:0, 
2-18:2;rac-1,2 di, 10:0, 16:0, 1 8 : l ; a n d  those 
derived from egg lecithin and pig liver lecithin 
were purchased from Serdary Research Lab 
(London, Ont., Canada). The following acyt 
chlorides, 16:1, 18:2 and 20:4 (arachidonoyl) 
and acyl glycerols, rac-1,  16:1, 18:3 and a 
rac di 20:4 mixture were obtained from Nu- 
Chek-Prep., Inc. (Elysian, MN). Each acyl- 
glycerol was checked for purity and where 
necessary purified by preparative thin layer 
chromatography (TLC). The monoacylglycerols 
were run on Silica Gel H (10-40 /1 size)-10% 
boric acid plates in solvent system I (chloro- 
form/methanol;  98.5:1.5, v/v). The diacyl- 
glycerols were run on the same plates in solvent 
system II (diethyl ether/petroleum ether, 
30-60%; 40:60, v/v). Elution of the appropriate 
area was carried out with chloroform/methanol 
(60:40, v/v). The additional monoacylglycerols 
and diacylglycerols used were prepared by 
chemical synthesis. The 2-monoacylglycerols 
were prepared as outlined by Mattson and 
Volpenhein (9). This procedure involved 
acylation of 1,3-benzylidine glycerol with the 
appropriate acyl chloride followed by cleavage 
of the benzylidine group. The crude mono- 
acylglycerols were purified by a 2-stage pre- 
parative T L C  run using the Silica Gel H plates 
and solvent systems already described. The 
plates were first run in solvent system II to 

migrate the free fatty acid and then after drying 
in solvent system I in the same direction to 
separate 1- and 2-monoacylglycerols. The 
1,2-diacylglycerols were prepared as described 
previously by Bishop and Strickland (5). 
Purification was carried out by preparative TLC 
on Silica Gel H-10% boric acid plates in solvent 
system II rather than by runs on silica gel -10% 
boric acid columns (100-200 mesh). 

Tissue and Enzyme Preparations 

Male rats of the Sprague-Dawley strain 
(100-200 g) were used in all experiments. After 
decapitation, the cerebral hemispheres were 
rapidly removed and subjected to the homoge- 
nation and subcellular isolation procedures 
described previously (4). Additional washings 
in ice-cold 0.25 M sucrose were carried out as 
noted. 

Diacylglycerol Kinase Assay 

The assay method finally adopted is similar 
to that described by Lapetina and Hawthorne 
(10). (The main difference was related to the 
optimal concentrations of the components 
added). The basic system for incubation con- 
tained in a final vol of 0.5 ml: 1,2-diacyl- 
glycerol, 5 mM; sodium deoxycholate, 0.1% 
(w/v); potassium phosphate buffer, pH 7.4, 50 
mM; KF, 10 mM; MgC12, 10 mM; [T32P]ATP, 
5 mM (specific radioactivity adjusted to ca. 600 
cpm/nmol) and enzyme protein 0.1 ml fraction 
(ca. 0.25 mg protein for microsomal fraction 
and 0.50 mg protein for supernatant fraction). 
Appropriate samples (75 ;tl of 20 mg/ml) of 
rac- or sn-l,2-diacylglycerols in hexane were 
placed in test tubes and the solvent was re- 
moved under a stream of N 2. Deoxycholate, 
phosphate buffer and water were added and the 
contents (5 mg/ml) of the tube were sonicated 
for 30 sec. All other components of the system 
were added (the fluoride last) with the excep- 
tion of  the enzyme preparation, and incubation 
was carried out at 37 C for 10 rain. The enzyme 
preparation, and incubation was carried out at 
37 C for 10 min. The enzyme preparation was 
then added, the tubes were mixed vigorously 
on a Vortex (Fischer Scientific Co., Toronto, 
Canada) for 15 sec and incubation was con- 
tinued at 37 C for 5 min. At the end of the 
incubation, the reaction was stopped and each 
assay tube was extracted and analyzed as 
described in the next section. 

Extraction and Analysis of 
32P-incorporation into PA 

Four methods of extraction were compared. 
These included methods described by Prottey 
and Hawthorne (11), Bremer's group (12), 

LIPIDS, VOL. 15, NO. 5 



A C Y L G L Y C E R O I ,  K I N A S E S  O F  R A T  B R A I N  

McMurray (13) and Bishop and Strickland (4). 
While all methods gave reasonable recoveries, 
the McMurray method seemed to give a better 
recovery of counts in the purified lipid extract 
(e.g., 18,000 cpm vs 14,000-15,000 cpm with 
the other 3 methods). Because of a consistently 
higher recovery of counts, the McMurray 
method was used in subsequent experiments: 
In this method, the reaction was stopped by 
the addition of 4.0 ml chloroform/methanol 
(1:1, v/v). The samples were centrifuged and 
the extracts were transferred to tubes each 
containing 2.0 ml chloroform and 0.7 ml of 
0.9% NaCI. The phases were separated by cen- 
trifugation and the upper phase was discarded. 
The lower phase was washed 3 times with 
theoretical upper phase solvent containing 
NaC1 (i.e., chloroform/methanol/0.9% NaC1, 
3:48:47, v/v/v). One-half (i.e., 2 ml of the 
purified lipid extract) was evaporated to dry- 
ness and the residue was digested with 1.0 ml 
of 60%, HC104. The digest was diluted with 
water to 8.5 ml and the 32p-radioactivity was 
determined using a Nuclear Chicago scintil- 
lation spectrometer. The phosphorus content 
was determined by the Bartlett method (14) 
on each of the samples described after count- 
ing. The results have been expressed in terms of 
nanomoles (nmol) [T32PIATP incorporated/ 
mg protein/min. Protein was estimated by the 
Lowry et al. method (15). Controls (run with- 
out added diacylglycerol) were subtracted to 
give the net incorporation resulting from the 
diacylglycerol under study. 

Monoacylglycerol Kinase Assay 

The assay method developed and used was 
similar to that already described for diacyl- 
glycerol kinase. With the exceptions of the 
monoacylglycerol being 3 mM and deoxy- 
cholate being 0.03% the basic system for 
incubation and the procedure for incubation 
were identical to the diacylglycerol kinase 
method. 

Extraction and Analysis of 
32p-incorporation into Lyso PA 

The method described by Bremer's group 
(12) was found to be the more quantitative for 
lyso PA recovery and was therefore used for 
extraction of the 32P-labelled lyso PA formed 
in the assay described. One-half (0.5 ml of  1.0 
ml of butanol extract) of the total extract was 
analyzed as described for the extract obtained 
from the diacylglycerol kinase method. The 
results have been expressed in terms of nmol 
[q'32p]ATP incorporated/rag protein/min. 
Again, as with diacylglycerol kinase activity, 
appropriate control  values were subtracted to 
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give net incorporation resulting from the mono- 
acylglycerol added. 

RESULTS 

General Properties and 
Localization of Kinase Enzymes 

Initially, a number of experiments were 
carried out to establish the optimal conditions 
of incubation for the monoacyl- and diacyl- 
glycerol kinases. At the same time, the intra- 
cellular distribution of kinase activity was 
assessed. A close similarity existed between 
the properties of the 2 kinase activities res- 
ponsible for the phosphorylation from ATP of  
monoacyl- and diacylglycerols, w i t h  few 
exceptions. Thus, for each activity, the optimal 
pH was at 7.4-7.5, the optimal Mg2+ concen- 
tration was at 10 mM or slightly higher and the 
optimal ATP concentration was at 5 raM. The 
system in each case was linear with time for ca. 
10 min. Two small differences noted were in 
the optima for substrate concentrations (3 mM 
for monoacylglycerols vs 5 mM for diacyl- 
glycerols) and for deoxycholate (0.3% for 
monoacylglycerol kinase activity vs 0.1% for 
diacylglycerol kinase activity). Most of these 
conditions agree with those described by 
Lapetina and Hawthorne (10) for diacylglycerol 
kinase in rat cerebral cortex. 

The localization of both kinase activities in 
the different cellular components derived from 
rat brain by differential centrifugation showed 
another close similarity in the pattern of the 
activities (Table I). While activity appeared in 
all fractions, most of it was in the supernatant 
fraction derived from centrifugation at 90,000 
x g for 30 min for both kinase activities. The 
unwashed microsomal pellet (i.e., 90,000 x g) 
was relatively high in activity, but 2 washings 
with sucrose buffer reduced the activity to an 
average of less than 10% of that in the super- 
nate or total homogenate. This indicates only a 
" loose" or. nonintegral association of these 
kinase activities with the membranous com- 
ponents contributing to the 90,000 x g pellet. 

Comparisons Among Monoacylglycerol and 
Diacylglycerol Substrates of Varying 
Fatty Acid Composition 

In all the experiments carried out in this 
study, the optimal conditions already discussed 
were used with the different substrates, co- 
factors and deoxycholate. Tables II and III 
summarize the data obtained for both diacyl- 
glycerols and monoacylglycerols of varying 
fatty acid compositions using a microsomal and 
a supernatant fraction from rat brain. With few 
exceptions, the kinase activities were higher and 
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T A B L E  I 

In t racel lu lar  Dis t r ibu t ion  of  Diacylglycerol  and 
Monoacy lg lyce ro l  Kinases in Rat Brain 

[3 , -32p]-ATP inco rpora t ed  per  rain into lipid b 

Tissue f rac t ion  a n m o l / g  we t  wt  n m o l / m g  pro te in  

I. Diacylg lycerol  kinase (l,2-dioleoyl-rac-glycerol, 5 raM, used as subs t ra te )  
A. (Expts  1 and  2) Expt .  1 Expt .  2 Expt .  1 Expt.  2 

H o m o g e n a t e  563 636 10.6 " 9.6 
1,000 x g pel let  c 363 227 25.1 8.9 

12 ,000  x g pellet  c 252 223 7.7 7.1 
90 ,000  x g pel let  c 5 69 2.2 6.5 
90 ,000  x g superna te  586 672 28.6 29.2 

B. (Expts  3 and 4) Expt .  3 Expt .  4 Expt .  3 Expt .  4 
H o m o g e n a t e  663 752 11.6 7.5 

90 ,000  x g pellet  306 197 15.3 9.2 
( u n w a s h e d )  

Wash No. 1 67 22 22.2 9.0 
Wash No. 2 16 4 5.2 1.5 
90 ,000  x g pellet c 95 44 6.3 5.0 
90 ,000  x g superna te  551 842 20.4 26.3 

II. Monoacy lg lyce ro l  kinase (2-oleoyl-rac-glycerol, 3 mM, used as subs t ra te )  

(Expts  5 and 6) Expt .  5 Expt .  6 Expt .  5 Expt .  6 
H o m o g e n a t e  93.6 75.6 0.94 0.74 
1,000 x g pellet c 12.2 17.8 0.47 1.19 

12 ,000 x g pellet  c 25.8 20.2 0.71 0.57 
90 ,000  x g pellet  c 6 .18 4 .72  0.59 0.59 
90 ,000  x g supe rna t e  c 124 119 4 .00  4.17 

aCell f r ac t i ona t ion  was carr ied out  as descr ibed in Materials and Methods.  

bDiacylg lycero l  and m o n o a c y l g l y c e r o l  kinase activi t ies were  measured  under  the op t ima l  condi t ions  des- 
cr ibed in Materials and Methods.  Activi t ies are expressed  as given in the  subheadings .  

Cpellet washed  twice  in ice-cold 0.25 M sucrose.  

usually more stable in the supernatant fraction 
for all of the monoacyl- and diacylglycerols 
studied. Where comparisons can be made in 
Table II, the sn-forms of the diacylglycerols 
usually show higher activities than the corres- 
ponding rac-forms (range 91-155% for sn-form/ 
rac-form x 100). The monoacylglycerol kinase 
activity (using rac-2-monoolein) was about 40% 
of the diacylglycerol kinase activity (using 
rac-1,2-diolein). The 2-monoacylglycerols 
(Table III) showed higher activities than the 
corresponding 1-monoacylglycerols. 

Examination of the results shown in Table II 
for the 1,2-diacylglycerols indicates a number 
of patterns. The diacylglycerols with 2 satu- 
rated fatty acids of the same composition 
showed greater activity for shorter chain (C10 
or C12) fatty acids than for longer chain 
(C14~C18) fatty acids. This order of activity is 
probably directly related to the physical 
ability to disperse these diacylglycerols despite 
good, uniform dispersions being obtained after 
sonication. Once one or more unsaturated fatty 
acids are introduced into the diacylglycerol, a 
considerable increase in kinase activity is 

evident in both the sn- and rac-series. It makes 
little difference whether the unsaturated fatty 
acid (e.g., oleic, linolenic or arachidonic) is at 
the 1- or 2-positions. All of the sn-diacyl- 
glycerols with one or more unsaturated fatty 
acids showed activities almost as high or higher 
than the activity observed for rac-l,2-diolein. 
With the rac-diacylglycerols, those with one or 
more unsaturated fatty acids always showed 
higher activities than the corresponding diacyl- 
glycerols with saturated fatty acids, but in most 
instances the activities (15-105% of rac-l,2- 
diolein) were less than the activity observed for 
rac-l,2-diolein. The diacylglycerols containing 
C20:4 fatty acid alone or with C 18:o stearic 
acid do show appreciable activity (15-31% of 
rac-l,2-diolein), but no selectivity in their 
favor is evident. This selectivity would be 
required for the kinase to play a significant role 
in the de novo generation of a PA with the 
correct composition to form the predominant 
1-stearoyl-2-arachidonoyl species of PI. 

The data shown in Table Ill  for rac-1- and 
rac-2-monoacylglycerols also show certain pat- 
terns appart from the higher activity already 
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TABLE II 

Comparison of Diacylglycerols of Varying Fatty Acid Composition 
as Substrates for Phosphatidic Acid Formation by Microsomal 

and Supernatant Fractions of Rat Brain 
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Microsomal fraction Supernatant fraction 

Diacylglycerol Specific Relative Specific Relative 
(5 mM) activitya activityb activit ya activit yb 

1,2-dioleoyl-rac-glycerol 8.64 (22) 1.00 11.5 (22) 1.00 

sn-forms 

1,2-dicaproyl- 5.66 (2) 0.66 7.46 (2) 0.63 
1,2-dilauroyl- 6.88 (2) 0.78 8.28 (2) 0.70 
1,2-dimyristoyl- 1.91 (2) 0.22 3.86 (2) 0.33 
1,2-dipalmitoyl- 1.55 (3) 0.18 3.74 (3) 0.32 
1-palmit oyl,2-oleoyl- 14.3 (2) 1.67 16.6 (2) 1.43 
1-stearoyl,2-oleoyl- 12.1 (4) 1.40 14.2 (2) 1.22 
1-st earoyl, 2-1in oleo yl- 7.18 (3) 0.83 10.4 (3) 0.89 
1,2-dioleoyl- 13.4 (3) 1.55 14.0 (3) 1.20 
1-oleoyl, 2-palmit oyl- 12.4 (2) 1.42 16.1 (2) 1.38 
From egg lecithin 7.84 (4) 0.90 5.00 (3) 0.43 
From pig liver lecithin 8.28 (2) 0.96 12.5 (6) 1.07 

rac forms 

1,2-dicaproyl 5.18 (2) 0.60 5.94 (2) 0.51 
1,2-dipalmitoyl- 1.05 (3) 0.12 4.06 (3) 0.35 
1,2-distearoyl- 0.51 (3) 0.06 1.05 (2) 0.10 
1-stearoyl,2-oleoyl- 2.80 (4) 0.32 4.02 (4) 0.35 
1,2-dioleoyl- as above 1.00 as above 1.00 
1-oleoyl,2-stearoyl- 1.56 (4) 0.18 2.20 (4) 0.19 
l-st earoyl,2-1inolenoyl- 9.14 (4) 1.05 10.7 (4) 0.92 
1-1inoleoyl,2-stearoyl- 7.34 (4) 0.85 9.02 (4) 0.78 
l-stearoyl,2-arachidonoyl- 1.85 (2) 0.22 1.77 (2) 0.15 
1-arachidonoyl,2-stearoyl- 2.70 (2) 0.31 2.16 (2) 0.19 
1,2-diarachidonoyl 2.24 (2) 0.26 2.28 (2) 0.20 

aThe specific activity is expressed as nmol [-/32p]ATP incorporated/mg protein/min. Number of obser- 
vations are in parentheses. 

bThe relative activity denotes the activity relative to 1,2-dioleoyl-rac-glycerol set at 1.00. 

no t ed  for  t he  2-monoacylg lycero ls .  The  1- and  
2-monoacylg lycero l s  wi th  sa tu ra ted  f a t t y  acids 
show a decreasing act ivi ty  as chain  l eng th  is 
increased (e.g., C10->C20 ) and  also m u c h  less 
act ivi ty  t han  co r r e spond ing  monoacy lg lyce ro l s  
wi th  u n s a t u r a t e d  f a t t y  acids. The  rac-2-mono-  
acylglycerols  wi th  unsa tu ra t ed  fa t ty  acids 
(pa lmi to le ic ,  oleic, l inoleic  and  a rach idon ic )  all 
showed  comparab l e  act ivi t ies  (86-106% of  
2 -monoole in ) .  With one  e x c e p t i o n  ( m o n o -  
l inolein) ,  t he  same p a t t e r n  was n o t e d  for  t he  
rac - l -monoacy lg lycero l s  wi th  u n s a t u r a t e d  fa t ty  
acids. 

DISCUSSION 

In this  s tudy ,  the  p roper t i e s  exh ib i t ed  b y  
diacylglycerol  kinase act iv i ty  toward  1,2- 
d io leoylg lycero l  and  by  monoacy lg lyce ro l  ki- 
nase act ivi ty  t oward  2-oleoylglycerol  in rat  
b ra in  p repa ra t i ons  was first examined  and  
compared .  As a l ready no ted ,  the  p roper t i e s  

( t ime  course;  e n z y m e  concen t r a t i on ,  diacyl- 
glycerol ,  ATP and  Mg2+-concen t ra t ions ;  acti-  
va t ion  by  d e o x y c h o l a t e  and  pH o p t i m u m )  of  
the  diacylglycerol  kinase observed in b o t h  a 
90 ,000  x g pel let  (mic rosomal )  and  a super-  
n a t a n t  f r ac t ion  f rom rat  bra in  were a lmos t  
ident ica l  to  those  r epo r t ed  by  Lape t ina  and 
H a w t h o r n e  (10).  Appa ren t l y ,  no  comparab l e  
s tudy  has been  r epo r t ed  on  monoacy lg lyce ro l  
k inase  since the  first r epor t  b y  Pieringer  and  
Hokin  (16)  on  a par t ia l ly  pur i f ied  p r epa ra t i on  
o b t a i n e d  f rom a d e o x y c h o l a t e  ex t rac t  of  e i the r  
cy top lasmic  par t i cu la te  or m i c r o s o m a l  f r ac t ion  
f rom guinea  pig or calf bra in .  A l t h o u g h  a 
careful  i den t i f i ca t ion  of  p r o d u c t  (i.e., as lyso 
PA) is made,  o p t i m a l  cond i t i ons  for  subs t ra tes  
and  o t h e r  fac tors  are no t  no ted .  In mos t  
ins tances ,  the  c o n c e n t r a t i o n s  were lower  t h a n  
the  o p t i m a  observed in th is  s tudy .  The  very 
close s imilar i ty b e t w e e n  t he  p roper t i e s  exh ib-  
i ted  b y  t he  above  2 k inase  act ivi t ies  would  be  
cons i s t en t  wi th  the  view t h a t  a single kinase 
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TABLE 111 

Comparison of Monoacylglycerols of Varying Fatty Acid Composition 
as Substrates for Lysophosphatidic Acid Formation by 

Microsomal and Supernatant Fractions of Rat Brain 

Microsomal fraction Supernatant fraction 

rac-Monoacylglycerols Specific Relative Specific Relative 
(3 mM) activity a activity activity a activity 

2-oleoyl- 3.40 (15) 1.00 b . . .  4.82 (15) 1.00 b . . .  
1-oleoyl- 0.95 (2) 0.28 1.00 b 1.86 (2) 0.39 1.00 b 

2-acylglycerols : 

2-palmitoyl 0.27 (2) 0.08 . . . 1.57 (2) 0.33 . . .  
2-stearoyl 0.67 (4) 0.20 . . .  1.49 (4) 0.33 . . .  
2-arachidoyl 0.55 (3) 0.16 . . . 0.89 (3) 0.19 . . .  
2-palmitoleoyl 3.60 (2) 1.06 . . . 4.14 (2) 0.86 . . .  
2-oleoyl as above 1.00 . . . as above 1.00 . . . 
2-1inoleoyl 3.94 (5) 1.16 . . .  5.44 (5) 1.13 . . .  
2-arachidonoyl 3.84 (4) 1.02 . . .  4.90 (4) 1.02 . . .  

1-monoacylglycerols : 

1-caproyl 0.31 (2) 0.09 0.33 0.83 (2) 0.17 0.44 
l-lauroyl 0.32 (2) 0.09 0.33 0.81 (2) 0.17 0.44 
1-myristoyl 0.19 (3) 0.06 0.20 0.68 (3) 0.14 0.37 
1-palmitoyl 0.10 (2) 0.03 0.11 0.34 (2) 0.07 0.18 
1-stearoyl 0.20 (4) 0.06 0.21 0.44 (4) 0.09 0.24 
1-arachidoyl 0.10 (3) 0.03 0.11 0.10 (3) 0.02 0.06 
1-palmitoleoyl 0.97 (2) 0.29 1.02 1.36 (2) 0.28 0.73 
1-oleoyl as above 0.28 1.00 as above 0.39 1.00 
1-1inoleoyl 0.57 (3) 0.17 0.59 1.09 (3) 0.23 0.58 
1-1inolenoyl 1.22 (2) 0.36 1.28 1.42 (2) 0.29 0.76 
1-arachidonoyl 0.79 (5) 0.23 0.82 1.35 (5) 0.28 0.72 

aThe specific activity is expressed as nmol [.),_32p] ATP incorporated per mg protein/rain. Numbers of 
observations are in parentheses. 

bAll activities are expressed relative to 2-oleoyl-rac-glycerol set at 1.00 in first column. In the second column, 
activities of the' 1-monoacylglycerols are expressed relative to 1-oleoyl-rac-glycerol set at 1.00. 

act ivi ty  is r e s p o n s i b l e  fo r  t he  p h o s p h o r y l a t i o n  
by  ATP o f  m o n o -  and  d iacylg lycerols .  F u r t h e r  
i nves t iga t ion  w i th  pur i f ied  p r e p a r a t i o n s  of  
acy lg lyce ro l  k inase(s )  is neces sa ry  to  es tab l i sh  
th i s  poss ib i l i ty  u n e q u i v o c a l l y .  

T h e  e x p e r i m e n t s  u n d e r  s t u d y  o n  the  intra-  
cel lular  loca l i za t ion  o f  t he  2 kinase act ivi t ies  
s h o w  several  f indings .  S o m e  ac t iva t ion  o f  t he  
act ivi t ies is ev iden t  in t he  subce l lu la r  f r a c t i o n s  
s ince to t a l  r ecover ies  are 1.5-2 t imes  t ha t  o f  t he  
t o t a l  h o m o g e n a t e .  P o s s i b l y  th is  resu l t s  f r o m  a 
d i f fe ren t ia l  ac t iva t ion  ef fec t  o f  t h e  d e o x y -  
cho la te  p r e s e n t  in the  assay  sys t em.  Each  
subce l lu la r  f r a c t i o n  a f t e r  2 w ash i ngs  has  signifi- 
cant  ac t iv i ty ,  a l t h o u g h  tha t  o f  t he  9 0 , 0 0 0  x g 
pellet  is low,  ind ica t ing  a wide  in t race l lu la r  
d i s t r i b u t i o n  o f  k inase  act iv i ty .  Th i s  is n o t  
i n c o n s i s t e n t  w i t h  f ind ings  f r o m  o t h e r  l abora-  
to r ies  ( 10 ,13 )  fo r  d iacy lg lycero l  kinase.  T h e  
relat ive ease o f  r e m o v a l  o f  t he  k inase  act ivi t ies  
f r o m  the  9 0 , 0 0 0  x g pel let  sugges t s  the  en- 
z y m e ( s )  r e s p o n s i b l e  fo r  these  act ivi t ies  are 
" n o n i n t e g r a l  or  e x t r i n s i c "  in the i r  l o c a t i o n  in 

the  m e m b r a n e  of  th i s  f r ac t ion .  In  fact ,  t he  
re la t ively  large a m o u n t  o f  e n z y m e  act iv i ty  in 
the  s u p e r n a t a n t  f r a c t i on  m i g h t  re f lec t  a p a t t e r n  
o f  loca l i za t ion  in w h i c h  the  acy lg lyce ro l  k inase  
act ivi t ies  are l oose ly  b o u n d  o n  the  m e m b r a n e  
and  are re leased du r ing  h o m o g e n a t i o n .  Again,  
the  close s imi lar i ty  in p a t t e r n  o f  in t race l lu la r  
loca l i za t ion  w o u l d  s u p p o r t  t he  view tha t  a 
single k inase  e n z y m e  is r e s p o n s i b l e  for  the  
p h o s p h o r y l a t i o n  of  m o n o  and  d iacylg lycerols .  

On  the  a s s u m p t i o n  tha t  a single e n z y m e  is 
r e s p o n s i b l e  fo r  t he  act ivi t ies  desc r ibed  and  o n  
the  basis  o f  t h e  e x p e r i m e n t s  r e p o r t e d  in Tab les  
II  and  I I I  in w h i c h  c o m p a r i s o n s  o f  acy lg lycero l s  
of  va ry ing  f a t t y  acid c o m p o s i t i o n  are no t e d ,  a 
n u m b e r  o f  c o n c l u s i o n s  can be  made .  A com-  
pa r i son  o f  t he  acy lg lycero l s  o f  c o m p a r a b l e  f a t t y  
acid c o m p o s i t i o n  (e.g., 18:1 oleic)  s h o w s  t h e  
fo l l owing  o rde r  o f  ac t iv i ty :  d iacy lg lycero l  
2 - m o n o a c y l g l y c e r o l  > 1 -monoacy lg lyce ro l .  
W h e n  s a t u r a t e d  f a t t y  acids are p r e s e n t  in all 3 
t y p e s  o f  subs t r a t e ,  t he  ac t iv i ty  is l ower  t h a n  
w h e n  one  or  m o r e  u n s a t u r a t e d  f a t t y  acids are 
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present. Also, as the chain length o f  the satu- 
rated fat ty acids is increased from C10~C20  
there is a decrease in the activity of  the acyl- 
glycerol as a substrate for the kinase enzyme.  
No pat tern of  selectivity or specificity is 
evident  among unsaturated fat ty  acids substi- 
tuted in the acylglycerols. Relatively good 
activities are obta ined when on or more unsatu- 
rated fatty acids are present.  The highest 
activities were obtained with 18:1 and 18:3 
fat ty acids whereas the lowest were obtained 
with 18:2 and 20:4 fat ty  acids. 

This s tudy with acylglycerols of  varying 
fat ty acid compos i t ion  clearly indicates that  no 
pat tern of selectivity or  specificity is evident 
which favors the generat ion of  PAs or  lyso PAs 
with a predominance  of  the 1-stearoyl-2- 
arachidonoyl  molecular  species which, as has 
been noted earlier, would be necessary if the 
kinase were to play a significant role in the 
generat ion of  the molecular  species of  PI 
described. A similar conclusion has been 
reached by Holub and Piekarski (17) using 
1-saturated (palmitic or stearic), 2-unsaturated 
monoeno ic  to hexaenoic  (oleic, linoleic, arachi- 
donic and docosahexenoic)  substi tuted 1,2- 
diacylglycerols in a rat brain microsonle system. 
Neither  study,  however,  excludes  the possibility 
of  the acylglycerol  kinase, in particular that 
activity toward 1,2-diacylglycerols,  f rom func- 
t ioning in ei ther a compar tmenta l ized  or 
noncompar tmen tahzed  si tuation on a diacyl- 
glycerol pool  under  physiological condi t ions  to 
regenerate PA or the correct  molecular  species 
for PI biosynthesis.  
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ABSTRACT 

The separation of a fraction corresponding to prostaglandin A 1 from yellow onion [Allium cepa) 
and subsequent purification of that fraction as prostaglandin A 1 has led to the identification of 
prostaglandins in a plant material for the first time. Kilogram quantities of onions were processed and 
purified by extraction procedures, column chromatography and thin layer chromatography (TLC). 
Pros tag land in  A 1 was characterized and identified b y  a combination of comparative TLC, gas chro- 
matography-mass spectrographic analysis and blood pressure lowering properties. The results of these 
experiments are consistent with standard prostaglandin A 1. It is concluded that prostaglandin A 1 is 
present in onion. 

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

Our previous report (1) indicated the possi- 
ble presence of prostaglandin A 1 (15-hydroxy- 
9-ketoprosta-10,13-dienoic acid) in yellow 
onions (Allium cepa). In that report, a limited 
thin layer chromatographic study, infrared 
spectral analysis, evidence of prostaglandin A t 
(PGA1) being converted to PGB 1 upon base 
treatment and evidence that the onion extract 
corresponding to PGA 1 lowered the blood 
pressure in rats were presented. However, the 
unequivocal presence of prostaglandins in 
plants has not been reported to date. 

Albro and Fishbein (2) in 1971 reported 
the results of an attempt to isolate prosta- 
glandins from wheat bran. Also, in 1979, 
Panosyan et al. (3) isolated compounds from 
Byronia alba which had prostaglandin-like 
activity. In both studies, these compounds were 
long chain hydroxy unsaturated fatty acids 
which behaved similarly to one of the prosta- 
glandins. Likewise, another study (4) has 
indicated the isolation of prostaglandin-like 
compounds from Saccharum officinarum, Musa 
paradisiaca and Cocos nucifera lin. 

Two recent investigations (5,6) have given 
some experimental evidence that prostaglandins 
may exist in plants. Bild et al. (5) isolated an 
isoenzyme from soybean and demonstrated 
that this enzyme was capable of converting 
arachidonic acid to a prostaglandin, showing 
certain plants do have the enzymatic capability 
to make the conversion of free fatty acids to 
prostaglandins. Groenewald and Visser (6) 
have shown that applied prostaglandins to the 

1presented in part at the Chemical Congress-  
American Chemical Society and Chemical Society of 
Japan, Honolulu, HI, April 2-6, 1979. 

2To whom correspondence should be addressed. 
3present address: Department of Pharmacology, 

Michigan State University, East Lansing, MI 48824 .  

aseptic excised shoot apices of Pharbitis nil 
hastens the time of flowering. They present 
a hypothetical scheme for the possible regula- 
tion of flowering by prostaglandins and by 
prostaglandin antagonists (some phenolic acids). 

In the initial stages of our study, numerous 
plants were screened, and it was found that 
several plants had components which corres- 
ponded to prostaglandins on thin layer chro- 
matographic (TLC) separations. Of those 
screened, onion was the most promising. In 
this report, we show that prostaglandin A 1 is 
present in onion by comparing the mass spectra 
(MS) of the onion component to that of 
authentic PGA 1 samples. 

EXPERIMENTAL PROCEDURES 

Materials 

Prostaglandin standards were provided by 
the Upjohn Co. Reagents for this study were 
ACS analytical grade or spectral grade. The 
eluants for the column chromatography were 
usually distilled prior to use. 

Separation of the Crude Onion Fraction 

The method for the separation and subse- 
quent purification of the lipid-soluble fatty acid 
fraction from yellow onion which corresponds 
to the PGA fraction was the procedure used in 
our previous work (1). This procedure was the 
method used by Lee and coworkers (7) for the 
isolation and identification of PGA 2 from 
rabbit medulla. Since the procedure is pub- 
fished elsewhere, the analysis is summarized as 
follows: ca. 200 g of yellow onions were 
homogenized for 3 rain with 200 ml of 5 mM 
sodium phosphate buffer. This mixture was 
filtered and ethanol added to make the solution 
80% in ethanol (v/v) to precipitate the protein. 
This ethanol solution was placed in a 3 C 
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envi ronment  for 15-20 hr. After  this period, 
the solut ion was fil tered and the e thanol  
removed with  a rotary  vacuum evaporator  at 35 
C. The pH of  the remaining mixture  was 
adjusted to 8 with 5 N sodium hydroxide  and 
part i t ioned against equal volumes of  pe t ro leum 
ether  3 t imes;  the ether  layer was then dis- 
carded. The  pH of  the solut ion was adjusted to 
3 with 2 N citric acid, par t i t ioned against equal 
volumes of  pe t ro leum ether  3 t imes and the 
ether  layer was discarded. The  solution was 
then  extracted with equal  volumes of  chloro- 
form 3 times, and the ch loroform layers were 
pooled.  The ch loroform solut ion was then 
evaporated at 35 C. The residue was removed 
f rom the vessel by washing with 3 ml of  e thanol /  
ch loroform (1 : 1, v/v) 3 times. The solut ion was 
then evaporated in a water  bath by passing a 
stream of N 2 over  the sample. This fract ion was 
designated as the crude onion extract .  

Purification of the Crude Onion 
Extract by Column Chromatography 

Sil-A-200 silicic acid prepared for resolut ion 
of  acidic mixtures  with a mesh size 60-200 was 
obta ined f rom Sigma Chemical  Company  
(St. Louis, MO). Spectrograde methanol ,  
benzene and ethyl acetate were used wi thout  
fur ther  purification.  The silicic acid column 
chromatographic  separat ion procedure  is similar 
to that  previously repor ted  (8,9). 

Silicic acid (7.89 g) was combined with 25 
ml of  the eluting solvent benzene /e thy l  acetate 
(9:1,  v/v). This slurry was poured into a co lumn 
1 cm in d iameter  and 50 cm length. The final 
silicic acid co lumn height was 21.5 cm. A crude 
onion  extract  sample weighing ca. 70-100 mg 
was dissolved in the benzene /e thy l  acetate (9:1)  
and in t roduced  on the co lumn head. The 
elution rate was adjusted to ca. 1 ml/min,  
and a 500 ml fract ion of  the benzene /e thy l  
acetate  (9:1,  v/v) was collected.  The eluting 
solvent was changed to benzene /e thy l  acetate 
(8:2,  v/v), and a 500 ml fract ion was collected.  
This fract ion,  which corresponds to the PGA1, 
was taken to dryness with a rotary vacuum 
evapora tor  at 35 C. The residue in the flask was 
removed by washing the vessel with 3 ml of  
e thano l / ch lo ro fo rm (1:1)  3 times. The sample 
was then taken to dryness in a water  bath by 
passing N 2 over the solution. 

TLC Studies 

Silicic AR TLC-7GF Chromatographic  Sor- 
bent  was obtained f rom Mallinckrodt.  Ana- 
lytical  reagent grade chloroform,  methanol ,  
acetic acid, e thyl  acetate,  formic  acid, dioxane,  
benzene,  t e t rahydrofuran  (T t tF)  and methy lene  
dichloride were used wi thout  further  purifi- 

cation. 
Fur ther  purif icat ion of  the  PGA l fract ion 

collected f rom the co lumn chromatography  was 
per formed by TLC using c h l o r o f o r m / T H F /  
acetic acid (10:2 :1)  as the solvent. The spot 
corresponding to PGA 1 was removed from the 
sorbent  by adding ch lo ro fo rm/me thano l  (1:1)  
to the sorbent and filtering. The solut ion was 
then evaporated to dryness with a rotary  
vacuum evaporator  at 35 C and the residue 
taken up in 0.5 ml of  methanol .  To this solu- 
t ion,  5 ml of  water  was added and the pH was 
adjusted to 3 with 2 N citric acid. This was 
ext rac ted  with equal  volumes o f  chloroform 4 
times. The  ch loroform extracts were pooled 
and washed with water  unti l  the pH of  the 
water  was ca. pH 7. The chloroform solut ion 
was then evaporated to dryness with a rotary 
vacuum evaporator  at 35 C. The residue was 
removed f rom the vessel by washing with 3 ml 
of  ch lo ro fo rm/e thano l  (1:1) 3 times. This 
solut ion was then  evaporated in a water  bath by 
passing a stream of  N 2 over the sample. This 
f ract ion was submit ted to fur ther  TLC studies 
v:hich included 10 different  solvent systems. 
(The procedure just  described was also used to 
prepare samples for the gas chromatography-  
mass spect rometry  (GC-MS) studies and the  
b lood pressure lowering studies.) 

In the TLC study, ca. 50-100 fig of  the 
onion componen t  and 50/~g PGA 1 were spot ted 
on the activated plates. The solvent f ront  was 
al lowed to migrate up to the plate for a dis- 
tance of  10 cm. The plates were air dried and 
were visualized by short and long ultraviolet  
(UV) light. Permanent  thin layer chromato-  
grams were developed by spraying with a 10% 
phosphomolybd ic  acid in e thanol  and heating 
at 100 C until  visible. 

GC-MS Analysis of Onion Extract 

A por t ion  of  the  previously described onion  
extract  was fur ther  purified by TLC on Silica 
Gel G(F)  sorbent  using ch lo ro fo rm/me thano l /  
water  (15 :1 :0"03) .  This TLC study was done 
independent ly  f rom the previous TLC studies. 
The  compounds  were chromatographed  on 2.5 
cm x 7.5 cm plates and visualized with UV light 
or  by spraying with sulfuric ac id /e thanol  (1:1)  
fo l lowed by heat ing to 100 C. For  preparative 
procedures  for GC-MS analyses, compounds  
were chromatographed  on 20 cm x 20 cm TLC 
plates, visualized with UV light and recovered 
by t reat ing the plate with "S t r ip -Mix"  (Applied 
Science). Areas containing prostaglandin A 1 
were removed and eluted with chloroform- 
e thanol  ( 1 : 1 ). 

Prostaelandin me thy l  esters (MEs) were 
prepared by react ion with excess d iazomethane  
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in e the r  for  2 rain at  r oom t e m p e r a t u r e .  
T r ime thy l s i ly l  e ther  (TMS) and t r ime thy l -  

silyl e s te r t r imethy l s i ly l  e ther  (bis-TMS) deriva- 
tives were p repared  by  reac t ion  of the  prosta-  
g landin-MEs and free pros tag landins ,  respec- 
t ively,  wi th  50 /al of N,O-bis(trimethylsilyl)- 
t r i f l uo roace t amide  (BST FA )  (Pierce Chemica l  
Co.) at 70 C for  1 hr. The  samples  were evapo- 
ra ted  unde r  N 2 and  dissolved in 20 /ll of  d ry  
cvc lohexane .  A few crystals  of a n h y d r o u s  
Na2SO 4 were added  to the  vials to  ma in t a in  
dryness.  

GC-MS was carr ied ou t  o n  a F inn igan  1015D 
GC-MS in te r faced  wi th  a Sys tems Indus t r i e s  
Sys tem 150 data  acquis i t ion  and con t ro l  
sys tem.  The  c o m p o u n d s  were c h r o m a t o g r a o h e d  
o n  a 1.5 m x 2 mm id glass co lumn  of  1% 
OV-17 on  8 0 / 1 0 0  mesh Gas C h r o m  Q (Appl ied  
Science, S ta te  College, PA). The  c o l u m n  
t e m p e r a t u r e  was m a i n t a i n e d  at 200 C for  
c h r o m a t o g r a p h y  of  ME-TMS derivat ives  and  at 
250 C for  bis-TMS derivatives,  t he  in jec to r  
t e m p e r a t u r e  was 240 C, in te r face  was 250  C 
and  the  He carr ier  gas f low was 20 ml /min .  

Blood Pressure Studies 

Male Wistar rats  were anes the t i zed  wi th  
n e m b u t a l  sod ium at a dosage of  5 rag /100  g wt.  
An I.P.A. No. 23-G x 3 /4  in fus ion  set was 
i n t r o d u c e d  in to  the  femora l  vein to give bo lus  
in iec t ions  of a u t h e n t i c  PGA 1 and the  o n i o n  
ex t rac t  co r re spond ing  to PGA1.  T he  carot id  
ar tery  of  the  an imal  was c o n n e c t e d  wi th  a No. 
PE 90 p o l y e t h y l e n e  t ube  wh ich  was c o n n e c t e d  
to a S t a t h a m  t ransducer  for  b lood  pressure 
m e a s u r e m e n t  using a Grass Polygraph.  

R ESU LTS 

The  TLC compar i son  of  the  o n i o n  com- 
p o n e n t  to t h a t  of  s t andard  PGA l is given in 
Table  I. The  s tudy  inc luded  10 solvent  sys tems.  
N o t a t i o n s  of  the  solvent  sys tems  are general ly  
those  r epo r t ed  by  Ander sen  (10) .  Most  of  the  
so lvent  sys tem TLC separa t ions  were done  in 
dupl ica te .  The  spots  were ident i f ied  e i the r  by  
UV or by  p h o s p h o m o l y b d i c  acid deve lopmen t .  
In all trials, t he  Rf values r epo r t ed  for  the  
c o m p o n e n t  in o n i o n  agreed well  wi th  t h a t  of  
the  s tandard  P G A i .  

One sample  r ep resen t ing  22 kg of  o n i o n  was 
fu r t he r  pur i f ied  using the  CHC13-MeOH-H20 
TLC sys tem;  it was t h e n  conver t ed  to the  
m e t h y l  ester  t r imethy l s i ly l  der ivat ive for  
GC-MS analysis.  T h e  o n i o n  ex t rac t  c o n t a i n e d  a 
c o m p o n e n t  wh ich  had  a r e t e n t i o n  t ime  of  6 .52 
min  which  was ident ica l  to  the  re fe rence  
PGA1-ME-TMS. Excep t  for  t he  absence  of  t he  
molecu la r  ion,  t he  mass spec t rum of  t he  o n i o n  

c o m p o n e n t  co r r e spond ing  to P G A r M E - T M S  
was ident ica l  to  the  re fe rence  derivative.  

Al lowing for  a lower  relat ive in tens i ty  of  the  
high mass ions observed in the  spect ra  ob t a ined  
using a quad rupo le  mass spec t rome te r ,  the  
spectra  of  the  o n i o n  c o m p o u n d  and  re fe rence  
PGA1-ME-TMS were comparab l e  to the  pub-  
l ished spec t rum of  PGA1-ME-TMS by  Sweet-  
m an  et al. (11).  

A n o t h e r  sample  r ep resen t ing  15 kg of  o n i o n  
was p repa red ;  the  m e t h y l  ester  t r imethy l s i ly l  
derivat ive was made  and  ana lyzed  by  GC-MS. 
T h e  c o l u m n  for th i s  separa t ion  was 1% SP 2250  
ope ra t ed  at  240  C wi th  a he l ium gas flow of  30 
ml /min .  A c o m p o n e n t  wi th  a r e t e n t i o n  t ime  of  
3.93 min  was observed which  was ident ica l  to  
the  r e t e n t i o n  t ime  of  t he  re fe rence  P G A y M E -  
TMS. The  o n i o n  c o m p o n e n t  whose  r e t e n t i o n  
t ime  was 3.93 min  inc luded  a molecu la r  ion  at 
m /e  = 422  which  is the  same as t ha t  of  the  
re ference  PGA1-ME-TMS. A compar i son  of  t he  
2 peaks  is given in Figure 1. Charac ter i s t ic  
f r agmen t  ions  inc luded  M+ = 422 ,  m / e  351 (M - 
71),  m /e  323 (M - 99),  m /e  319  (M - 71 - 32), 
m /e  301 ( M + -  31 - 90),  m /e  261 ( M + -  71 - 90),  
m/e  247,  m/e  229,  m/e  199 and m/e  173 
(11-13).  

GC-MS analysis  of  t he  o n i o n  ex t rac t  as the  
t r imethy ls i ly l  es te r - t r imethyls i ly l  e the r  (bis- 
TMS) derivat ive revealed a c o m p o u n d  wi th  a 
r e t e n t i o n  t ime  on  OV-17 (2 .12 rain)  indis t in-  
guishable  f rom tha t  of  t he  re fe rence  PGAI-bis- 
TMS (2.09 min) .  The  mass spec t rum of  the  
o n i o n  u n k n o w n  was similar to  the  spec t rum of  
the  re fe rence  PGAI-bis-TMS wi th  charac te r i s t ic  
f r agmen t  ions  at M+ = 480,  m /e  465 (M - 15) 
m/e  409  (M - 71),  381 (M - 99) and 319  (M - 71 
- 9 0 ) .  

Figure 2 shows the  b lood  pressure  depres-  
sion profi le  of  10 ttg s tandard  PGA 1 wi th  t h a t  
of  1000 #g of  the  o n i o n  ex t r ac t  co r r e spond ing  
to PGA1.  With a u t h e n t i c  PGA1,  the  b lood  
pressure fell f rom 120 /90  to  60 /25  m m  Hg 
re tu rn ing  to t he  basel ine  over  a pe r iod  of  10-15 
min,  a response  which  is typ ica l  for  th is  com- 
pound .  With the  pur i f ied o n i o n  ext rac t ,  t he  
b lood  pressure fell f r o m  125 /100  to 85 /45  m m  
Hg, again, r e tu rn ing  to the  basel ine  in 10-15 
min.  The  charac ter is t ics  of  t he  depressed b lood  
pressure wi th  the  o n i o n  ex t rac t  closely resem- 
bled  t h a t  of  a u t h e n t i c  PGA 1. 

Responses  of  200  /lg of  o n i o n  ex t rac t  were 
also no ted .  The  r e d u c t i o n  of  b l o o d  pressure  was 
no t  as well def ined.  The  b l o o d  pressure res- 
ponse  observed for  10 /lg of  a u t h e n t i c  PGA 1 
was qui te  similar to  the  1000  ~g sample  of  
o n i o n  extract .  Semiquan t i t a t i ve ly  evaluat ing 
the  response  in t e rms  of  t he  q u a n t i t y  of  act ive 
mater ia l  in t he  o n i o n  ex t rac t ,  it can be estab-  
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FIG. 1. Mass spectra of PGAI-ME-TMS (t r = 3.93 min) and the onion component ME-TMS (t r =  3.93 min) 
eluted from the 1% SP 2250 gas chromatography column. 

fished t ha t  it was ca. 1 par t  in 100 of  the  
ext rac t ,  or ca. 1 par t  per  mil l ion ( p p m ) i n  
on ion ,  k n o w i n g  the  ini t ia l  o n i o n  sample  size. 

GC-MS studies  of  th i s  inves t iga t ion  ind ica te  ~ 120 
a p p r o x i m a t e l y  t he  same order  of  m a g n i t u d e  for  ~ 100 
the  c o n c e n t r a t i o n  of PGA 1 in onion.  It was ~ 80] 
assumed t h a t  t he  p rocedure  t h a t  was used for  N 60 
the  i so la t ion  and  pur i f i ca t ion  of  the  prosta-  
g landin f r ac t ion  would  yield a relat ively pure  ~_ 40  
sample.  I t  b e c a m e  evident  f rom the  GC-MS ~ 20 
work  t ha t  t he  sample  was n o t  pure  PGA1, bu t  a ~ 0 
mix tu r e  of  several c o m p o n e n t s .  In t ha t  mix- 0 
tu re ,  PGA 1 was ident i f ied  by  t he  GC-MS 
p o r t i o n  of  th is  invest igat ion.  

DISCUSSION 

This  s tudy  d e m o n s t r a t e s  tha t  PGA1 is 
present  in on ion .  The  previous  r epor t  (1)  of  
cer ta in  chemica l  and s t ruc tu ra l  s imilari t ies  of :~ 
the  c o m p o n e n t  in o n i o n  co r re spond ing  to 
PGA 1 and  the  evidence p roduced  here  he lps  v 
conf i rm the  presence  of  a p ros tag land in  in p lan t  
mater ia l .  

Since p ros tag land ins  have,  up  to  th is  t ime,  if_ 
b e e n  exclusively f o u n d  in an ima l  species, th i s  
s tudy  represen t s  an  in te res t ing  append ix  to  t he  o 
inves t iga t ions  o f  Bild et al. (5) and  Groenewa ld  m 

v 

and Visser (6). As previously  m e n t i o n e d ,  it was 0 
d e m o n s t r a t e d  (5) tha t  l ipoxygenase-2  isola ted 
f rom soybeans  was capable  of  ca ta lyz ing the  
o x y g e n a t i o n  of  a rach idon ic  acid to fo rm 
signif icant  a m o u n t s  of  p ros tag land in  p roduc t .  
Since it is n o w  es tabl i shed  t h a t  p l an t  mater ia l s  

, h l I , i i J , I , , I I I I i I i 

5 I0 15 20 
Time (minutes) 

5 I0 15 20 
Time (minutes) 

FIG. 2. Effect of the intravenous injection of 10 
#~g PGA 1 in O.S ml buffer (top) and 1,000/~g of onion 
extract corresponding to PGA 1 in 0.5 ml buffer 
(bottom). 
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do contain the enzymatic capability to convert 
the precursor free fatty acids to prostaglandin, 
it is reasonable to  speculate that  prostaglandins 
do exist in plant material. Although it is be- 
yond the scope of this study to speculate on 
the function of prostaglandins in onion, the 
report of Groenewald and Visser suggests quite 
strongly that prostaglandins may play a role in 
the flowering of P. nil  plantlets (excised shoot 
apices). The results of the experiments imply 
(a) the presence of prostaglandins in plants, and 
(b) that the role of these prostaglandins is 
directly related to flowering, which is inhibited 
by certain phenolic acids (gentistic acid, acetyl- 
salicylic acid and salicylic acid). 

Our first studies used ca. 1 kg samples of 
whole onion for the preparation of the onion 
fraction corresponding to PGA t. The sample 
sizes were increased to 15 and 22.5 kg and it 
was from these 2 samples that the f ract ion 
corresponding to PGA1 produced the con- 
firming MS identification as PGA 1. Although 
the data presented supports the conclusion that 
the product is a prostaglandin of the A type, 
A t in particular, it is possible there is a con- 
version of PGE 1 to PGAI by dehydration in the 
cyclopentyl ring, caused by the analytical 
procedures of separation and purification. We 
have not tested this hypothesis, but we do feel 
that evidence of a prostaglandin (whether of 
type A or E) in plant material is established on 
the basis of our results. 
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Autoxidation of Methyl Esters of Cyclopentenyl Fatty Acids 
E.M. ABDEL-MOETY and W.O. LUNDBERG, Federal Center for Lipid Research, Institute for 
Biochemistry and Technology, H.P. Kaufmann-lnstitute, D-4400 MLinster (Westf.), Germany 

ABSTRACT 

The early stages of the autoxidation of methyl hydnocarpate, chaulmoograte and gorlate in air 
have been examined at 40, 60 and 80 C, and the initial products have been compared by several 
methods with those derived from methyl oleate and linoleate autoxidized at 60 C. To supplement 
information about oxygen absorption and peroxide development in relation to time, other informa- 
tion about the early products, and some information about the reduced products, have been obtained 
by ultraviolet (UV) and infrared (IR) spectrophotometry, and by thin layer chromatography (TLC). 
The kinetic and other data presented in this study strongly support the conclusion that the methyl 
esters of cyclopentenyl fatty acids yield initial autoxidation products that, although they are primarily 
peroxides, differ in some ways (as expected) in the kinetics of their formation and their chemical 
nature, compared to those of oleate and linoleate. Nevertheless, all the data obtained strongly support 
the surmise that the peroxides are formed autocatalytically by a chain mechanism, and that secondary 
products not derived from peroxide decomposition, are formed pari passu in lesser, but increasing 
amounts with increasing temperature, probably from free radical intermediates. The autoxidation of 
esters of cyclopentenyl fatty acids has potential importance in several ways, 3 of which are men- 
tioned briefly. 

INTRODUCTION 

I t  has been  k n o w n  for  h u n d r e d s  of  years  
t h a t  chau lmoogra  oils, wh ich  are found  main ly  
in the  seeds of  sh rubs  and  t rees  of the  fami ly  
F lacour t iaceae ,  are effect ive  in t rea t ing  some 
skin diseases and  leprosy (1).  Most  n o t e w o r t h y  
his tor ical ly  are the  effects  of  these oils or the i r  
acyl moie t ies  on  Mycobac te r i a  (2). Recen t ly ,  a 
more  searching and sys temat ic  in te res t  in  the  
chemis t ry  and pha rmaco log ic  effects  of  no t  
on ly  the  na tu ra l  oils, bu t  of  some of the i r  
derivatives,  has  deve loped  (3).  

The  seeds of  Hydnocarpus wightiana con ta in  
40% or more  of  t r iacylglycerols  having ca. 85% 
c o n t e n t  of  the rapeu t ica l ly  effect ive acyl 
moie t ies  (4). The  s t ruc tu re  of the 3 mos t  
i m p o r t a n t  f a t ty  acids are: 

Hydnocarpic acid 

H H H 

H2 H2 (CH 2 )10COOH (16 lcy} 

Chaulmoogric acid 

H H H 

H2 H2 (CH2)12 COOH 

Gorlic acid 

H H H 

H 2 H 2 ( CH2 )6CH = CH( CH2 )4 COOH 

SCHEME I 

(18 lcy) 

(18:2cy) 

It should  be m e n t i o n e d ,  however ,  t ha t  the  
gorlic acid of  H. wightiana seed oil was f o u n d  
to  be a m i x t u r e  having 85.5% of  f a t t y  acid wi th  
a double  b o n d  in the  A6 pos i t i on  and  14.5% 
wi th  a double  b o n d  in the  A9 pos i t ion  (4). 

This  repor t  on  some aspects  of  the  au toxi -  
da t ion  of esters of  these  f a t t y  acids appears  
war ran ted  for  several reasons.  First ,  because  
they  are appl ied topica l ly  in  the  t r e a t m e n t  of 
some skin diseases and  leprosy,  it is conce ivable  
t ha t  the i r  a u t o x i d a t i o n ,  or resul t ing  p r imary  or 
secondary  p roduc t s ,  may  play some i m p o r t a n t  
role, as yet  unexp lo red ,  in the i r  t he rapeu t i c  
effects.  

Second,  there  appears  to  be some possibi l i ty  
t ha t  the  esters of  c y c l o p e n t e n y l  f a t ty  acids on  
a u t o x i d a t i o n  form some endoperox ides ,  or 
o the r  oxygena t ed  5-carbon carbocycl ic  deriva- 
tives t ha t  resemble  some of the  h ighly  biologi-  
cally act ive endope rox ides ,  p ros tag land ins  and  
t h r o m b o x a n e s ,  for  example ,  which  are b iosyn-  
thes ized  oxygena t ed  5-carbon  carbocyclic 
derivat ives of  a rach idonic  and  7 -d ihomol ino -  
lenic acids. The  poss ibi l i ty  t h a t  biological  
activi t ies exist  in au tox id ized  esters of  cyclo-  
p e n t e n y l  fa t ty  acids t he r e fo re  appears  to  mer i t  
f u r t he r  invest igat ion.  

Addi t iona l ly ,  the re  is the  s o m e w h a t  more  
abs t rac t  scientif ic mer i t  in learning h o w  the  
a u t o x i d a t i o n  of  these c o m p o u n d s ,  h i t h e r t o  
unexp lo red ,  resembles  and differs f rom tha t  
of  o the r  na tura l  and  syn the t i c  carbocycl ic  
c o m p o u n d s ,  cyclic and noncyc l i c  e thers  and  
o t h e r  p re sumab ly  comparab l e  organic com- 
pounds .  

MATERIALS 

In all crit ical stages of the  p repa ra t i on  and  
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use of materials, conventional procedures to 
prevent harmful interference by oxygen were 
employed. 

Methyl Esters of Cyelopentenyl Fatty Acids 

Ground seeds of H. wightiana were extracted 
twice in a Soxhlet apparatus with purified 
hexane. The oil (I.V. 97.3 to 99.2) (5) was 
saponified by heating for ca. 1 hr with 10% 
KOH in aqueous methanol. The resulting 
mixture was extracted several times with 
diethyl ether; evaporation of the combined 
extracts yielded a residue of 0.19% nonsaponi- 
fiable material. 

The soap-containing mixture was acidified 
with H2804,  and the free fatty acids were then 
obtained in 3 extractions with petroleum 
ether-diethyl ether. The combined extracts 
were washed with water until neutral, dried 
over anhydrous Na 2SO 4 and evaporated under 
nitrogen. 

The acids were converted to their methyl 
esters with an excess of methanol-H 2SO4 (6). 
The reaction mixture was diluted with water 
and extracted several times with petroleum 
ether-diethyl ether. The extract was washed 
with water until neutral and dried over anhy- 
drous Na 2 SO4, then evaporated under nitrogen. 

The composition of the purified mixed 
methyl esters as determined by the gas liquid 
chromatography (GLC) methods described 
later, and expressed in % wt, was hydnocarpate 
49.2, chaulmoograte 30.7, gorlate 10.4, palmi- 
tate 3.8, palmitoleate 0.9, stearate 0.8, oleate 
3.2 and others 1.0. 

After adding 20% by wt of methyl behenate 
to act as "pusher," the methyl esters were 
fractionally distilled under vacuum at a pressure 
of ca. 1 mm Hg. During the complete distilla- 
tion, the pot temperature rose from 240 to 255 
C, and the reflux temperature from 128 to ca. 
177 C. During several such distillations, 20-25 
fractions were collected. GLC analysis revealed 
that the combined C 16 ester fractions consisted 
mainly of hydnocarpate together with small 
amounts of palmitate and palmitoleate. The 
combined C 18 ester fractions consisted mainly 
of chaulmoograte and gorlate plus quite small 
amounts or traces of stearate, oleate, linoleate, 
linolenate and other esters. 

The C16 and C18 ester fractions were 
converted to fatty acids as before and subjected 
to crystallization and several recrystallizations 
of 2-10% solutions in acetone at -5 t o - 6 0  
C. The 3 important cyclopentenyl fatty acids 
were then converted individually to their 
methyl esters as before. 

The identities and purities of the 3 principal 
final methyl esters were assessed by 3 methods. 

First, they were analyzed by adsorption-thin 
layer chromatography (TLC) and argentation- 
TLC (7). 

Second, the esters were analyzed by gas- 
chromatography (8) using a Perkin-Elmer F22 
gas chromatograph instrument equipped with a 
hydrogen flame ionization detector. Glass 
columns (2 m x 0.5 cm id) were packed with 
10% GPC Apiezon L on Anakrom ABS (90-100 
mesh) or with 10% Silar 5CP on Gas-chrom Q 
(80-100 mesh). The temperatures used were 
230 and 220 C for the Apiezon and Silar 
columns, respectively. The carrier gas was pure 
nitrogen at a flow rate of 40 ml/min. The 
temperatures of the injection port and detector 
were 250 C. 

Third, a new method developed in these 
laboratories was used to identify the methyl 
esters of cyclic fatty acids unambiguously 
which involves a combination of GLC with 
mass spectrometry (MS) of their pyrrolidides 
(9). 

Using the methods described, the purities of 
the methyl hydnocarpate, chaulmoograte and 
gorlate used in the autoxidation studies were 
found to be > 99.3, > 99.6, and > 99.2%, 
respectively. 

Methyl Oleate and Linoleate 

Methyl oleate and linoleate were purchased 
from Nu-Chek-Prep (Elysian, MN) and re- 
portedly were > 99% pure. These levels of 
purity were verified by GLC. 

Miscellaneous Materials and Analytical Reagents 

All solvents and other chemicals used were 
of analytical grade. 

EXPERIMENTAL PROCEDURES 

Two main series of experiments were con- 
ducted. The principal differences were: (a) in 
the first series, the autoxidations were carried 
to ca. 30 meq per kg of the hydnocarpate 
and chaulmoograte at 3 temperatures, 40, 60 
and 80 C and of gorlate at 80 C only, and 
provided information about the kinetics and 
products through the very earliest stages to a 
level of oxidation of ca. 0.4% of the sample 
where there were virtually no complications 
from secondary products formed from peroxide 
decomposition or by oxidation of peroxide 
decomposition products, and (b) in the second 
series, the autoxidations were carried to levels 
of ca. 300 or slightly more meq of peroxide per 
kg of each of the 3 esters, and methyl oleate 
and linoleate for comparative purposes, to 
provide more information about kinetics and 
more product for subsequent structure exami- 
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nations, using only one temperature of autoxi- 
dation, 60 C. 

Oxygen Absorption 

A standard form of Warburg equipment with 
14 double manometers (Foto-Warburg) mode1 
VL 85, was employed (10) using a glycerol bath 
whose temperatures were controlled at 40, 60 
and 80 C (-+ 0.5). Samples were shaken through 
an amplitude of 2.5 cm at ca. 120 times per 
min. The manometers contained Kreb's mano- 
meter fluid having a specific gravity of 1.03 
g/ml at 20 C. The flasks and attached mano- 
metric systems had volumes of ca. 15 ml. 
Sample sizes usually were ca. 0.05 or 1 g; air 
volumes in flasks were corrected accordingly, 
using reliable sample specific gravity data 
available in the literature for the temperatures 
used ( 11 ). 

In experiments where oxidation was carried 
to maximum levels of ca. 5%, the flasks were 
flushed with fresh air very briefly during 
manometer readings and adjustments to prevent 
appreciable diminution of partial oxygen 
pressure. 

Initially, when the rate of oxygen absorption 
was so low it could be ignored, the samples 
were equilibrated with air by shaking for ca. 20 
min before the systems (manometer and flask 
stopcocks) were closed. 

Peroxide Values 

Peroxides values were determined by the 
iodometric method described by Prlvett et al. 
(12) with minor modifications. Samples of 0.1 
to 0.5 g were analyzed using solvents and 
reagents including 0.002 to 0.01 N sodium 
thiosulfate, all free of dissolved oxygen. 

UV Absorption Measurements 

UV absorption measurements of the initial 
and autoxidized samples dissolved in ethanol 
(95%, "Uvasol" for spectrophotometry,  E. 
Merck AG) were made in the range from 220 
to 310 nm. The dissolved samples were 
examined in a quartz cuvette having a path of 1 
cm, using a PMQ I[ spectrophotometer (Carl 
Zeiss). 

UV measurements of the KI-reduced autoxi- 
dation products extracted after peroxide value 
determinations were also made on all samples, 
including oleate and linoleate, autoxidized at 
60 C only. 

I R Absorption Measurements 

The IR spectral absorption of the methyl 
esters of cyclopentenyl fatty acids and their 
autoxidation products obtained at 40, 60 and 
80 C were measured in the range from 200 

to 4000 cm -1 . In the second set of experiments, 
similar types of data were obtained for all 
samples including oleate and linoleate, at levels 
of autoxidation approximating 300 meq 
of peroxide obtained at 60 C only. In this case, 
UV measurements were also made on the 
KI-reduced product. 

The samples were dissolved in a spectro- 
photometric grade of CC14 (E. Merck AG) to 
give a 1% solution (w/v) and, using a path of 1 
mm, were examined with a Perkin-Elmer IR 
spectrophotometer Model 397. 

Thin Layer Chromatography (TLC) 

The autoxidation products of the 5 esters 
employed in this study, as well as their KI- 
reduction products, were examined by TLC on 
Silica Gel H (E. Merck), at a thickness of ca. 
0.3 mm on 10 x 20 and 20 x 20 cm plates, 
using hexane-diethyl ether (80:25, v/v) as the 
solvent system. Visualization of the separated 
components was accomplished by spraying 
with aqueous K |  and starch solutions, or by 
spraying with 50% H2SO 4 and charring at 200 
Cfo r  15min. 

Identification of the Autoxidation Products 

The Kl-reduction products have been 
obtained in concentrated and purified form by 
repeatedly extracting the residues of the 
peroxide determinations with diethyl ether- 
hexane (1:1, v/v), followed by washing the 
combined extracts repeatedly with water, and 
then dehydrating with anhydrous Na2SO 4 and 
evacuating the solvents. 

RESULTS AND DISCUSSION 

Much of the information was obtained in the 
set of experiments at 60 C in which the methyl 
esters of the 3 cyclopentenyl fatty acids, 
methyl oleate and linoleate, were autoxidized 
to peroxide levels from 300 to almost 400 meq 
per kg. 

Kinetics 

The first series of experiments, as antici- 
pated, showed that the rate of oxygen absorp- 
tion at low levels increased with increasing 
temperature by roughly 2 to 4 times for each 
20 C increase in temperature. The rates also 
increased with time, indicating the auto- 
catalytic character of the reactions. Figure 1 
shows the rate of 02 absorption by methyl 
hydnocarpate at 40, 60 and 80 C in these early 
stages. Data for methyl esters of the other 2 
cyclopentenyl fatty acids are not given, because 
they were very much like those shown for 
methyl hydnocarpate. 
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In a prel iminary exper iment ,  the rate of 0 2 
absorpt ion of methy l  hydnocarpa te  in puIe 30 

hexadecane suggested (inconclusively) that  the 
rate of au toxida t ion  was propor t ional  to 
the sample concentra t ion.  Other  aspects of  the 
data indicate the rates of  au tox ida t ion  in- 
creased in an essentially propor t iona l  manner  
with the partial pressure of  O~ to ca. 150 mm 
Hg, which is consistent with observations by ~20 
Bateman et al. (13). 

c r  

Interesting,  but  unexplainable on the basis 
of  our  data, was that the rate of  0 2 uptake  t o  
the level of 30 meq of 0 2 per kg was higher for ~_ 
chaulmoogra te  than hydnocarpa te  at 40 C, 
about  the same at 60 C and lower at 80 C. The 
rates for methy l  gorlate au toxida t ion  at very ~ ~0 
low levels of  autoxidat ion  were ambiguous;  the 
comparat ive  rates of  au toxida t ion  among the 
methy l  esters of  the 3 cyc lopen teny l  fa t ty  
acids, in comparison to methy l  oleate and 
linoleate, are more accurately reflected in 
Figure 2. 

This figure shows clearly that  at low levels of 0 
au toxida t ion ,  the rates of  O~ uptake  of  methyl  
esters of the 3 cyc topentenyl  fatty acids lie 
be tween those of  methy l  l inoleate and oleate at 
60 C. The relatively high rate for methy l  
l inoleate is readily explained by the well known 
high react ivi ty of  a hydrogen atom in a methyl-  a~J 
ene group between 2 double bonds. I n t h e  
esters of cyc lopentenyl  fa t ty  acids where 1 
double bond is located in a carbocycl ic  struc- 
ture, 1 of  the hydrogens appears to be more 
readily detached than a hydrogen in the a-posi- 
t ion relative to a double bond in a straight 
chain carbon structure. Because esters of  the 3 300. 
cyc lopen teny l  fa t ty  acids involved in this study 
have a double bond in the ring which is adja- 
cent to the carbon atom that is involved in 
linking the straight chain to the ring structure,  ~ 
and because it is well known that  hydrogen ~ ! 
a toms at tached to such tert iary carbon a toms ~2co- 

are quite reactive, it is probable  that the esters _ 
of  these cyclic fa t ty  acids should be more 

< 

readily autoxidizable  than methyl  oleate. 
However ,  it is apparent  that  methyl  gorlate,  
which has a second double bond in the 6,7- 
posit ion,  is more readily autoxidized than ,m 
methyl  hydnocarpa te  and may equal l inoleate 
in its rate of  au toxida t ion  in later stages. 

Initial Products of Autoxidation 

Because it is apparent  that  the primary 
initial products  of  au toxida t ion  are peroxides,  
the meq of 0 2 absorpt ion per kg of  a u t o x i d i z e d  o 
p r o d u c t  (rather  than per kg of  original esters) 
are p lo t ted  against the measured peroxide  
values for methy l  hydnocarpa te  during autoxi-  
dat ion in the first set of exper iments  at 40, 60 
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FIG. 1. Autoxidation of methyl hydnocarpate at 
40, 60 and 80 C. 
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FIG. 2. Autoxidation of methyl esters of cyclo- 
pentenyl fatty acids, methyl oleate and linoleate at 
60C. 
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and 80 C in Figure 3. Because of the data for 
methyl chauhnoograte and gorlate follow the 
same pattern, qualitatively and essentially 
quantitatively, no figures are provided for the 
other 2 esters. 

Clearly, the primary autoxidation products 
of the methyl esters of cyctopentenyl fatty 
acids are hydroperoxides, but from the be- 
ginning, secondary products are formed at rates 
that bear a constant ratio to the rates of 
peroxide formation. These products therefore 
are not formed by peroxide decomposition, 
because if they were so produced, their rate of 
formation would show an increase relative to 
the rates of peroxide formation as the autoxi- 
dation progressed to higher levels. This is 
consistent with similar findings by Lundberg 
and Chipault (14) in the autoxidation of 
methyl linoleate at various temperatures, and is 
completely verified by the results of our studies 
on the autoxidation of oteate and linoleate at 
60 C. Also, our findings of increasing amounts 
of these secondary products at increasing 
temperatures are virtually the same as their 
findings in the case of methyl linoleate autoxi- 
dized at various temperatures. 

On the basis of our observations on the 
kinetics and the initial autoxidation products of 
methyl esters of the 3 cyclopentenyl fatty 
acids, we make the following conclusions, 
which will be further substantiated in the 
section that follows: (a) the autoxidation of the 
methyl esters of cyclopentenyl fatty acids 
proceeds via a free radical chain mechanism 
that yields peroxides as the principal products; 
(b) secondary oxidation products not resulting 
from peroxide decomposition are formed in 
small but increasing amounts with increasing 
temperatures of autoxidation. Because they are 
formed in direct proportion to the peroxides, it 
is probable that oxygenated free radicals are 
involved in their formation; (c) the kinetic data, 
and data that will follow, show there are some 
kinetic, mechanistic and structural differences 
in the products as compared to those obtained 
in the autoxidation of methyl oleate and 
linoleate. 

It should be mentioned that, in the experi- 
ments with methyl esters of the 3 cyclic fatty 
acids, organoleptic developments ("rancidity")  
appeared at various peroxide levels between 30 
and 300 meq/kg. These must have stemmed 
from minute amounts of secondary oxidation 
products formed by peroxide decomposition 
and by further oxidation of the product, 
because most of the early products, even at 
peroxide 'levels of 300 meq/kg, were apparently 
high molecular weight nonvolatile secondary 
products. The development of very small 
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FIG. 3. Peroxide values in relation to oxygen 
uptake for methyl hydnocarpate at 40 C (I), 60 C (II) 
and 80 C (II1). 

amounts of organoleptically offensive com- 
pounds at comparably low levels of autoxida- 
tion of unsaturated triacylglycerols in food fats 
is well known (15). 

U V  A b s o r p t i o n  

Measurements of the UV absorption of the 
methyl esters of cyclopentenyl fatty acids 
autoxidized to levels of 300 or more meq of 
peroxide per kg at 60 C yielded some additional 
information. Methyl hydnocarpate and chaul- 
moograte showed only small changes in absorp- 
tion in the region between 210 and 310 nm, 
but methyl gorlate, autoxidized to a peroxide 
value of 380 meq/kg, showed a remarkable 
increase in absorption at 232 nm (Figure 4) 
comparable to that found for methyl linoleate 
oxidized to the same level by Lundberg and 
Chipault (14), and by us in the second set of 
experiments. 

This strongly suggests methyl gorlate is 
converted primarily to a conjugated diene 
hydroperoxide (or some peroxide with similar 
UV absorption characteristics). 

Figure 4 also reveals the development of 
some absorption at a point slightly above 250 
nm, which is attributed to secondary products 
of unknown identity, possibly enolized unsatu- 
rated ketones. We have also found a slight 
increase in absorption in this region in autoxi- 
dized methyl oleate, which our IR data suggest 
may result from an enolized ketone. Others 
have suggested that increased UV absorption in 
the conjugated triene region (270-275 nm) in 
the case of autoxidized methyl linoleate is 
caused by enolized conjugated diene ketone 
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FIG. 4. UV absorption of methyl gorlate to a 
peroxide value of 380 meq/kg autoxidized at 60 C. 

formed,  but not  by peroxide decomposi t ion ,  at 
a posi t ion relative to the double bonds (15). 
Sapucainha oil has been reported to contain 
ke tochaulmoogr ic  acid (16), and it appears 

I__>,c.2,,2coo. 
H2 H 2 

SCHEME II 

highly probable that  this could be formed by 
oxidat ive attack at the number  1 carbon of the 
cyc lopentene  ring to form a free radical, which 
may then resonate to shift the double bond and 
yield a free radical at the number  3 carbon;  this 
radical could then react with oxygen  and yield 
some ketone  as one of the products .  

IR Absorption 

The IR spectra of methy l  hydnocarpa te  and 
chaulmoograte  are essentially the same, and 
undergo virtually no change after  au toxida t ion  
to ca. 30 meq of peroxide  per kg employed  in 
the first set o i  exper iments  involving tempera-  
tures of 40, 60 and 80 C. Impor tan t  differences 
developed,  however,  in exper iments  with 
gorlate. 

tn all 3 esters, vibrat ional  absorpt ion of  the 
tert iary CH linkage at posi t ion 1 of the cyclo- 

pe~tcne ring, which is very weak at 2890 cm -1 
(3.46 ;L), is only slightly affected by autoxida-  
tion. 

The cis double bond in the cyclopentene  
ring shows some absorpt ion at 700 cm -I (14.3 
/J) and the intensi ty of this peak decreases 
markedly  in all 3 esters at peroxide  levels of  
30 meq per kg, and almost  disappears at 
peroxide values of 300-400 attained at 60 C. 

The methyl  esters of  the cyclic fatty acids 
also show a peak double bond absorpt ion at ca. 
1650 cm -1 (6.06 /J) and no appreciable changes 
were found after autoxidat ion.  I towever ,  the 
double bonds in the ring of  all 3 of the cyclic 
methyl  esters showed another  significant 
absorpt ion at 3050 cm -I (3.28 ~), which 
disappeared m all cases upon autoxida t ion  to 
300-400 meq of peroxide  per kg at 60 C. 

Methyl  gorIate showed an addit ional  double  
bond absorpt ion at ca. 3000 cm -l (33.3 ~) 
a t t r ibutable  to the double bond in the straight 
carbon chain posi t ion of  the molecule ,  and this 
comple te ly  disappeared upon  au tox ida t ion  to a 
peroxide level of 380 meq per kg. 

In all 3 instances, after au toxida t ion  to ca. 
30 meq of peroxide  per kg, at 40, 60 and 80 C, 
there was an increase in intensi ty of the triplet 
absorpt ion bands be tween 3450 and 3600 cm -1 
(2.9-2.78 ~t), indicating development  of  OH 
groups. The absorpt ion was not great and 
apparent ly indicated deve lopment  of  an inter- 
molecular  water-bridge. 

Also, in all experiments ,  an absorpt ion 
appeared at 1725 cm -I (5.8 /1), which is a 
carbonyl  stretching band indicating the forma- 
t ion of  a ldehyde and/or  ke tone ,  which were 
independant  of  the carbonyl  in the carboxyla te  
group at 1740 cm-J (5.75 ~). Conjugat ion of  
the noncarboxyla te  carbonyl  with an e thylene 
group decreases the vibrational  f requency 
below that  of  a ke tone  (1740-1750 cm -1, or 
5.71-5.75 /J). On the o ther  hand, compounds  
with a keto  group adjacent to the double bond,  
such as Scheme III, have been found to have 

H H 2 
~'c c ~-'c X /  

"%C -- or C / / \  
H2 H 2 H H 

SCHEME III 

vibrational  frequencies  at 1725 c m  "1 , ( 5 . 8  ~) as 
we found in the autoxidized methy l  esters of 
cyc lopentenyl  fa t ty  acids. The first of  the 
foregoing structures is like that  repor ted  by 
Paget in Sapucainha oil (16). This strongly 
suggests that a principal point  of oxidat ive 
attack is at the tert iary carbon in the cyclo- 
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pentene ring and, that the nonperoxid ic  secon- 
dary oxida t ion  products  (not  formed by 
peroxide decomposi t ion)  are ketones  like the 
first of  the 2 structures in Scheme III, fo rmed 
after resonance of  the initial free radical formed 
at the tert iary carbon involving a double bond 
shift and subsequent  fo rmat ion  by oxida t ion  at 
the number  3 carbon of the cyc lopentene  ring. 

Autoxid ized  methy l  gorlate shows a band at 
ca. 1610 cm -1 (6.21 /1) indicating the presence 
of additional conjugated double bonds. It is 
well known that conjugated dienes wi thout  a 
center  of symmet ry  show 2 absorpt ion bands, 
one near 1600 cm -1 (6.25/1) and the o ther  near 
1650 cm -1 (6.06 /l). The first of  these bands is  
most  useful in determining conjugat ion since 
the second overlaps absorpt ion by single double 
bonds in the 1660-1640 cm -1 region (6.0-6.1 
~). 

The IR absorpt ion of  autoxidized methyl  
gorlate supports our findings of  strong UV 
absorpt ion in the 232 nm region resulting f rom 
conjugated diene. 

The autoxidized methy l  esters of  the 
straight-chain fatty acids, oleic and l inolenic 
acids, showed more or less a similar picture as 
with the methy l  esters of cyclic fat ty acids. 
Conjugated diene was more detectable  in the 
me thy l  l inoleate than in methy l  oleate. 

The IR spectra of  all the reduced peroxides  
showed increased OH absorpt ion and loss of 
peroxide absorpt ion for the methy l  esters of all 
3 cyc lopentenyl  fatty acids. 

Also, increased IR absorpt ion was found as a 
low f requency weak band at 960 cm -1 (10.42 
~1), indicating some t r a n s  double bonds were 
formed as anticipated with the shifting double 
bonds during au toxida t ion  of  the esters. 

Thin Layer Chromatography 

A thin layer chromatogram of  the methy l  
esters of cyclic and straight-chain fat ty  acids 
autoxidized to peroxide values of  300-400 meq 
per kg at 60 C, together  with appropr ia te  
unoxidized standards, is shown in Figure 5. The 
chromatogram was sprayed with aqueous  KI 
and starch solutions or with 50% H2SO 4 
fol lowed by charring. 

All the unoxidized materials have the highest 
and essentially the same Rf values. The next  
lower clearly distinguishable spots in I, II, III, V 
and VI of  the chromatogram represent  the 
peroxides;  in chromatograms of  the reduced 
products,  these spots are no longer present. 
Clearly, the Rf values for the peroxides of  
methyl  oleate and l inoleate are lower than 
those for the peroxides of  methy l  esters of 
cyclic acids. 

Al though not  evident in Figure 5, but  easily 
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FIG. 5. Thin layer chromatogram of the autoxi- 
dized methyl esters of cyclopentenyl fatty acids, 
methyl oleate and linoleate at 60 C. I: autoxidized 
methyl hydnocarpate. II: autoxidized methyl chaul- 
moograte. Ill: autoxidized methyl gorlate. IV: methyl 
chaulmoograte, V: autoxidized methyl oleate. Vl: 
autoxidized methyl linoleate. VII: methyl stearate 
(Silica Gel H; 0.3 ram; hexane:diethyl ether = 80:25, 
v/v). 

discerned in o ther  chromatograms,  2 clearly 
different iated peroxide spots appear  in the case 
of  methyl  gorlate (III),  representing 2 kinds of  
peroxides as might  be anticipated f rom the 
presence of 2 double bonds, one in the cyclo- 
pentene ring and the o ther  in the straight chain 
por t ion  of  the molecule.  

Al though the intensi ty of the spots in Figure 
5 is of  no significance quant i ta t ively,  it appears 
f rom this figure that  a greater variety of 
secondary au toxida t ion  products  with relatively 
low Rf values are formed in the au tox ida t ion  of  
me thy l  esters of  cyc lopentenyl  fat ty acids, such 
as ketones and other  side products ,  but this is 
not  apparent in the chromatograms of the 
reduced au toxida t ion  products .  Thus, again the 
differences observed in the spots for autoxi- 
dat ion products  with low Rf values in Figure 5 
may simply reflect an influence of the 
carbocycl ic  ring. 

Structure of the Initial Autoxidation Products 

Any extensive discussion about  structures of 
the initial products  of  the au toxida t ion  of  
methyl  esters of  cyc lopen teny l  fa t ty  acids is 
unwarranted unti l  GLC-mass spectral data 
are available. It may be said based on the 
preceding results that  the principal products  are 
peroxides,  probably hydroperoxides ,  formed by 
mechanisms closely related to those involved in 
the au toxida t ion  of straight-chain unsaturated 
lipids. Small amounts  of  secondary oxida t ion  
products ,  which appear to be ketones,  are 
formed,  not  by peroxide  decomposi t ion ,  but  
probably via oxygena ted  free radicals of  the 
cyclic esters. 
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Of particular interest is the formation of a 
high proportion of conjugated diene during the 
autoxidation of methyl gorlate, but because 
several speculative mechanisms could be pro- 
posed, it is advisable to defer further considera- 
tion until  mass spectral data become available. 

The formation of endoperoxides has not 
been ruled out by any of the foregoing 
evidence, and thus has potential from the 
standpoints of several chemical and biological 
considerations. The cyclopentene structure and 
the autoxidation products may closely resemble 
those of other highly biologically active com- 
pounds that develop in mammals in vivo from 
arachidonic and 7-dihomolinolenic acid (17). 
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ABSTRACT 

A range of  cis- and trans-monoenoic fat ty  acids was tested as substrates for desaturat ion in micro- 
somal preparations from rat liver. Trans-monoenoic acids were generally desaturated in the &9 posi- 
tion to the same extent  as stearic acid. Acids with A7-trans- and A1 1-trans-olefinic unsaturat ion pro- 
duced A7-trans,9-cis-and 2x9-cis,11-trans-conjugated dienoic acids, respectively, but  the &8-trans-and 
/` lO-trans-monoenoic acids did not  give A8,9- or /`9,10-allenes. Of the cis-monoenoic acids examined,  
only those with double bonds at or beyond  the /`14 position gave any measurable A9 desaturation.  
When /,9 desaturat ion of  long chain saturated acids was inhibited by adding sterculic acid, these 
saturated acids were desaturated at t h e / , 5  and t,6 positions. Many of the monoenoic  acids tested were 
also desaturated at the /,5 a n d / o r / , 6  positions, ,although the percentage conversions were always low. 
/,9-cis,1 1-trans-, /,9-eis, 12-trans- and /,9-cis,13-trans-dienoic acids, produced in situ by / ,9 desatura- 
tion of the corresponding monoenoic  acids, were extensively desaturated in the &6 position. These 
results are discussed in terms of: (a) the various models proposed to explain the substrate specificities 
of  the desaturases, and (b) the metabol ism of  unnatural  fatty acids ingested from dietary sources. 

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

The desaturases that in t roduce  A9-cis, A6-  
cis or A5-cis  double bonds into fatty acyl 
chains have been well characterized in animal 
microsomal  preparations. Of these, the A9 
desaturase has been the most  extensively 
studied, and its recent purif icat ion from rat 
liver by St r i t tmat te r  et al. (1) has enabled his 
group to reconst i tute  an active, purified A9 
desaturase system for fur ther  study (2) f rom 
the desaturase protein,  cy toch rome  b s reduc- 
tase, cy toch rome  b s and phosphol ipid  vesicles. 
Enzyme activity requires N A D H  and molecular  
oxygen;  acyl-CoA thioesters are the substrates. 
A fairly precise model  for the enzyme-substra te  
binding site has been proposed for the A9 
desaturase (3,4), based on the absolute stereo- 
chemistry of  hydrogen abstract ion (5,6), on the 
exact  posit ional  specificity of desaturat ion and 
on substrate specificity studies (3,7). The 
posit ion o f  desaturat ion is believed to be under  
carboxyl-end control .  The hydrocarbon  chain is 
accommoda ted  in a deep enzyme " c l e f t "  of 
hydrophobic  nature, with a very tight spatial 
constraint  be tween C-5 and C-15 bringing the 
9D and 10D hydrogen atoms to the active 
center. The mechanism for hydrogen abstrac- 
tion still is unknown.  This model  implies that  
the acyl chain is constrained to a predomi-  
nantly ex tended  conformat ion ,  i.e., carbon- 
carbon bonds in an antiperiplanar (trans) 

Fatty acid nomenclature follows these examples: 
pahnitic acid, 16:0; elaidic acid, 18:1 (90; and linoleic 
acid, 18:2 (9c,12c). 

conformat ion .  To our  knowledge,  no trans 
and only a few cis long chain monoeno ic  acids 
have been tested as substrates for A9 desatura- 
tion (3,8,9). With the except ion  of  18:1 (12c) 
in microsomal  preparat ions from hen liver and 
goat mammary  gland (but  not  rat liver), these 
c i s -monoenoic  acids were not  desaturated. 

This work tested an extensive range of posi- 
t ional isomers of  cis- and t rans -monoeno ic  acids 
in microsomal  preparat ions f rom rat liver in 
order  to assess the proposal  that  only trans- 
unsaturated acids would undergo A9 desatura- 
t ion according to the model  advanced by Brett  
et al. (3). We tested a large number  of novel 
substrates and emphasized product  identifica- 
tion. In many instances, A5 and/or  A6 desatu- 
rat ion of the substrates and of the dienoic acids 
p roduced  in situ by A9 desaturat ion were ob- 
served. These unexpec ted  A5 and A6 desatura- 
t ions are discussed in terms of  the approaches  
they suggest for fur ther  studies on the sub- 
strate specificity of  these two desaturases. 
Present models  explaining the substrate speci- 
f icity of  A5 desaturat ion (4) and A6 desatura- 
t ion (4,10) are poor ly  defined when compared  
to the mode l  for A9 desaturat ion (3,4). Finally,  
this work has relevance to studies on the 
metabol ism of fat ty acids with trans-unsatura- 
t ion,  a subject recent ly reviewed by Hours- 
muller ( 1 1). 

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

Fatty Acids 

[ 1-14C] Palmitic, stearic, oleic, l inoleic and 
c~-linolenic acids (sp act 50 to 60 Ci/mol)  were 
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purchased from the Radio-chemical Centre, 
Amersham, England. The monoenoic [1-14C] 
acids were prepared by the chain extension of 
alkenyl mesylates or chlorides with potassium 
[14C] cyanide (sp act 60 Ci/mol) according to 
the scheme outlined in Figure 1. 

Isomeric heptadecen-l-ols (cis/trans mix- 
tures), II, prepared by the anodic decarboxyla- 
tion of cis/trans mixtures of octadecenoic acids, 
|, according to the method of Gunstone et al. 
(12), were converted to the mesylates, III, by 
the method of Crossland and Servis (13). 1- 
Chloro-alkynes, IV, were synthesized by the 
coupling of alkyl bromide to w-chloroalk- 
1-ynes in the presence of sodamide in liquid 
ammonia (14), and were reduced to cis-1- 
chloroalkenes, V, by hydrogenation in the 
presence of Lindlar catalyst partially poisoned 
with quinoline (15). Stereomutat ion of small 
portions of the 1-chloroalkenes was accom- 
plished using oxides of nitrogen (16), with 
polar by-products being removed by thin layer 
chromatography (TLC). Alkenyl [14C] nitriles, 
VI, were obtained by heating excess alkenyl 
mesylate or chloride (15-20 /amole) with 
K14CN (300 /JCi, 5/amole) in dry DMSO (0.3 
ml) in a sealed tube for 16 hr at 85-90 C or 
125-130 C, respectively. The nitriles were 
converted to their methyl  esters, VII, by 
methanolysis (17). The methyl [ 1-14C] 
alkenoates were separated into cis- and trans- 
geometric isomers by argentation thin layer 
chromatography (Ag + TLC), characterized and 
the esters saponified. Gas liquid chromatog- 
raphy (GLC) (mass and radiosiotope detection) 
of the esters indicated greater than 90% mass 
purity and greater than 95% radiochemical 
purity in all cases, while yon Rudloff  oxidative 
cleavage (18) showed no double bond migration 
(<1%) to have occurred. 

The following [ 1-14C] monoenoic acids 
were prepared for this s tudy  by (a) anodic 
decarboxylation:  18:1 (8c), (8t), (10c), (10t), 
(1 lc),  (1 l t ) ,  (14c), (14t), (15c), (15t); and b y  
(b) synthesis from acetylenic compounds: 
16:1 (5t), (7t), (7c), (8c), (8t); 17:1 ( 5 t ) ,  
(12t), (12c); and 18:1 (5 t ) , (5c) ,  (13t ) , (13c) .  
[1A4C]Elaidic  and linelaidic acids were pre- 
pared by stereomutation of methyl [I-14C] - 
oleate and methyl [ 1-14C]linoleate (16), 
and the products purified by Ag + TLC prior 
to saponification. 

The urea adduct of methyl sterculate was 
donated by Dr. A.R. Johnson, C.S.I.R.O. 
Division of Food Preservation, Ryde, N.S.W., 
Australia. Sterculic acid was released from 
the adduct by the method of James et al. (19). 

Enzyme Preparation 

Rats of the Colworth-Wistar strain, fed for at 
least three months after weaning on a diet 
containing (by weight) 72% sucrose, 20% 
casein, 2% hardened coconut oil, and essential 
vitamins and salts, showed symptoms of essen- 
tial fatty acid deficiency. The animals were 
killed by cervical fracture and their livers 
were excised, minced and rinsed with buffer 
solution. This and all subsequent manipulations 
were carried out at 5 C using a 0.3 M sucrose, 3 
mM EDTA, 0.2 M sodium phosphate buffer 
solution at pH 7.3. The livers were homo- 
genized in two volumes of buffer solution, and 
the resulting homogenate was centrifuged at 
1,500 g for 15 min to remove cell debris and 
the fat pad. The postmitochondrial  super- 
natant,  obtained by spinning at 15,000 g for 30 
min, was further centrifuged at 100,000 g for 1 
hr. The 100,000 g pellet and some residual 
supernatant (ca. 1/10 of the total) were resus- 
pended in buffer solution to give the unwashed 

RCH :CH(CH2)nCOOH (I) 

RCH :CH(CH2)nOH (II) 

RCH :CH(CH2)nOSO2CH 3 (l id 

~ ~ K I 4 C N  

RCH:CH(CH2)nl4CN (VI) 
$ 

RCH:CH(CH2)nl4COOMe (VII) 
$ 

RCH:CH(CH2)n 14COOH (VI|I) 

RBr + CH!C(CH2)nC1 

1 
RC:C(C~2)nC1 (IV) 

RCH!CH(CH2)nC1 (V) 

R=n-alkyl 

FIG. 1. Overall scheme for the synthesis of monoenoic [1-14C] fatty acids (VIII). 
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microsomal fraction used in this study. Protein 
concentrations were estimated using the Biuret 
assay (20) with bovine serum albumin as a 
calibrant. 

Incubations 

Each incubation contained l ml of the 
enzyme preparation and 1 ml of the substrate 
solution. The latter was made by sonicating the 
[1-14C] fatty acid (ca. 1.2 /aCi) in 1 ml of 
distilled water plus two drops of a 10% (w/v) 
aqueous K2CO 3 solution. The total incubation 
volume (2.5 ml) contained the following 
concentrations of substrate, protein and co- 
factors: [1-14C] fatty acid, 8 laM; microsomal 
protein, ca. 1.6-2.5 mg ml- l ;  100,000 g super- 
natant protein, ca. 1.3-1.5 mg m1-1 ; ATP, 4.3 
mM; CoASH, 52/aM; NADPH, 140/aM; NADH, 
340 /aM; and MgC12, 4 raM. The reaction was 
started by the addition of the substrate solution 
to the enzyme preparation containing the 
necessary cofactors (at pH 7.3), and the incu- 
bation vial was gently agitated at 37 C in air. 
The reaction was terminated after 1 hr by the 
addition of 5% (w/v) methanolic KOH (10 ml), 
and the mixture was allowed to stand overnight 
at 45 C. The fatty acids were recovered from 
this saponification by acidification and extrac- 
tion into petroleum ether, and they were con- 
verted to their methyl esters using diazo- 
methane. For analysis of the labeled lipid 
classes, aliquots were removed from the incuba- 
tion medium just prior to the termination of 
the reaction, and these were added to two 
volumes of methanol and rapidly frozen (-20 
C). 

Lipid Analysis 

Neutral lipids were separated on Silica Gel 
TLC plates using a petroleum ether (bp 40-60 
C)-diethyl ether-acetic acid, 80:20:1 (v/v/v) sol- 
vent mixture for elution. Polar lipids were sepa- 
rated on Silica Gel H impregnated with 2% (by 
wt) potassium oxalate with a chloroform- 
methanol-water, 45:35:10 (v/v/v) solvent 
system. Unsaturated methyl esters were 
examined by Ag + TLC (5% silver nitrate by 
weight, in Silica Gel G) with petroleum ether- 
diethyl ether mixtures. Radioactive bands were 
located by autoradiography, and the silica gel 
was scraped directly into a scintillation medium 
for counting the 14C_activity" 

For radioisotope detection by GLC (subse- 
quently referred to as radio-GLC) an instru- 
ment similar to that described by James and 
Piper was used (21). Fatty methyl esters were 
analyzed on a I0% diethylene glycol succinate 
(DEGS), 9 ft packed column. Quantitation of 
the radioactivity trace was by triangulation. 

The double bond position of [1-14C] 
unsaturated acids was determined by a micro- 
scale modification of the yon Rudloff perman- 
ganate-periodate oxidation (18). After esterifi- 
cation with diazomethane, the 14C-labeled 
diester fragments were analyzed by radio-GLC, 
with co-injection of unlabeled methyl diesters 
of dicarboxylic acids as standards. For identi- 
fication of 14C-products where the new double 
bond was inserted between an existing double 
bond and the methyl end of the substrate, 
partial reduction of the diene with hydrazine 
(22) followed by Ag + TLC separation of the 
monoene fraction preceded yon Rudloff 
oxidation. 

The distribution of radioactivity between 
substrate and product acyl groups was 
measured by two methods. An aliquot of the 
14C methyl esters was analyzed by radio-GLC, 
whereas another aliquot was examined by Ag + 
TLC. Good agreement between the two 
methods was obtained for the percentage 
desaturation of the 14C substrate, but at low 
percentage conversions (~< 5%) Ag + TLC was 
preferred for quantitation. For very low conver- 
sions (1-2%), the product had first to be iso- 
lated by preparative Ag + TLC before a distinct 
peak could be observed by radio-GLC. The de- 
tection limit for desaturation was ca. 1%. Every 
~4C product was identified by three criteria: 
its equivalent chain length (ECL) value on a 
10% DEGS packed column; its Rf value on 
Ag + TLC plate; and the position of the new 
double bond as located by yon Rudloff 
oxidation. 

R ESU LTS 

For this study, free [1-14C] fatty acids (8 
/aM) were incubated for a 1 hr period with 
moderate amounts of microsomal protein (2 
mg m1-1) in the presence of a large stoichio- 
metric excess of cofactors for activation and 
desaturation. The percent conversions measured 
logically represent the end point of an incuba- 
tion with nonsaturating amounts of substrate, 
and cannot be considered to represent maxi- 
mum velocities. These conditions were used to 
facilitate high yields of products for identifica- 
tion. The microsomes were from rats fed for 
several months after weaning on a high sucrose 
diet containing only a small amount of satu- 
rated fat, since it is well-documented that essen- 
tial fatty acid deficiency stimulates both A9 
and A6 desaturations and that a high carbo- 
hydrate diet also stimulates A9 desaturation 
(23,24). 

Table I shows the microsomal preparation 
contained highly active A9, A6 and A5 desatu- 
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Percen t  C o n v e r s i o n  
C o n v e r s i o n  ( this  s t u d y )  n m o l e  min  -I nag p r o t e i n  "! 

16 :0 -~16 :1  (9c)  
18 :0  ~'18:1 (9c)  

16: 1(9c)-+16:2(6c,9c) 
18:1 (9c)-+ 1 8 : 2 ( 6 c , 9 c )  
18:2(9C,12C)-+18:3(6C,9C,12C) 
I 8 :3 (9c ,12C ,  I 5c)  ~ ' 1 8 : 4 ( 6 c , 9 c , 1 2 c , 1 5 c )  

20 :3(8C,  l le,14c)-~20:4(5c,8c,1 I c , 1 4 c )  

77 2.1 
55.5  3.3 

10.5 0 .15  
5 0 .15  

13.5 1.0 
37 ,5  --- 

65 .5  0 .8  

a A  c o m p a r i s o n  o f  the  p e r c e n t  conve r s ions  m e a s u r e d  in e x p e r i m e n t  A (see Resul t s ,  th i rd  p a r a g r a p h )  
and  m a x i m u m  ve loc i ty  m e a s u r e m e n t s  m a d e  b y  Berner t  and  S p r e c h e r  (25) ,  w h o  i n c u b a t e d  150  n m o l e s  
o f  the  free f a t t y  acid  wi th  5 m g  o f  m i c r o s o m a l  p r o t e i n  plus  the  neces sa ry  c o f a c t o r s  fo r  3 min .  

rases. A comparison is made with the maximum 
velocity measurements obtained by Bernert and 
Sprecher using liver microsomes from rats that 
were deficient in essential fatty acids (25). The 
microsomal preparation gave a clean reaction. 
Recoveries of radioactivity after saponification 
and treatment with diazomethane were of the 
order of 70% or greater, whereas TLC showed 
this 14C radioactivity was associated with the 
fatty methyl ester band (>90%) and not with 
oxygenated fatty esters or other metabolites. 
No chain elongation was observed. 

The results are organized around the fol- 
lowing scheme: first, two sets of incubations, A 
and B, are reported. B contains the most exten- 
sive range of novel substrates tested for any 
single microsomal preparation and is discussed 
at length. Several additional experiments were 
performed using only parts of the available 
range of substrates, but these are not reported 
since the levels of desaturation observed were 
similar to experiments A and B. Second, to 
obtain a complete picture of the incubation of 
an individual substrate, Tables II and llI  must 
be used together: For example, Table II shows 
that 18:1 (13t) was both A6 desaturated (1.5%) 
and A9 desaturated (51.5%). However, 27% 
of the 51.5% 18:2 (9c,13t) produced was sub- 
sequently desaturated at the A6 position (Table 
llI). The actual product distribution at the end 
of the incubation was 18:1 (13t), 41%; 18:2 
(6c,13t), 1.5%; 18:2 (9c,13t), 42%; and 18:3 
(6c,9c,13t), 15.5%. 

A9  Desaturation 

Table II shows all the monoenoic [1-14C] 
fatty acids that were incubated with rat liver 
microsomes. The following general groupings 
of monoenoic acids as substrates for A9 desatu- 
ration can be made: (a) no A9 desaturation of 

A8 and A10 monoenoic acids was detected; 
(b) all other positional isomers of the trans- 
monoenoic acids were extensively A9 desatu- 
rated; (c) the A9 desaturation of A13 to A t5  
cis-monoenoic acids occurred, but the con- 
versions were very low, and (d) cis-monoenoic 
acids with the double bond before the A13 
position were not substrates for the enzyme. 

The chain length of the substrates was 
generally C18, but some C16 and C17 mono- 
enoic acids were also used. A9 Desaturation of 
the C16, C17, and C18 series of saturated 
and A5 trans-monoenoic acids indicated chain 
length effects over this range would not be too 
great and therefore should not affect the above 
(a)-(d) grouping. 

In several cases, the substrates were also 
desaturated at the A5 and/or A6 positions. 
However, the removal of 14C-substrate by these 
competing reactions was small (~<15%). Thus, 
corrections applied to the percentage A9 
desaturation values given in Table lI to allow 
for such competition are minor and do not 
affect the general conclusions drawn from the 
data. 

The chromatographic properties of the 
cis, trans-conjugated dienoic acids produced 
were particularly distinctive. A comprehensive 
tabulation of ECL and Ag + TLC R r data for 
the substrates and their desaturated products is 
given elsewhere (26). ECL values of 18.2 for 
16:2 (7t,9c) and 20.35 for 18:2 (gc, l l t )  on a 
DEGS column were considerably greater than 
those for nonconjugated dienoates of the same 
chain length (27), whereas on Ag § TLC the 
conjugated dienoates eluted faster than oleate 
(28). The A9 desaturation of 18:1 (St) and 
18:1 (10t) would have given 8,9- and 9,10- 
allenes, respectively. These compounds have an 
ECL on a DEGS column similar to that of tino- 
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T A B L E  II 

[ 1-14C]  F a t t y  Ac ids  Tes ted  As S u b s t r a t e s  fo r  D e s a t u r a t i o n  in 
M i c r o s o m a l  P r e p a r a t i o n s  f r o m  Ra t  Liver a 

Pe rcen t  
d e s a t u r a t i o n  

S a t u r a t e d  or  
trans-monoenoic Cis-monoenoic 

subs t r a t e s  A9 A6 A 5 s u b s t r a t e s  

Pe r cen t  
d e s a t u r a t i o n  

&9 A6 ~ 5  

16 :0  77 1 0 
17 :0  65.5  1 0 
18 :0  55.5  0 0 
16:1 (St)  69 .5  0 0 
17:1 (5t) 73 0 0 
18:1 (St)  74 .5  0 0 

18 :0  55 0 0 
18:1 (5 t )  80 0 0 18:1 (5c)  0 0 0 
16:1 (Tt) 23 0 0 16:1 (7c)  0 0 0 
18:1 (81) 0 5.5 0 18:1 (8C) 0 0 7 
16:1 (8 t )  0 17 0 16:1 (8C) 0 0 1 
18:1 (9 t )  0 0 7.5 18:1 (9C) 0 4 0 
18:1 (10 t )  0 10 5.5 18:1 (10c )  0 0 0 
18:1 ( l i t )  62 b 5 0 18:1 ( l i e )  0 1 1 
17:1 (12 t )  14 b 8 0 17:1 (12v)  0 5.5 0 
18:1 ( 1 3 t )  5 7 . 5 b b  1.5 0 18:1 (13c )  1 1 0 
18:1 ( 1 4 t )  41 .5  b 0 10 18:1 (14c )  6 3.5 0 
18:1 (15 t )  48 .5  b 0 10 18:1 (15c )  4 4 .5  0 

aThe  u p p e r  p o r t i o n  o f  th is  t ab le  r e p r e s e n t s  e x p e r i m e n t  A, the  l o w e r  p o r t i o n  e x p e r i m e n t  
B. C o n s u l t  the  th i rd  p a r a g r a p h  o f  Resu l t s  fo r  a full  e x p l a n a t i o n .  

bThese  p r o d u c t s  x~ere s u b s e q u e n t l y  A6 d e s a t u r a t e d  (Table I l l ) .  

T A B L E  III 

The  /x6 D e s a t u r a t i o n  o f  S o m e  Dienoic  Ac ids  a 

Pe rcen t  A6 
S u b s t r a t e  ( a d d e d  or  g e n e r a t e d  in s i tu b) d e s a t u r a t i o n  

18:2  (9c,1 l t )  (in s i tu)  41 
17:2  ( 9 c , 1 2 t )  (in s i tu)  80 
18:2  ( 9 c , 1 2 t )  ( a d d e d )  66 
18:2 ( 9 c , 1 2 c )  ( added )  16 
18:2 (9 t ,  12t)  ( added )  0 
18 :2  ( 9 c , 1 3 t )  (in s i tu)  27 
18:2  ( 9 c , 1 4 t )  (in s i tu)  4 
18 :2  (9c,1 St) (in s i tu)  4 

aResu l t s  f r o m  e x p e r i m e n t  B. C o n s u l t  the  t h i r d  p a r a g r a p h  in Resu l t s  for  a full  e x p l a n a t i o n  
o f  tiffs table .  

b T h e  A9-CiS, 11-15-trans i somers  were  p r o d u c e d  du r ing  tile i n c u b a t i o n  by /',9 d e s a t u r a -  
t ion o f  the  c o r r e s p o n d i n g  trans-isomers. 

leate, and would have eluted with trans-mono- 
enoates on Ag + TLC (28). No product ion  of 
such allenic acids was detected.  

/',5 and ~ 6  Desaturat ion 

Many of the monoeno ic  acids tested were 
desaturated at the A5 and/or  A6 positions 
(Table II). The percent  conversions were low, 

but  in several instances, compet ing  A9 desatu- 
ration removed much of the substrate. The A6 
desaturat ion of A8-trans isomers produced con- 
jugated dienoates / 16 :2  (6c,8t)  and 18:2 
(6c,8t);  ECL values of  17.9 and 20.25, respec- 
tively, on a DEGS co lumn] .  

Several of the cis,trans-dienoic acids pro- 
duced in situ by A9 desaturat ion were subse- 
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quently desaturated at the A6 position (Table 
III). The 2x9-cis, ! 1-trans-, A9-cis, 12-trans- and 
A9-cis, 13-trans-isomers were extensively desatu- 
rated when compared to linoleate, whereas the 
A9-cis, 14-trans- and 2xg-cis, 15-trans-isom ers 
showed only marginal A6 desaturation. 
Linelaidic acid was not desaturated at the A6 
position, but a small conversion (5%) to 18:3 
(5c,9t, 12t) was observed. Brenner has noted the 
absence of elaidic and tinelaidic acid desatura- 
tion (10). However, this study shows small ,55 
desaturations of both acids are possible (Tables 
II and IID. This agrees with the report of 
Lemarchal and Bornens on the A5 desaturation 
of elaidic acid (29). Radio-GLC detection of 
these A5 desaturations on a polar, packed 
column is not possible because of the low per- 
cent conversions and the unusually small 
differential in ECL value between substrate and 
product [18:1 (9t), ECL 18.6; 18:2 (5c,9t), 
ECL 19.0; and 18:2 (9t, 12t), ECL 19.35; 
18:3 (5c,9t,12t), ECL 19.75; compared with 
18:1 (9c), ECL 18.6; 18:2 (6c,9c), ECL 19.2]. 

Lipid Incorporation 

After a 1 hr incubation, the saturated and 
monoenoic acid substrates were all extensively 
esterified into lipids. The distribution of label 
into lipid classes was as follows: neutral lipids 
(mainly triacylglycerols, with smaller amounts 
of diacylglycerols), 20-50%; free fatty acids, 
1-10%; polar lipids (principally phosphatidyl- 
choline and phosphatidylethanolamine), 45- 
75%; and acyl-CoA, 2-5%. The distribution of 
substrate and product between the lipid classes 
was not measured. 

Sterculic Acid Inhibition 

The effect of sterculic acid inhibition on the 
isomer composition of the monoenoic acids 
produced from saturates was investigated. Co- 
incubation of [ 1 -~ 4C] heptadecanoic or stearic 
acid with an equimolar concentration of 
sterculic acid (8 ~M) gave a marked inhibition 
of A9 desaturation, as expected (30). Hepta- 
decanoic acid gave 19% 17:1 and stearic acid 
gave 10% 18:1, which compares with control 
levels of monoene formation in the absence 
of inhibitor of 80% and 55%, respectively. 
Von Rudloff oxidation of the monoene frac- 
tion recovered from Ag + TLC gave the fol- 
lowing isomer distributions, expressed as a per- 
centage of the total added 14C-substate: 17:0 
produced 79% 17:1 (9c) and 1% 17:1 (6c ) in  
the absence of sterculate, and 7.5% 17:1 (9c), 
8.5% 17:1 (6c) and 3% 17:1 (5c) when the 
inhibitor was added, whereas 18:0 produced 
55% 18:1 (9c) in the absence of sterculate, and 
1.5% 18:1 (9c), 1.5% 18:1 (6c) and 7% 18:1 

(5c) with the inhibitor present. 

DISCUSSION 

Since the experiments were designed to faci- 
litate product analysis, care must be taken in 
their interpretation. The percent desaturation 
will depend not only on the rate of desatura- 
tion, but also on the rate of activation of the 
free [ 1-14C] fatty acid and the relative rates of 
removal of the acyl-CoA by the desaturases and 
acyl transferases. Thus, percent conversion is 
not synonymous with the rate of desaturation. 
This can be seen in Table I in a comparison of 
Vma x vs. percent conversion data. However, we 
believe useful conclusions about substrate 
specificity, can be made from judicious inter- 
pretation of the data. The results suggest 
strategies for further investigation of the 
substrate specificities of the desaturases. A full 
interpretation of the results awaits complete 
kinetic analysis. 

The fatty acid-CoA ligase in washed micro- 
somal preparations is reported to have a broad 
specificity with high maximal velocities (31, 
32). All the 14C acids in this study were exten- 
sively incorporated into lipids indicating activa- 
tion. The use of low substrate concentrations 
(8 /IM) compared to the endogenous levels of 
free fatty acids (ca. 90/JM; mainly 16:0, 18:0 
and 18:1) in the enzyme preparation will 
probably reflect the in vivo competition 
between 2x9 desaturation and lipid incorpora- 
tion more accurately when small quantities of 
such isomers are present in the diet than when 
using maximum velocity data from linear 
initial rate measurements at substrate saturating 
concentrations. It should be remembered that 
chain elongation will be another competitive 
reaction occurring at the endoplasmic reticulum 
in vivo. 

The substrate specificity results for the A9 
desaturase (Table II) fit the model advanced by 
Brett et al. (3), which is depicted in Figure 2a. 
In this static model, the acyl-CoA substrate is 
bound to the enzyme at the carboxyl end. The 
extended hydrocarbon chain of the substrate 
is held at the active center by a deep cleft of 
hydrophobic character with dimensions of 26 
A in length and 4 A in width. A tight spatial 
constraint is imposed on the acyl chain between 
C-5 and C-15. The work of Enoch et al. (2) 
has pointed to the 9,10-gauche conformer of 
stearoyl-CoA as being the true substrate, and 
this is indicated in Figure 2a. The 9 D and 10 D 
hydrogen atoms will be in a position permitting 
their cis-elimination, producing oleoyl-CoA, 
which has a similar geometry to the bound sub- 
strate. Substituting a trans-double bond in place 
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of  an antiperiplanar single bond in the ex tended  
hydrocarbon  chain will cause min imum geo- 
metr ic  per turbat ion  of  the alkyl chain (Figure 
2b), so that  the model  predicts  trans-mono- 
enoic acids should be accommoda ted  by the 
substrate binding site. However ,  a considerable 
per turbat ion results when a cis-double bond is 
in t roduced into the hydrocarbon  chain. The 
substrate binding site model  predicts it is 
unlikely for a cis-monoenoic acid to fit into the 
confined space of  the cleft. This misfit  can be 
viewed in ei ther of  two ways: the maintenance  
of the correct  or ienta t ion of  the methylene  
groups at the active center  prevents  the alkyl 
chain beyond the cis-double bond from fi t t ing 
into the cleft  (Figure 2c); or an acyl-chain 
(containing a cis-double bond)  accommoda ted  
by the cleft  requires un favorab le  conforma-  
t ional changes in the remainder  of the acyl- 
chain and incorrect  al ignment at the active cen- 
ter. Al though this mode l  is most  readily envis- 
aged in a static mode,  a kinet ic  variat ion is also 
possible. As the CoA head-group of  the substrate 
binds and the  hydrocarbon chain " tumbles"  into 
the h y d r o p h o b i c  binding site, each C-C bond 
is restrained to go through an antiperiplanar 
conformat ion  before reaching the site. In such a 
dynamic model ,  however,  a tight stearic control  
between C-1 and C-10 is still required to 
explain the absolute s tereochemical  and posi- 
t ional specificity of 219 desaturation.  Brett  et 
al. have already advanced the idea of a con- 
c e f t e d - c o n f o r m a t i o n a l  change in the protein 
structure which inserts or enfolds the hydro-  
carbon chain in a deep cleft (3). 

T h e  extensive A9 desaturat ion of  the trans- 
mOnoenoic " acids and the undetec table  or 
minimal  219 desaturat ion of the corresponding 
cis-isomers argues for the validity of the above 
model.  F rom their exper iments  with methyl-  
branched stearates, Brett  et al. (3) proposed 
a region of  only partial spatial restriction 
beyond C-15 as Shown in Figure 2a. This may 
explain the appearance of low levels o f  A9 
desaturat ion in the cis-monoenoates with 
their  double bond '  beyond  the A13 posit ion.  
The r ange  of pos i t iona l  isomers tested was 
incomplete .  In particular,  the A2, 213, 214 and 
A6 cis- and trans-positional isomers still require 
examinat ion.  The trans-isomers are expected  
to be good substrates for the A9 desaturase. 

:The lower levels of A9 deSaturation of  the 
217 and 2112 trans-monoenoic acids compared  
to the remaining trans-isomers tested (Table II) 
have yet  to receive an adequate  explanat ion.  
However,  the A12 posit ion does seem to be 
anomalous in its characteristics toward A9 
desaturat ion, '  as in certain species (e.g., hen, 
goat) extensiv'e A9 desaturat ion of the A12 

FIG. 2. (a) A schematic representation of the 
stearoyl-CoA: A9 desaturase enzyme binding site. 
(b) trans-double bond occupying the cleft. (c) cis- 
double bond occupying the cleft. The CoA binding 
site is shown by the single line, whereas the apolar 
surface of the enzyme, a deep groove or cleft con- 
straining the methylene chain, is shown by the 
hatched line. Because of the two-dimensional repre- 
sentation, the C-9-C-10 bond appears as the synperi- 
planar conformer rather than the proposed gauche 
conformer. For further explanation, see Discussion. 

cis-isomer can occur  (3,8). 
An interesting feature was the produc t ion  of  

conjugated dienoic acids. This is believed to be 
the first report  of  biosynthesis  of  conjugated 
polyenoic  fa t ty  acids in animals. In contrast ,  the 
219 desaturat ion of A8-trans and A10-trans 
monoenoa tes  to give allenes was not  observed. 
Al though these potent ia l  substrates can fit into 
the proposed enzyme binding site, hydrogen 
abstraction would involve breaking vinyl C-H 
bonds (Ddissoc = 4 5 2 k j  mole -1 ) in a different 
or ienta t ion to the more usual alkyl C-H bonds 
(Ddissoc = 423k j  mole -1) and, moreover ,  the 
linear geometry  of  the allene formed would be 
incompat ib le  with a required 9,10-cis geomet ry  
for the desaturated product .  Therefore ,  the 
absence of allene format ion  was expected.  

The inhibit ion of  219 desaturat ion by stercu- 
lic acid resulted in the unexpec ted  215 and A6 
desaturat ion of saturated acids. The 216 desatu- 
rat ion of palmitate  and stearate has been 
detected in immature  rat brain before (33), but  
the A5 desaturat ion of  saturated acids by 
animals is complete ly  novel, a l t h o u g h  known 
in bacterial systems (34). This evidence,  along 
with the A5 and 216 desaturat ions of novel 
monoeno ic  acid substrate s (Table II) shows a 
219 cis-double bond is not  obligatory for 2x6 
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desa tu ra t i on  and A8 cis- or A l l  cis-double 
bonds  are no t  obl iga tory  for  A5 desa tu ra t ion  
(4).  l lowever ,  it should  be n o t e d  that  the rates 
of  desaturatSon of  m o n o e n o i c  and sa tu ra ted  
subs t ra tes  will p robab ly  be low in compar i son  
to the rates of desa tu ra t ion  of the  po lyeno ic  
subs t ra tes  (Table  I), bu t  this needs to be 
checked  exper imen ta l ly  for  the  novel  sub- 
strates.  A very in teres t ing  obse rva t ion  was the  
extens ive  A6 desa tu ra t i on  of  d ienoic  acids 
wi th  a A9 cis-double b o n d  and  a trans-double 
b o n d  in the A l l - A 1 3  pos i t ion  (Table  I l l) .  
When the trans-double bond  was r emoved  to 
the  A14 or A15 pos i t ion ,  the level of A6 
desa tu ra t ion  d ropped  dranlat ical ly .  Brenner  has 
already n o t e d  tha t  there  is a coopera t ive  effect  
be tween  ad jacent  double  bonds  which exten-  
sively enhances  A6 desa tu ra t ion ,  since ~x_ 
l ino lena te  is a be t t e r  subs t ra te  than  l inoleate  
which is, in tu rn ,  a much  be t t e r  subs t ra te  than  
oleate (10).  The  pre l iminary  results  r epor t ed  
here conf i rm this hypo thes i s  and suggest a A9- 
cis,-I 2-cis-pat tern of  u n s a t u r a t i o n  is no t  critical.  
Fo r  example ,  since A8-trans-monoenoic acids 
are desa tu ra ted ,  a dienoic  acid such as I8 :2  
(8 t .12c )  might  be a sui table  subs t ra te  for A6 
desa tu ra t ion ,  since it is now k n o w n  tha t  the 
enzyme(s )  can a c c o m m o d a t e  A 8 - t r a n s - a n d  
A12-cis-oleifmic u n s a t u r a t i o n  and  since these 
doub le  bonds  are adjacent .  This  isomer of 
linoleic acid is p resent  in par t ia l ly  h y d r o g e n a t e d  
oils ( l  1). A n o t h e r  line of invest igat ion these 
results  suggest is the m app i ng  of acyl chain 
conf igura t ions  which  are accep tab le  to the  A5 
and  A6 desaturases.  For  example ,  A8-trans-, 
A9-cis- and A lO-trans-monoenoic acids were all 
A6 desa tu ra ted ,  whereas  A8-cis-, A9-trans- and 
A lO-cis-isomers were not .  These  data  indica te  
tha t  the  acyt chain  mus t  lie wi th  a configq~ra- 
t ion  a p p r o x i m a t i n g  to trans, cis and trans 
geomet ry  in the  AS, &9 and A10 pos i t ions ,  
respect ively.  T h o r o u g h  s tudies  are required to 
subs t an t i a t e  and ex tend  this  pre l iminary  
evidence.  

The  na tu ra l  unsa t u r a t ed  acids of  vegetable  
and animal  fats are ahnos t  exclusively of  the 
cis-configuration, l iowever ,  part ial  hydrogena-  
t ion  of unsa tu r a t ed  oils for cooking oils, 
shor ten ings  and  margar ines  can p roduce  signifi- 
cant  a m o u n t s  of  trans-unsaturated acids, wi th  
oc t adecenoa t e s  usually the major  species. 
Douhle  bond  migra t ion  can also occur ,  such 
tha t  a range of  pos i t ional  i somers  of b o t h  cis- 
and trans-octadecenoates may be f o u n d  (35- 
37). B i o h y d r o g e n a t i o n  in the  rumen  also results  
in the f o r m a t i o n  of such unusua l  isomers,  
which  can be ingested via the c o n s u m p t i o n  of  
milk,  beef  and dairy p roduc t s  (38 ,39) .  Trans- 

u n s a t u r a t e d  acids are depos i ted  in the tissues, 
a l t hough  di f ferent ia l  abso rp t ion  of i somers  can 
occur  (37) .  Lipid i nco rpo ra t ion ,  ca tabol ism and  
anabo l i sm,  absence  of  EFA activi ty and ef fec t  
on the  physical  p roper t i e s  of lipid m e m b r a n e s  
of trans-unsaturated acids, have been  recent ly  
reviewed by t l o u t s m u l l e r  ( I  1). Only two 
subs t an t i a t ed  ins tances  of  the desa tu ra t ion  of  
tram-unsaturated acids are k n o w n :  the A5 
desa tu ra t ion  of  1 8 : 1 ( 9 t ) . ( 2 9 , 4 0 )  and the A6 
de sa tu r a t i on  of  18:2 ~9c,121) (41-42) .  The: 
novel  d e m o n s t r a t i o n  of  A9 desa tu ra t ion  of 
m a n y  isomeric  trans-inonoenoic acids i s  yet. 
a n o t h e r  example  of how the i r  biological  be- 
havior  resembles  tha t  of  sa tura ted  acids. The  
presence of  trans-acids at the site of A9 desatu-  
r a t ion  ( the  endop lasmic  r e t i cu lum)  depends  on  
diet ,  ab so rp t i on ,  t r anspor t ,  Lipid incorpora t ion-  
and oxidat ive  ca tabol i sm relative to t h e  more  
conven t iona l  fa t ty  acids, bu t  now their  A'9 
desa tu ra t ion ,  possibly fol lowed,  by fu r the r  
desa tu ra t ion  and chain e longat ion ,  mus t  be 
cons idered  as one possible fate. Such subse-" 
q u e n t  me tabo l i sm usually has been ignored in 
feeding s tudies  wi th  unusua l  fa t ty  acids. 

ADDENDUM 

While this  paper  was in press, ou r  a t t e n t i o n  
was drawn to similar work repor ted  by M.M. 
Mahfouz ,  A.J. Val icent i  and R.T. H o l m a n  
(Lipids,  in press, 1980).  These  workers  have 
observed tha t  for  cer ta in  isomeric  trans-mono- 
enoic  f a t ty  acids, geometr ic  i somer iza t ion  of 
the  original double  b o n d  can occur  dur ing  or 
a f te r  desa tu ra t ion .  As we did no t  check the  
geomet r i c  conf igura t ion  of  the  original  doub le  
bond  in the  desa tura ted  products ,  it is possible 
tha t  geomet r i c  i somer iza t ion  may  have oc- 
curred.  This  mus t  be borne  in mind  when  
examin ing  our  resul ts  and conclusions.  
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Relative Susceptibility of Microsomes from Lung, 
Kidney, Brain and Testes to Lipid Peroxidation: 

Correlation with Vitamin E Content 
DOUGLAS J. KORNBRUST and RICHARD D. MAVIS, Department of 
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Heart, Liver, 

ABSTRACT 

Rates of in vitro lipid peroxidation of microsomes and homogenates were found to vary widely 
among different tissues and species. In rats and rabbits, lung microsomes peroxidized at a 25, to 
50-fold lower rate than liver, kidney, testes and brain microsomes. Heart microsomes peroxidized at a 
rate slightly greater than, but most similar to, lung microsomes. Comparison of tissue homogenates 
also revealed the unique resistance of lung and heart to lipid peroxidation. The ratio of vitamin E to 
peroxidizable polyunsaturated fatty acids in lung and heart microsomes was several-fold higher than in 
microsomes from the other tissues studied, which accounted for the relative resistance of lung and 
heart to lipid peroxidation. Liposomes of extracted rat lung microsomal lipid were also resistant 
to peroxidation and the amount of vitamin E contained in the lung lipid extract was sufficient to 
confer the same degree of resistance when incorporated into an equivalent amount of rat liver lipid. 
Higher rates of peroxidation in mouse lung mierosomes relative to rabbit, rat and human lung micro- 
somes were similarly correlated with a lower ratio of vitamin E to peroxidizable fatty acids in mouse 
lung microsomes. These data provide strong support for the role of vitamin E as the major cellular 
antioxidant, especially in the highly oxygenated tissues of heart and lung, and demonstrate the Utility 
of the microsomal system in characterizing tissue differences in susceptibility to peroxidative mem- 
brane decomposition. 

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

[n t race l lu la r  hpid  p e r o x i d a t i o n  has  been  
o f t e n  h y p o t h e s i z e d  as a m e c h a n i s m  of  ac t ion  of  
tox ic  agents  (1)  and  has b e e n  impl ica ted  as a 
degenera t ive  m e c h a n i s m  unde r ly ing  cellular 
aging (2) and  cer ta in  disease s ta tes  (3).  Liver 
mic rosomes  or  r e c o n s t i t u t e d  sys tems con ta in ing  
ex t rac ted  liver lipid plus pur i f ied liver micro-  
somal  N A D P H - c y t o c h r o m e  P-450 reduc tase  
have been  mos t  f r equen t ly  emp loyed  in investi-  
ga t ions  of  t he  m e c h a n i s m  of  p e r o x i d a t i o n  of  
the  f a t ty  acyl moie t ies  of  m e m b r a n e  phospho -  
l ipids (4,5) .  Li t t le  i n f o r m a t i o n  is available,  
however ,  regarding t he  relat ive suscept ib i l i ty  of 
m e m b r a n e s  f rom var ious  t issues to  undergo  
hp id  pe rox ida t ion .  The  perox id izab i l i ty  of . lung 
is of  par t icu lar  in te res t  since it is t he  po in t  of  
en t ry  for  ox idan t  gases c o n t a m i n a t i n g  the  
a tmosphe re .  R o b a c k  observed t ha t  over  50 
t imes  more  t h i o b a r b i t u r i c  acid-react ive mater ia l  
was p roduced  dur ing  i n c u b a t i o n  of  liver h o m o -  
genate  t h a n  dur ing  i n c u b a t i o n  o f  lung or  spleen 
h o m o g e n a t e s  (6).  Willis and  Recknagel  r ecen t ly  
r epo r t ed  lung mic rosomes  were on ly  4% as 
active as liver mic rosomes  in p roduc ing  malon-  
d ia ldehyde ,  a l t h o u g h  the  basis for  t he  low 
act ivi ty  of  lung m i c r o s o m e s  was no t  ident i f ied  
in t ha t  s tudy  (7). 

The  biological  an t i ox i dan t ,  v i t amin  E, has  
been  shown  to af ford  p r o t e c t i o n  against the  
in jur ious  effects  o f  n i t rogen  d ioxide  and  o z o n e  

o11 expe r imen t a l  an imals  (8) .  In add i t ion ,  
n u m e r o u s  s tudies  have ind ica ted  suscept ib i l i ty  
to  lipid p e r o x i d a t i o n  is great ly  in f luenced  by  
t issue levels of  v i t amin  E (9). Bieri and  Ander-  
son (10)  d e m o n s t r a t e d  t h a t  t he  abi l i ty  of  t issue 
h o m o g e n a t e s  to  unde rgo  lipid p e r o x i d a t i o n  in 
vi t ro  was inversely re la ted to the  d ie ta ry  
v i t amin  E s t a tus  o f  the  animal .  Similarly,  o t h e r  
invest igators  have s h o w n  t h a t  liver mic rosomes  
(11-13)  or  m i t o c h o n d r i a  (14)  isola ted f rom 
v i t amin  E-def ic ient  animals  perox id ize  at a 
fas ter  ra te  in vi t ro  t h a n  f r ac t ions  f rom con t ro l  
animals.  Pe rox ida t ion  of  liver mic rosomes  was 
inh ib i t ed  by  d ie tary  supp lemen t  of  v i tamin  E 
(12 ,13)  or  w h e n  v i tamin  E w a s a d d e d  d i rec t ly  
to liver mic rosoma l  suspens ions  (11 ,15) ,  wh ich  
s uppo r t  t h e  role of  v i t amin  E as a m e m b r a n o u s  
an t iox idan t .  

Tay lo r  et  al. (16)  have shown  the re  is a h igh  
degree o f  va r ia t ion  in t he  c o n t e n t  of  v i t amin  E 
in subcel lular  f rac t ions  f rom d i f fe ren t  tissues, 
which  indica tes  there  m a y  be cons iderab le  
d i f fe rences  a m o n g  tissues wi th  respect  to 
p r o t e c t i o n  against peroxida t ive  react ions .  In 
these  invest igat ions ,  we have measured  rates  of  
in vi t ro  lipid p e r o x i d a t i o n  i n  mic rosomes  and 
h o m o g e n a t e s  f rom several d i f fe ren t  t issues and  
have compared  t he  var ia t ion  in: these  ra tes  wi th  
the  m i c r o s o m a l  v i t amin  E con ten t .  Microsomes  
and h o m o g e n a t e s  f rom lung and  hear t  s h o w e d  a 
low ra te  of  in vi t ro  p e r o x i d a t i o n  compared  to  
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the other tissues studied. This resistance of lung 
and heart to lipid peroxidation can be ex- 
plained by relatively high levels of microsomal 
vitamin E in these tissues. 

EXPERIMENTAL PROCEDURE 

Materials 

Distilled water was filtered and deionized 
in a system custom designed by W.E. Chaffee 
Co., Inc., an affiliate of Continental Water of 
Buffalo, NY. NADPH, ascorbic acid, FeS04,  
EDTA, cytochrome c and D,L-~-tocopherol 
were obtained from Sigma Chemical Company, 
St. Louis, MO. Thiobarbituric acid was a 
product of Eastman Chemicals, Rochester, NY. 
Fatty acid methyl ester standards were pur- 
chased from Nu-Chek-Prep, Elysian, MN. Rats 
were male Long Evans (200-300 g), mice were 
female BALB/c (20-30 g) and rabbits were male 
New Zealand albino (2-3 kg). 

Methods 

All animals received Agway laboratory chow 
(Rochester, NY) ad libitum until the time of 
sacrifice. Animals were sacrificed by intra- 
peritoneal (ip) injection of sodium pento- 
barbital, the chest was opened and a cannula 
was inserted into the trachea. Heart, lungs and 
liver were perfused by injecting ice-cold 0.15 M 
NaC1 into the right ventricle of the heart while 
simultaneously ventilating the lungs through 
the tracheal cannula. Lungs were excised and 
the parenchyma was separated from the visible 
bronchi and blood vessels and minced thor- 
oughly with scissors. Hearts, livers, kidneys, 
brains and testes were removed and similarly 
minced. The minced tissues were washed several 
times in ice-cold buffered potassium chloride 
(0.15 M KC1, 5 mM Tris-maleate, pH 7.4) 
containing 1 mM EDTA and homogenized in 
the same, using a teflon-glass homogenizer. The 
homogenate was centrifuged successively at 
300, 1600, 8000 and 30,000 x g for 10 min at 
each speed and the pellets discarded. The 
"cell-free homogenate" refers to the super- 
natant after centrifugation at 300 x g. Micro- 
somes were obtained from the 30,000 x g 
supernatant by centrifugation at 100,000 x g 
for 1 hr. The microsomal pellet was washed by 
suspension in and resedimentation from buff- 
ered potassium chloride with no EDTA, resus- 
pended in the same type of solution and stored 
in liquid nitrogen. Lipid peroxidation in these 
EDTA-treated microsomes has been shown to 
be absolutely dependent on the concentration 
of added free ferrous iron (17). Protein concen- 
trations were determined by the Lowry method 
(18); NADPH-cytochrome c reductase was 

assayed spectrophotometrically, as described by 
Williams and Kamin (19) and the initial rates 
measured were linearly proportional to time of 
incubation and amount of protein added over 
the ranges used. 

Lipid peroxidation was measured by quanti- 
tation of malondialdehyde formed during the 
incubations. Microsomes (50-80/lg of protein) 
were incubated at 37 C for the specified lengths 
of time with 40 mM Tris-maleate buffer (pH 
7.4) and either 3.0 /IM FeSO 4 plus 250 /IM 
NADPH or 1.0 /IM FeSO4 plus 500 /IM ascor- 
bate in a total volume of 0.5 ml. Peroxidation 
was terminated by rapid addition of 20% trichlo- 
roacetic acid (0.15 ml), 0.05 M thiobarbituric 
acid (0.3 ml) and 0.2% butylated hydroxy- 
toluene (50 ~1). Bovine serum albumin (0.5 mg) 
was added to facilitate precipitation of protein 
during a 10 min centrifugation; the resulting 
clear supernatant was removed and delivered to 
glass test tubes which were then tightly capped 
and boiled for 8 min. The amount of colored 
product was measured spectrophotometrically 
as described by Buege and Aust (4). 

Lipid peroxidation was expressed in terms of 
nmol malondialdehyde (MDA)/mg protein or as 
"percent peroxidation" which is simply the 
percentage of maximal MDA which would be 
produced by complete peroxidation of the 
peroxidizable polyunsaturated fatty acids 
(PPUFA) present in the tissue fractions. PPUFA 
includes all of the detectable polyunsaturated 
fatty acids except linoleic acid (18:2), which 
we have demonstrated, in agreement with 
others (20,21), to be relatively resistant to 
peroxidation and is not believed to evolve 
malondialdehyde (22). Maximal MDA for- 
mation per mg of protein was routinely deter- 
mined for each liver microsomal preparation by 
incubating with a sufficient amount of FeSO 4 
and ascorbate over time until MDA formation 
reached a maximal value. We have previously 
shown that all of the liver microsomal PPUFA 
has reacted at this point and that the per- 
centage of the maximal MDA formation ob- 
tained during a given incubation closely corre- 
lates with the percentage depletion of peroxi- 
dizable lipid substrate (17). 

In separate experiments, the yield of MDA/ 
tool PPUFA was found to be similar for all 
tissues studied. Thus, in these studies, the 
determination of  the maximal MDA formation 
in lung, heart, kidney, brain and testes micro- 
somes was obtained simply by multiplying the 
value for the yield of MDA/mol PPUFA from 
liver microsomes by the PPUFA content of 
the other tissues as determined by phospho- 
lipid (23) and fatty acid analysis by gas liquid 
chromatography (GLC) (24). The amount of 
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MDA produced during the exper imenta l  incu- 
bations was then expressed in terms of the 
percentage of  the maximal  MDA value and 
referred to as "pe rcen t  pe rox ida t ion . "  Thus, 
"pe rcen t  pe rox ida t ion"  is equivalent  to the 
percentage of  peroxidizable  polyunsatura ted  
fat ty  acids reacted.  Values for 100% peroxi- 
dat ion in terms of  nmol  MDA/mg  protein and 
microsomal  PPUFA contents  as nmol  P P U F A /  
mg protein are given in each figure legend 
(means and standard deviations).  Vi tamin E was 
measured using the spec t rof luoromet r ic  tech- 
nique of  Taylor  et. al. (16). Using this method ,  
tissue samples are saponified and extracted 
yielding a hexane phase which contains par- 
tially purified vi tamin E. Recovery  of  an 
internal c~-tocopherol standard was 95%. 

Liposomes were prepared by extract ing 
lipids f rom microsomes by the Bligh and Dyer 
procedure  (25). The ch loroform solut ion was 
evaporated to dryness under  N 2 gas in a glass 
vessel. The  resulting lipid film was hydra ted  and 
ultrasonically dispersed into an aqueous  sus- 
pension in a sonicating bath  under  N 2 gas. 
Where indicated,  vi tamin E extracted from 
microsomes by the Taylor  et. al. procedure  (16) 
or authent ic  c~-tocopherol subjected to the same 
procedure was incorpora ted  into liver l iposomes 
by mixing the hexane extract  with the chloro- 
form solut ion of  liver microsomal  lipids prior to 
drying and dispersing. 

RESULTS 

Figure 1 shows the t ime course of lipid 
peroxida t ion  in rat liver, brain, k idney,  testes, 
heart and lung microsomes as induced by 
NADPH and ferrous iron. The rate of  peroxi-  
dat ion of  lung microsomes  was ex t remely  low, 
relative to liver, brain, k idney and testes micro-  
somes. Heart microsomes exhibi ted a rate of  
peroxida t ion  slightly higher than lung micro- 
somes but  still 20-fold lower than liver micro-  
somes at the early t ime points. These differ- 
ences were not  caused by differences in peroxi-  
dizable fa t ty  acid content  since the suscepti- 
bil i ty of the various microsomes to peroxi-  
dat ion did not  correlate with their PPUFA 
conten t  (see Fig. 1) and the  data are expressed 
in terms of  the percentage of  peroxidizable  
lipids that  had reacted. 

Al though the NADPH-dependen t  peroxi-  
da t ion  is known to be media ted  by the micro-  
somal NADPH-cy toch rome  P-450 reductase 
(26), differences in peroxidizabi l i ty  could be 
only partially explained by tissue differences in 
the act ivi ty of  this enzyme.  Using cy toch rome  c 
as an e lectron acceptor,  specific activities (sp 
act) were found to be 205, 46, 37, 25, 30 and 

91 nmol  cy toch rome  c r educed /min /mg  protein 
for liver, brain, k idney,  testes, heart  and lung 
microsomes,  respectively.  These values ob- 
viously do not  correlate with the pat tern of  
microsomal  peroxida t ion  observed in Figure 1, 
suggesting the  reductase activity is not  l imiting 
the rate of  peroxida t ion  under  these condit ions.  

In order  to more  accurately assess the  
relative peroxidizabi l i ty  of  the microsomes,  
rates of  peroxida t ion  were determined using 
ascorbate instead of  NADPH. Ascorbate  is 
believed to st imulate peroxida t ion  in a manner  
similar to NADPH, i.e., by  promot ing  reduc t ion  
of iron (17), a l though the  ascorbate/ i ron 
system involves a direct,  rather than enzyme-  
catalyzed reduc t ion  of  iron (27) and is there- 
fore independent  of  the  microsomal  NADPH- 
cy toch rome  P-450 reductase activity.  Results of  
these exper iments  are shown in Figure 2. Rates 
of  ascorbate / i ron- induced peroxidat ion  were 
similar to those obtained with NADPH/ i ron  
(Fig. 1), except  that  liver microsomes peroxi- 
dized less rapidly in the ascorbate-st imulated 
system. This difference probably results f rom 
the much  higher reductase activity of  liver 
microsomes which may enhance the  rate of  
NADPH-dependen t  peroxida t ion  in this frac- 
t ion relative to the  microsomes from other  

50  

Q. 

0 30 60 
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FIG. 1. Rate of NADPH/Fe2+-induced lipid per- 
oxidation in microsomes from various tissues of rat. 
(e) liver, (=) brain, (A) kidney, (~) testes, (~) heart, 
(o) lung microsomes. Each point represents the mean 
value from 4 determinations. One hundred percent 
peroxidation is equivalent to 108 • l l ,  67 -* 15, 54 • 
9, 36 + 4, 62• 14, and92•  8 nmol of MDApermg 
of protein for liver, brain, kidney, testes, heart, and 
lung microsomes, respectively. The PPUFA contents 
of these same microsomes were 803 + 92,495 + 145, 
403 • 62, 271 + 31,458 + 82, and 677 • 62 nmol 
of PPUFA per mg of protein, respectively. 
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FIG, 2. Rate o f  ascorbate/Fe2+-induced lipid per- 
oxidation in microsomes from various tissues of rat. 
Symbols, values for 100 percent peroxidation, and 
PPUFA contents are the same as in Figure 1. Each 
point represents the mean value from 4 determina- 
tions. 
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FIG. 3. Rate of  Fe2+-induced lipid peroxidation in 
cell-free homogenates of various rat tissues. Homogen- 
ates were prepared as described in Methods and incu- 
bated with 40 mM Tris-maleate (pH 7.4) and 40 uIVl 
FeSO 4 (Note: The homogenates contained EDTA 
which was present as a 30 ~Vl concentration such that 
the concentration of free iron, which is effective in 
inducing peroxidation, was around 10 ~M). Symbols 
are the same as in Figure 1. Points are the mean values 
from 2 determinations. 

tissues. 
In order  to de te rmine  whe the r  the rates of  

perox ida t ion  in microsomes  were representat ive 
of the  whole  tissue or organ, we per formed 
similar measurements  using tissue homogena tes .  
As shown in Figure 3, hear t  and lung homo-  
genates  were peroxidized to a much  lesser 
ex ten t  than  homogena te s  of  the  o the r  tissues 
s tudied,  a result which demons t ra tes  the  
uniqueness  of  these tissues as well as the  
validi ty of  using mic rosomes  as an indicator  of  
whole  tissue peroxidizabi l i ty .  

A t t e m p t s  to elucidate the  nature  of these 
apparent  tissue di f ferences  in susceptibi l i ty to 
perox ida t ion  focused on the  differences  be- 
tween  lung and liver microsomes.  Fa t ty  acid 
analysis o f  lung and liver microsomes  following 
incuba t ion  revealed that  the  po lyunsa tura ted  
fa t ty  acids of  the lung mic rosomes  were only 
slightly decreased under  condi t ions  w h i c h  
resul ted in tota l  react ion of  the  peroxid izable  
lipids of  the  liver mic rosomes  (data no t  shown).  
Increasing concen t ra t ions  of  NADPH or ascor- 
bate did no t  increase the  rate of  lung micro- 
somal perox ida t ion .  As shown in Figure 4, 
pe rox ida t ion  of  tung mic rosomes  changed only 
slightly as a func t ion  of  increasing iron concen-  
t ra t ion ,  whereas liver microsomal  pe rox ida t ion  
increased dramatical ly.  In addi t ion,  varying the  
incubat ion  pH did not  augment  lung micro- 
somal pe rox ida t ion  relative to liver microsomal  
perox ida t ion  (data no t  shown) .  Thus,  the  lack 
of  perox ida t ion  of  lung mic rosomes  apparent ly  
is no t  a t t r ibutable  to l imiting concen t ra t ions  of  
iron, NADPH or ascorbate ,  or to subopt imal  
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FIG. 4. Lipid peroxidat ion in rat liver and lung 
microsomes as a function of ferrous iron concentra- 
tionl Liver (e) and lung (o) microsomes were incu- 
bated for 15 rain with 250 #M NADPH and FeSO 4 
as indicated. Points are the mean values from 4 deter- 
minations. 100% peroxidation is equivalent to 85 + 8 
and 70 • 2 nmol MDA/mg protein for liver and lung 
microsomes, respectively. The PPUFA contents of 
these same microsomes were 633 + 4 and 520 -+ 59 
nmol PPUFA/mg protein, respectively. 
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Source of  
m i c r o s o m e s  #g Vi tamin  E / m g  pro te in  #g Vi tamin  E / m g  P P U F A  b 

Lung 0.77 + 0.01 4.3 + 0.4 
Hear t  0 .26 +- 0.05 1.9 • 0.6 
Liver 0 .16 +- 0 .03 0.73 + 0.01 
Kidney  0.09 + 0.02 0.69 • 0 .14 
Testes 0 .10 + 0 .04  0.67 + 0.07 
Brain 0.09 • 0 .04  0.50 +- O. t5  

aValues  are the  me a ns  • s t anda rd  devia t ions  f r o m  4 exper imen t s .  The  values for  /ag 
v i t amin  E / m g  P P U F A  can be c onve r t e d  to m m o l  v i t amin  E/ tool  P P U F A  by mul t ip ly ing  by 
0.76.  

b p P U F A  refers  to pe rox id izab le  p o l y u n s a t u r a t e d  f a t t y  acids (18:3 ,  20:3,  20:4,  20:5,  
22:4,  22:5,  and 22:6) .  

pH. 
One  possibie  exp l ana t i on  for  the  d i f fe ren t  

ra tes  of p e r o x i d a t i o n  in the  d i f fe ren t  t issues is 
t ha t  the  mic rosomes  con ta in  d i f fe ren t  a m o u n t s  
of the  biological  an t i ox i dan t ,  v i tamin  E. In 
order  to test  th is  hypo thes i s ,  we measured  
levels of  v i t amin  E in the  d i f fe ren t  mic rosomes :  
the  resul ts  are s h o w n  in Table  I. V i t am i n  E was 
q u a n t i t a t e d  on  a per  mg  p r o t e i n  basis as well  as 
per  mg P P U F A ;  the  P P U F A  rat io  p r o b a b l y  
more  accura te ly  represen ts  the  a n t i o x i d a n t  
capaci ty  o f  t he  tissue. Fo r  lung microsomes ,  t he  
rat io  of  v i t amin  E- to -PPUFA was 6-8 t imes  
higher  t h a n  in hver,  k idney ,  tes tes  and  bra in  
microsomes ,  wh ich  is cons i s t en t  wi th  t he  m u c h  
slower ra te  of  p e r o x i d a t i o n  in lung m i c r o s o m e s  
(Fig. 3). Hear t  microsomes ,  wh ich  pe rox id ized  
fas ter  t han  lung b u t  s lower t h a n  liver, k idney ,  
tes tes  or bra in  mic rosomes  c o n t a i n e d  an  in ter -  
med ia te  a m o u n t  of  v i t amin  E / m g  PPUFA.  

We also s tudied rates  of  p e r o x i d a t i o n  and  
v i tamin  E c o n t e n t  in mic rosomes  f rom d i f fe ren t  
species. As s h o w n  in Figure 5, pe rox id izab i l i ty  
of r abb i t  m ic rosomes  f rom var ious  t issues was 
similar to rat  m ic rosomes  (Fig. 2) and  again 
there  was an  inverse co r re l a t ion  w i th  t he  ra t io  
of  v i tamin  E- to-PPUFA,  s h o w n  in Figure  6. 
Some  var ia t ion  a m o n g  species in these  param-  
eters was observed ,  however .  Figure 7 sum- 
marizes  t he  data  on  lung m i c r o s o m e s  f rom rats,  
rabbi ts ,  mice  and  humans .  Rabb i t  lung micro-  
somes exh ib i t ed  the  highest  v i t amin  E / P P U F A  
ra t io ,  and pract ical ly  no  lipid p e r o x i d a t i o n  was 
de tec tab le  a f te r  a 30 rain i ncuba t ion .  In con- 
trast ,  p e r o x i d a t i o n  was by  far the  highest  in 
mouse  lung mic rosomes  and the  v i t amin  E/  
P P U F A  rat io  was near ly  5 t imes  less t h a n  in 
r abb i t  lung microsomes .  Peroxid izabi l i ty  and  
v i tamin  E c o n t e n t  of  h u m a n  lung  m i c r o s o m e s  
was mos t  similar to  rat  lung microsomes .  These  
cor re la t ions  suggest m i c r o s o m a l  suscept ib i l i ty  

to  lipid p e r o x i d a t i o n  is d e t e r m i n e d  pr imar i ly  by  
the  ra t io  of  v i t amin  E- to -PPUFA presen t  in the  
m i c r o s o m a l  m e m b r a n e s .  T h e  relat ive res is tance 
of  lung mic rosomes  to pe rox ida t ion ,  then ,  
appears  to  resul t  f rom the  h igh levels of  v i tamin  
E. 

In o rde r  to  f u r t h e r  subs t an t i a t e  th is  h y p o t h -  
esis, we measured  the  ra te  of  a sco rba te / i ron -  
induced  p e r o x i d a t i o n  in h p o s o m e s  prepared  
f rom ex t rac ted  m i c r o s o m a l  lipid. Figure 8a 
shows t ha t  liver l iposomes  were over 50% 

100 - 

e, 

0 30 60 
TIME (MIN) 

FIG. 5. Rate of ascorbate/Fe2+-induced lipid 
peroxidation in microsomes from various tissues of 
rabbit. Symbols as in Figure 1. Points are the mean 
values from 4 determinations. 100% peroxidation is 
equivalent to 81 + 11, 109 • 14, 62 • 22, 57 + 5, 
37 • 4, and 82 • 9 nmol MDA/mg protein for liver, 
brain, kidney, testes, heart and lung microsomes, 
respectively. The PPUFA contents of these same 
microsomes were 561 • 25, 752 • 105, 423 + 88, 
394 • 12, 251 • 49, and 562 • 37 nmol PPUFA/mg 
protein, respectively. 
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peroxid ized  in 30 min whereas lung l iposomes 
under  the  same condi t ions  were almost  com- 
pletely resis tant  to pe rox ida t ion .  As shown in 
Figure 8b, incorpora t ion  of  the vitamin E 
ext rac ted  f rom an equivalent amoun t  of lung 
microsomes  (or an amoun t  of  au then t ic  vi tamin 
E equal to  that  found  in the  lung microsomes)  
in to  liver lipid p roduced  liver l iposomes  which 
were also resistant  to  peroxida t ion .  In contras t ,  
vitamin E ex t rac ted  f rom an equivalent  amoun t  
of  liver mic rosomes  and added to liver lipid 
(essentially doubl ing  the  vi tamin E c o n t e n t  of  
the  liver l iposomes)  had only a modes t  ef fect  
on  the  rate of  pe rox ida t ion  relative to  con t ro l  
liver l iposomes.  These f indings demons t r a t e  
that  the 6-fold greater a m o u n t  of  vi tamin E in 
lung compared  to liver (Table I) is suff icient  to 
account  for  the observed resistance of  lung 
l iposomes and mic rosomes  to peroxida t ion .  

DISCUSSION 

The vi tamin E con ten t  of  various tissues is a 
somewha t  ambiguous  concep t  depending  upon  
the  choice of  denomina tors .  Previous studies of  
tissue vi tamin E con ten t  expressed as tzg/g 
tissue (28,29) did no t  reveal some of  the 
striking d i f ferences  among the  tissues s tudied 
here. Since vi tamin E is p robably  located in cell 
membranes ,  it seems most  useful to quant i t a te  
its presence in tissues as a func t ion  of  some 
parameter  o f  the  tissue membrane  conten t .  
Thus, we have chosen to express vi tamin E 
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FIG. 6. Vitamin E content of microsomes from 
various tissues of rabbit. Values shown are means and 
standard deviations from 3 determinations. Micro- 
somal PPUFA contents were the same as in Figure 5. 
The values for ~g vitamin E/mg PPUFA can be con- 
verted to mmol vitamin E/mol PPUEA by multiplying 
by 0.76. 
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FIG. 7. Lipid peroxidation and vitamin E content 
of lung microsomes from different species. Lipid 
peroxidation was determined following a 30 min 
incubation of microsomes with the ascorbate/Fe 2+ 
system. Other procedures are described in Methods. 
Values shown are means and standard deviations from 
2-4 determinations. 1009, peroxidation is equivalent 
to 82 + 9, 92 + 8, 82, and 81 + 13 nmol MDA/mg 
protein for rabbit, rat, human and mouse lung micro- 
somes, respectively. The PPUFA contents of these 
same microsomes were 562 + 37, 677 -+ 62, 533, and 
536 -+ 64 nmol PPUFA/mg protein, respectively. The 
values of #g vitamin E/mg PPUFA can be converted 
to mmol vitalnin E/tool PPUFA by multiplying by 
0.76. 
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FIG. 8. Peroxidation of liver and lung liposomes by 
ascorbate/iron. Liposomes were prepared or vitamin E 
extracted from aliquots of lung or liver microsomes 
containing equal amounts of PPUFA. (a) Liver lipo- 
somes (o), lung liposomes (o) ; (b) liver liposomes with 
incorporated vitamin E from lung microsomes (o), 
liver liposomes with incorporated authentic vitamin E 
equal to that in lung microsomes (rn), liver liposomes 
with incorporated vitamin E from an equal additional 
sample of liver microsomes (~x), liver liposomes plus 
vitamin E extract of a water blank (o). Each point is 
the mean value from 3 determinations. 
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c o n t e n t  o n  t he  basis of  P P U F A  of the  micro-  
somes as well as per  mg  m i c r o s o m a l  pro te in .  
The  values ob t a ined  b y  th is  m e t h o d  cor re la te  
wi th  m i c r o s o m a l  suscept ib i l i ty  to  l ipid peroxi -  
d a t i o n  and  can  accoun t  for  t he  h igh  res is tance  
of  lung and  hea r t  m i c r o s o m e s  to  pe rox ida t ion .  
Cons i s ten t  w i th  our  f indings,  Tay lo r  et  al. (16)  
observed  7-fold and  5-fold h igher  a m o u n t s  of  
v i t amin  E / m g  m i c r o s o m a l  p r o t e i n  in lung and  
hear t ,  respect ively,  compared  to liver micro-  
somes. The  Evarts  and  Bieri  da ta  (30)  for  who le  
t issue of  rats  fed soybean  oil agree well w i th  
our  mic rosoma l  ra t ios  of  v i t amin  E - to -PPUFA 
in hea r t  liver and  k idney .  Whole  lungs showed  a 
30% lower  ra t io  compared  to o u r  m i c r o s o m a l  
data ,  suggesting tha t ,  c o m p a r e d  to whole  t issue, 
lung mic rosomes  are enr iched  in v i t amin  E 
relat ive to  PPUFA.  Whole  testes,  in con t ras t ,  
showed  a 73% higher  v i t amin  E / P P U F A  ra t io  
t h a n  our  mic rosomal  data,  suggest ing a non-  
mic rosomal  e n r i c h m e n t  of  v i t amin  E in t ha t  
tissue. 

The  presence  of  v i t amin  E in lung and  hea r t  
mic rosomes  at levels suff ic ient  to  a lmos t  to ta l ly  
p reven t  pe rox ida t ion  u n d e r  cond i t i ons  which  
resul ted  in comple te  p e r o x i d a t i o n  of  micro-  
somes f rom o t h e r  t issues raises serious ques- 
t ions  regarding lipid p e r o x i d a t i o n  as a mech-  
anism of  pa tho log ica l  or  toxoco log ica l  damage  
in lung or  hear t .  A p p a r e n t l y ,  p e r o x i d a t i o n  o f  
lung or  hear t  m ic rosomes  could on ly  occur  
a f te r  dep le t ion  of  the i r  re lat ively h igher  c o n t e n t  
of  v i t amin  E. 

V i t a m i n  E has long b e e n  recognized  as a 
membrane - so lub l e  a n t i o x i d a n t  (9).  I ts impor -  
t ance  as a biological  p ro t ec t i ve  agent  relat ive to 
soluble a n t i o x i d a n t  fac tors  such  as g l u t a t h i one  
peroxidase  or superox ide  d i smutase  has no t  
been  es tabl ished.  Our  resul ts  show tha t ,  in the  
absence  o f  soluble  factors ,  t he  suscept ib i l i ty  to 
p e r o x i d a t i o n  o f  m i c r o s o m e s  f rom several t issues 
and  species corre la tes  w i th  t he  mic rosoma l  
v i t amin  E con t en t .  Since lung and  hea r t  micro-  
somes  are h ighly  res is tant  to  l ipid p e r o x i d a t i o n  
in the  absence  o f  soluble  factors ,  t h e  need  for  
soluble  a n t i o x i d a n t s  in these  t issues is no t  
a p p a r e n t  wi th  respect  to  p r o t e c t i o n  o f  micro-  
somal  m e m b r a n e  lipids. T he  in te res t ing  peroxi -  
d izabi l i ty  of  whole  t issue h o m o g e n a t e s  (Fig. 3) 
also re f lec ted  mic rosoma l  v i t amin  E con t en t .  
Lung  and  hea r t  h o m o g e n a t e s  u n d e r w e n t  very  
l i t t le  p e r o x i d a t i o n  u n d e r  cond i t ions  wh ich  
p roduced  several-fold greater  p e r o x i d a t i o n  in 
h o m o g e n a t e s  of  bra in ,  k idney ,  liver and  testes.  
Thus ,  it is clear t h a t  in t he  t issues con ta in ing  
lesser a m o u n t s  of  v i t amin  E, there  are no  
soluble  fac tors  which  are effect ive  u n d e r  these  
cond i t i ons  in p ro tec t ing  against  lipid peroxi-  
d a t i o n  to the  same e x t e n t  t ha t  v i t amin  E 

p ro t ec t s  lung and  hear t .  I t  is possible t ha t  
g l u t a t h i o n e  peroxidase ,  wh ich  is a b o u t  twice  as 
active in liver as in lung or  hea r t  (31) ,  may  no t  
f u n c t i o n  effect ively u n d e r  these cond i t i ons  
because  of  possible  dep le t ion  of  reduc ing  
po t en t i a l  in the  h o m o g e n a t e .  Soluble  super- 
oxide  d ismutase ,  however ,  is over  6 t imes  more  
active in liver t h a n  in lung (32)  and  migh t  be  
expec t ed  to f u n c t i o n  in t he  h o m o g e n a t e s ,  since 
no  dep le tab le  cofac tors  are requi red .  Thus,  t h e  
a m o u n t  of  p r o t e c t i o n  against  l ipid p e r o x i d a t i o n  
a f fo rded  by  these  2 enzymes  is n o t  a p p a r e n t  
f rom our  data .  

The  p r o t e c t i o n  of lung and hear t  against  
p e r o x i d a t i o n  by  a h igh  c o n t e n t  of  m e m b r a n o u s  
v i t amin  E is te leological ly  sound  cons ider ing  
the  relat ively h igh  oxygen  t en s ion  in the  lung 
and the  exposure  of  hear t  to  f reshly  oxyge-  
na ted  b l o o d  f r o m  the  lungs. The  m e c h a n i s m  of  
v i t amin  E u p t a k e  and  r e t e n t i o n  b y  t issues is 
u n k n o w n  and,  thus ,  t he  b iochemica l  basis for  
h igh levels of  m e m b r a n o u s  v i t amin  E in lung 
and hea r t  r ema in  to  be  e luc ida ted .  The  cellular 
d i s t r i bu t ion  of  the  lung v i t amin  E also r emains  
an in t r iguing area for  fu tu re  invest igat ions ,  
since t he  lung con ta ins  a n u m b e r  of  d i f fe ren t  
cell t ypes  (33) .  
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Skin Surface Lipids of the Horse 
DONALD T. DOWNING and SABIN W. COLTON Vl, Department of Dermatology 
University of Iowa College of Medicine, Iowa City, IA 52242 

ABSTRACT 

Skin surface lipids from the sides of male and female horses (Equus cabal~us) were collected in 
acetone and analyzed by thin layer chromatography and gas liquid chromatography. The sole com- 
ponents in both sexes were cholesterol, cholesteryl esters and the lactones of 32-, 32- and 36-carbon 
co-hydroxy acids, each including a methyl group in the n-1 position. Most of the lactones were mono- 
unsaturated (either n-8 or n-10), but small amounts of saturated and dienoic species were present. 
A pooled sample of the skin surface lipids contained 14% cholesterol, 38% cholesteryl esters and 48% 
laetones. 

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

Previous s tudies  have shown  tha t  the skin 
surface l ipids of  m a m m a l s  differ  p r o f o u n d l y  
a m o n g  species, b o t h  in the  classes of l ipids 
present  and  in the  s t ruc tu res  o f  the  a l iphat ic  
and alicyclic moiet ies  (1-4).  So far, however ,  
such s tudies  have no t  inc luded  more  t h a n  one  
species f rom any genus,  and we have been  
curious w h e t h e r  similari t ies in surface lipid 
compos i t i on  might  be  observed in closely 
related species. In order  to s tudy  this  ques t ion ,  
we have chosen  the  genus  Equus because  it 
provides  a favorable  s i tua t ion  in which  to f ind 
such similarities,  since the  c o n s t i t u e n t  species 
are so similar in m o r p h o l o g y ,  diet  and l ifestyle.  
A previous  survey by th in  layer  c h r o m a t o g r a p h y  
(TLC) (1) had  s h o w n  tha t  the  surface l ipids of  
the  domes t i c  horse  (Equus caballus) con ta ined  
a major  cons t i t uen t  which  migrates  like a wax 
diester ,  t oge the r  wi th  some sterol  esters and  
free sterols. We h a v e  now  been  able to  d e m o n -  
s t ra te  t ha t  the  a p p a r e n t  d ies ter  f r ac t ion  actual ly  
consis ts  of  the  lac tones  of  long chain,  me thy l -  
b ranched  co-hydroxy acids. The  fa t ty  acids of  
the  s terol  esters inc lude  similar s t ruc tu res  
w i thou t  a h y d r o x y l  subs t i t uen t .  The  free s terols  
and  those  f rom the  s terol  esters  consist  a lmos t  
exclusively of  choles terol .  

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

Collection of Surface Lipids 

A b o u t  100 ml of ace tone  was poured  o n t o  
the  side of  each horse  a b o u t  30 cm beh ind  the  
foreleg and the  solvent  was t h e n  recovered  by  
scraping upward  wi th  a 1 s beaker  p r e ~ e d  
to the  skin. The  beaker  had been prepared  for  
this  purpose  by  cu t t ing  of f  ha l f  of  the  rim at an 
angle of  45 ~ and  t h e n  fire pol ishing the  cut  
surface. With th is  device,  recoveries  of  so lvent  
were at  least  90% eff ic ient .  The  resul t ing  
so lu t ions  were fi l tered t h r o u g h  a s in tered  glass 
funnel  and then  e v a p o r a t e d  on  a ro ta ry  evap- 
o ra to r ,  yielding 50-100 mg o f  lipid per  animal .  

Preliminary TLC Analysis 

Analysis  of  a l iquots  of  the  col lected l ipids 
on  silica gel us ing to luene  as developing solvent  
or a tr iple d e v e l o p m e n t  wi th  hexane ,  t hen  
t o luene  and  t hen  h e x a n e / e t h e r / a c e t i c  acid 
( 7 0 : 3 0 : 1 )  indica ted  the  overall  compos i t i on  of  
the  col lected lipids was vir tual ly  ident ical  for  1 
male  and 2 female  horses.  Quan t i t a t ive  TLC 
analysis (5) of  the  pooled  mater ia l  showed  tha t  
the  lipids, ident i f ied  as descr ibed below,  con-  
sisted o f  48% lactones ,  38% choles te ry l  esters 
and 14% choles tero l .  Prepara t ive  TLC of  the  
mix tu re ,  using to luene  deve lopmen t ,  sepa- 
ra ted  the  3 f rac t ions ,  which  were e x a m i n e d  as 
follows. 

Lactones. The f rac t ion  co r re spond ing  in 
TLC mobi l i ty  to  wax diesters  was hyd ro lyzed  
wi th  5% KOII in m e t h a n o l / w a t e r / t o l u e n e  
( 9 5 : 5 : 5 0 )  at 50 C and the  recovered lipid 
p roduced  a single spot  on  TLC migra t ing  in the  
same way as long chain co-hydroxy acids 
ob t a ined  f rom ca rnauba  wax (6).  The  fo l lowing 
d iagnost ic  procedures ,  in which  the  ca rnauba  
wax h y d r o x y  acids were used as mode l  com- 
pounds ,  led to the  conc lus ion  t ha t  the  ma jo r  
f r ac t ion  in the  horse  surface l ipids consis ted of  
the  lac tones  of  C30-C38 c~-hydroxy acids. 

(a) Af t e r  m e t h y l a t i o n  wi th  BC13/MeOH , the  
h y d r o x y  acids f rom the  horse lac tones  and 
f rom ca rnauba  wax increased similarly in TLC 
mobi l i ty .  

(b)  The  m e t h y l  esters of  the  h y d r o x y  acids 
f rom b o t h  sources  were oxid ized  wi th  ch romic  
acid in a ce tone  (7) to form the  hal f  esters of  
d ica rboxyl ic  acids, resul t ing in a fu r the r  in- 
crease in TLC mobi l i ty .  These  c o m p o u n d s  were 
conver t ed  to d i m e t h y l  esters wi th  BCI3/MeOH , 
p roduc ing  a still greater  increase in TLC migra- 
t ion.  

(c) The  ca rnauba  h y d r o x y  acids were cy- 
clized to l ac tones  by  re f luxing  t h e m  in b e n z e n e  
(20  mg/~) wi th  p - to luenesu l fon ic  acid (20  
rag/Q) as cata lyst  (8). Similar t r e a t m e n t  of 
the  h y d r o x y  acids f rom the  horse  p roduced  a 
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material having the same TLC mobility as the 
original fraction from the surface lipid and the 
same as the lactones derived from carnauba 
w a x .  

(d) A large sample of  the horse lactones was 
fractionated on silica gel/AgNO 3 (toluene 
solvent) into saturated (16%), monoenoic 
(78%) and dienoic (6%) fractions, and these 
were analyzed by gas liquid chromatography 
(GLC) on an OV17 column at 340 C. The 
proton magnetic resonance (PMR) spectrum of 
each of the argentation fractions showed 
a 1:1 doublet (0.92 ppm, J = 6.6 cps, equiv- 
alent to 3 protons) at the position characteristic 
of methyl group absorption, as well as a 1:1 
doublet (3.95 ppm, J = 6.1 cps, 2 protons) at a 
position indicative of protons on a carbon atom 
attached to an alkyl oxygen (Fig. 1). This 
indicated a structure in which the carbon atom 
bearing the alkyl oxygen was adjacent to the 
same carbon atom as the methyl group. Both 
the monoenoic and dienoic lactone fractions 
showed the 1:2:1 triplet absorption of ethyl- 
enic protons (5.41 ppm, J = 4.5 cps) equiva- 
lent to 2 and 4 protons, respectively. How- 
ever, the dienoic lactones showed no absorp- 
tion near 2.8 ppm expected for a methyl- 
ene group located between 2 ethylenic bonds in 
methylene-interrupted diunsaturation. 

(e) To determine the position of unsatu- 
ration in the monoenoic lactones, a sample of 
this fraction was first separated into 32-, 34- 
and 36-carbon ring fractions by high per- 
formance liquid chromatography (HPLC) on 
/2Bondapak C18 (Waters Associates, Milford, 
MA) using 10% CHC13 in methanol as eluting 
solvent. A 5 mg aliquot of each fraction was 
then oxidized by the von Rudloff method (9) 
and the products were recovered in chloroform. 
The solvent was evaporated and the residue in 
each case was saponified by heating at 50 C for 
1 hr in 1.5 ml of 5% KOH in methanol/water/  
toluene (95:5:50). The hydrolysis products 
were then directly methylated by addition of 
BC13/MeOH (2 ml) and after 10 min were 
recovered by addition of water and extraction 
into chloroform. The products then consisted 
of the dimethyl esters of dicarboxylic acids 
(from the fragment of the lactones between the 
double bond and the carboxyl group) together 
with the methyl esters of short chain hydroxy 
acids (derived from the sections between the 
double bond and the hydroxyl  group), as 
shown in Figure 2. These 2 groups of products 
were separated by preparative TLC on silica gel 
and the dimethyl esters were analyzed by GLC. 
Reference dimethyl esters were prepared by 
oxidation of  the carnauba hydroxy acids with 
chromic acid in acetone (7) followed by methyl- 

a c 

L L 
CH(CH2)xCH2C 

C~ (CH 2 )y CHCH2.~. b 

a CH3 

a b c 
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6 5 4 3 2 
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I I 
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FIG.  1, PMR s p e c t r u m  o f  the  m o n o e n o i c  l a c t o n e s  
f r o m  horse  skin  su r f ace  l ipids ,  o b t a i n e d  a t  9 0  MHz in 
d e u t e r o c h l o r o f o r m  us ing  a B r u k e r  H X - 9 0 E  i n s t r u m e n t  
m o d i f i e d  fo r  h igh  p o w e r  pu l sed  F o u r i e r  t r a n s f o r m  
d a t a  co l l ec t i on .  The  p e a k s  labe led  " s "  are  side b a n d s  
o f  t he  m e t h y l e n e  a b s o r p t i o n .  

ation with BC13/MeOH. Each lactone fraction 
yielded only 2 diester fragments, which were 
straight chained and resulted from the loss of 
either 9 or 1 1 carbon atoms from the original 
lactones. The hydroxy ester fragments were 
oxidized in CrO3/acetone and the resulting 
diacid half esters were methylated and analyzed 
by GLC. The analysis indicated each of the 
different lactone ring sizes yielded the same 2 
products, namely the methyl-substituted 8- and 
10-carbon dicarboxylic acids. This showed that 
the monoenoic lactones in each ring size 
contained either an n-8 or n-10 double bond; 
the 2 positional isomers were present in approx- 
imately equal amounts. The quantitative 
analysis of the lactone structures is shown in 
Table I. 

(f) Confirmation of the proposed lactone 
structures was obtained by mass spectrometry, 
using a Perkin Elmer/Hitachi Model 6E instru- 
ment. Each lactone prepared from the carnauba 
wax hydroxy acids produced a molecular ion 
and an M-18 peak of  about half the intensity of 

C32 1 lactones 

~ ( o ~ 

r ~  1 KOH 

~o o~(~ . . . . . .  - . . . .  ~  
e.  o.  ~ 

FIG.  2. The r e a c t i o n  s c h e m e  used  in d e t e r m i n i n g  
the  p o s i t i o n s  o f  u n s a t u r a t i o n  in t he  pu re  cha in  l eng th  
f r a c t i o n s  f r o m  the  m o n o e n o i c  l a c t o n e s  o f  ho r se  skin  
su r f ace  l ipid.  
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TABLE 1 

Composition (wt %) of the Giant-ringed Lactones 
from Horse Skin Surface Lipids 

325 

Total 
carbon 
atoms Saturated Monoenoic a Dienoic 

30 0.5 0,3 
31 0.6 0.2 
32 7.8 16.4 0.3 
33 1.4 2.2 0.1 
34 4.7 47.3 2.3 
35 0.4 1.8 0.6 
36 0.7 9.4 2.3 
37 
38 0.3 

Totals 16.1 77.6 5.9 

aThe ratios of the u-8 and n-lO positional isomers in the C32 , C34 and C36 monoenoic 
acids were 53:47, 55:45 and 45:55, respectively. 

the  M + ion.  These  were t he  mos t  a b u n d a n t  o f  
the  high-mass ions,  as migh t  be expec ted  for  
molecules  wh ich  mus t  f r agment  twice  to 
p roduce  ions  o f  lower  mass. The  lac tones  f rom 
the  horse  surface l ipids p roduced  molecu la r  
ions  of  M/e 4 7 6 , 5 0 4  and  532,  which  is appro-  
pr ia te  for  t he  suggested s t ruc tu res  of  t h e  C32 , 
C34 and  C36 m o n o e n o i c  lactones .  Each  was 
accompan ied  b y  an  M-1 8 ion,  b u t  these  were o f  
s o m e w h a t  lower  a b u n d a n c e  t han  the  M-14, 
M-15 and  M-16 ions,  wh ich  p r e s u m a b l y  resul ted  
f rom a loss of  the  m e t h y l  side chain  wi th  or 
w i t h o u t  t he  gain or  loss of  a hyd rogen .  

Choles terol  and choles tery l  esters. The  free 
s terol  and  t h a t  ob t a ined  u p o n  hydro lys i s  of  t h e  
s terol  esters each  gave a single spot  on  TLC, 
migra t ing  in the  same way as a u t h e n t i c  chol-  
es tero l  and  showing the  same color  changes  
u p o n  charr ing  wi th  sulfuric  acid. GLC analysis  
showed  essent ial ly  a single peak  wi th  t he  same 
r e t e n t i o n  t ime  as cho les te ro l  for  b o t h  s terol  
f ract ions .  

The  f a t t y  acids p roduced  b y  hydro lys i s  of  
the  cho les te ry l  esters were conve r t ed  d i rec t ly  to  
m e t h y l  esters  b y  a d d i t i o n  o f  BCI3/MeOH to t he  
sapon i f i ca t ion  mix tu re .  The  m e t h y l  esters and  
the  l ibe ra ted  s terol  were t h e n  separa ted  by  
prepara t ive  TLC. GLC of  t he  m e t h y l  esters 
showed  the  f a t ty  acids had  a very  wide distri-  
b u t i o n  of  chain  length ,  f r om C16 to C38 , and  
c o n t a i n e d  b o t h  sa tu ra ted  and  u n s a t u r a t e d  
c o m p o n e n t s .  The  presence  of  u n s a t u r a t i o n  was 
conf i rmed  b y  repea t ing  the  gas c h r o m a t o g r a p h y  
a f te r  t h e  es ters  had  been  h y d r o g e n a t e d  wi th  
P t /H  2 in ether .  The  gas c h r o m a t o g r a m s  also 
revealed t h a t  a lmos t  all of  t he  f a t t y  acids, b o t h  
sa tu ra ted  and  u n s a t u r a t e d ,  were b r a n c h e d  chain  

c o m p o u n d s ,  and  this  was conf i rmed  by  exam- 
ining the  PMR spec t rum (Fig. 3), wh ich  
showed  a 1:1 doub l e t  at  0 .86 p p m  (J = 6.1 cps) 
equ iva len t  to  6 p ro tons ,  ind ica t ing  the  gem- 
d i m e t h y l  groups  of  i sob ranched  acids. The  
quan t i t a t i ve  analysis of  the  choles tero l  ester  
f a t t y  acids is s h o w n  in Table  II. 

When  the  m i x t u r e  of m e t h y l  esters was 
subjec ted  to TLC o n  silica gel /AgNO3 for  
sepa ra t ion  by  degree of  u n s a t u r a t i o n ,  2 b r o a d  
bands  were p roduced ,  the  more  mobi l e  of  
which  con t a ined  t he  sa tura ted  esters t oge the r  
wi th  t he  longer  chain  (C24-C36) m o n o u n s a t u -  
r a t ed  esters. The  less mobi l e  band  was found  to  
con ta in  the  C18-C24 m o n o e n e s  as well as the  
C32-C38 dienes.  These  i n c o m p l e t e  reso lu t ions  
resul ted  f rom the  very wide range of  chain  
l eng ths  in the  m o n o u n s a t u r a t e d  acids. When  the  

H3C 
d:i ;CH CH2( CH2 

H3C 
C 

i 
)nCH2Jc/O 

! \O-CH 3 

,i I 

a b c d 

FIG. 3. PMR spectrum of the "saturated" fraction 
of methyl esters of the fatty acids from the cholesteryl 
esters of horse skin surface lipids. The spectrum was 
obtained as described for Figure 1, except that the 
sample tube was plugged and spun at high speed to 
minimize the effect of side bands. 
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T A B L E  II 

Compos i t i on  (wt %) o f  the  Fa t ty  Acids f r o m  the Choles terol  
Esters o f  Horse  Skin Surface Lipids 

Tota l  
ca rbon  
a t o m s  

Sa tura ted  

Straight  Branched Monoenoic  Dienoic 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

0.7 5.6 
0.5 

0.5 4.9 
0.5 

0.4 12.9 
0.7 

0.3 4.7 
0.3 

0.3 2.7 
0.3 

0.2 3.4 
0.2 
2.5 
0.1 
2.3 

1.6 
0.2 
8.2 
0.2 
3.8 

0.9 

1.1 

0.'7 

0.9 

1.8 5.9 

1.0 15.4 0.8 
0.2 
5.9 1.4 

1.7 0.5 

Totals  2.6 44.7 46.7 2.7 

less mobile band was oxidized with periodate- 
permanganate (9) and the products examined 
by GLC using the Downing and Greene method 
(10), the monocarboxylic acid fragments were 
found to consist of almost equal quantities of 
C 9 and Cl l  branched chain acids, whereas the 
dicarboxylic fragments were predominantly the 
C 9 and C l l  acids, with small amounts of the 
C12 and CI3 compounds. Thus, the double 
bonds in the C18-C24 fatty acids from the 
cholesteryl esters were confined to positions 
which would have been produced by A9 
desaturation of Ct8 and C20 saturated fatty 
acids followed by some chain extension. Similar 
oxidative determination of double bond posi- 
tions in the longer chain monoenes contained in 
the more mobile band on argentation-TLC gave 
equal amounts of the same branched chain C 9 
and e l l  monocarboxylic acids, showing that 
the double bond positions were derived simply 
by further chain extension from the shorter 
monounsaturated acids. 

DISCUSSION 

Giant-ringed lactones of the type observed in 
this study apparently have not been found 
previously as natural products, although co- 
hydroxy acids of similar molecular weight 

(MW) have been found in the surface lipids of 
sheep (1 1) and are widespread in the surface 
hpids of plants (12,13). The co-hydroxy acids 
of wool wax include some branched chain 
compounds, whereas those of  the plant lipids 
are entirely straight chained and thus are not a 
possible source of the lactones observed on the 
horses. It has not been established in what form 
the co-hydroxy acids exist in wool wax or in the 
soluble lipids of plant surfaces, so that the 
occurrence of lactones cannot be excluded. The 
lactone of a shorter chain co-hydroxy acid, 
16-hydroxy-7 E-hexadecenoic acid (ambret- 
tolide), is present in musk seed oil and is 
responsible for its odor. 

We presume the lactones and the cholesteryl 
esters are produced by the sebaceous glands in 
the skin of the horse. The probable pathway of 
biosynthesis of  the lactones is indicated by the 
positions of the ethylenic bonds in the mono- 
enoic series, which could be produced by A9 
desaturation of C18 and C20 fatty acids, 
followed by chain elongation, hydroxylation 
and, finally, cyclization. The second double 
bond in the dienoic lactones apparently is not 
introduced in the usual methylene-interrupted 
pattern, and may result from a second A9 
desaturation after chain extension. 
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The fatty acids found esterified with choles- 
terol are remarkable for the very small propor- 
tion of straight chain components and for the 
very wide range of chain lengths. These fatty 
acids also are similar in distribution (in the 
C32-C36 range) to the lactones, with which 
they could share a common origin or a pre- 
cursor/product relationship. 

It is generally inferred that one of the 
principal functions of the sebaceous lipids is to 
provide a water-resistant protection for the 
pelt, but this does not explain why it has been 
advantageous for different species to evolve 
diverse sebum compositions; speculation thus 
has continued on other possible functions for 
the sebaceous lipids. Lactones from the horse 
(equolides) have a cyclic structure, a methyl 
branch near the oxygen function and a location 
of the ethylenic bond inviting comparison with 
the large-ringed ketones, muscone and civetone, 
which perform pheromonal functions in the 
musk deer and the civet cat, respectively. If the 
equolides have such a function for the horse, it 
presumably is nonsexual, since the compounds 
are found in similar quantities in both sexes. 
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Dietary Arachidonic Acid Reduces Fatty Liver, Increases Diet 
Consumption and Weight Gain in Ethanol-fed Rats 1 
STEVEN C. GOHEEN,  EDWARD C. LARKIN ,  M A R C I A  M A N I X  and 
G. ANANDA RAO, Hematology Research Laboratory, 
Veterans Administration Medical Center, Martinez, CA 94553 

ABSTRACT 

We fed young male Sprague-Dawley rats for 4 wk ad libitum liquid diets containing 34% of the 
calories as ethanol and 35% as fat with (AA+) and without (AA-) arachidonic acid (20:4). Additional 
rats in the control groups were fed similar diets made isocaloric with dextrose with (CA+) and without 
(CA-) 20:4. The liver triglyceride (TG) content of rats in the AA+ group was reduced ca. 3-fold over 
that of rats in the AA-group. The diet consumption and body wts of rats in the AA+ group were 
significantly greater than those of rats fed alcohol without the 20:4 supplement (AA-). Also livers 
from rats in the AA+ group were as large as those from rats in control groups (CA+, CA-) and ca. 
twice as large as those from rats in the AA-group. The fatty acid composition of liver TG in rats fed 
the alcohol diet was similar to that of dietary fat. Levels of 20:4 and docosatetraenoic acid (22:4) in 
liver TG fatty acids from rats fed diets without arachidonate (AA-, CA-) were low (trace to 1.6%). 
After ingestion of arachidonic acid, 20:4 increased to ca. 10% and 22:4 to ca. 5%. The content of 
liver phospholipids was higher in livers of rats fed ethanol (AA-) than in those of controls (CA-). 

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

Prolonged a lcohol  c o n s u m p t i o n  leads to 
fa t ty  l i v e r - a n  a c c u m u l a t i o n  of t r iglycerides  in 
hepa t ic  tissue. The  t r iglycerides  tha t  c o n t r i b u t e  
to  f a t ty  liver could or ig inate  f rom 1 or more  of  
3 sources:  diet ,  fa t ty  acids released f rom 
adipose tissue and  enhanced  fa t ty  acid synthes is  
in the  liver. I t  has been  conc luded  t ha t  lipo- 
genesis is the  major  cause of  hepa t ic  accumula-  
t ion  of  t r iglycerides in s tudies  where  the  fat  
c o n t e n t  of the  a lcohol -con ta in ing  diet was low 
(1-3). However ,  when  an adequa t e  a m o u n t  of 
fa t  is fed, increased hepa t i c  l ipogenesis  is 
believed to be of  m i n o r  i m p o r t a n c e  in the 
d e v e l o p m e n t  of a lcohol ic  f a t ty  liver (4). 

When a diet  is fed which  causes the  rat io  of 
l inoleic acid (18 :2 )  to a rach idonic  acid (20 :4 )  
to  increase in liver to t a l  lipids, hepa t ic  lipo- 
genesis is s t imula ted ;  when  this  diet  is supple- 
m e n t e d  wi th  a rach idonic  acid, hepa t ic  lipo- 
genesis is reduced  (5). E t h a n o l  feeding also 
causes an increased 1 8 : 2 / 2 0 : 4  ra t io  in lipids 
f rom liver as well as m a n y  o the r  t issues (6-12).  
Therefore ,  it may  be expec ted  tha t  hepa t ic  
l ipogenesis  would  be s t imua l t ed  in a lcohol-fed 
animals.  However ,  the  role of  fa t ty  acid synthe-  
sis in vivo in elevat ing hepa t i c  t r iglycer ides  has 
been  cont roversa l  (3 ,13 ,14) .  Regardless  of  the  
a m o u n t  of  l ipogenesis,  d ie ta ry  20 :4  could  be 
useful  in reduc ing  liver f a t t y  acid synthes is  in 
a lcohol- fed  animals.  

Arach idon ic  acid is a na tu ra l ly  occurr ing 
c o m p o n e n t  of  phosphol ip ids .  Phospho l ip ids  are 
c o m p o n e n t s  of  l ipopro te ins ,  the  vehicles for  the  

1presented at the ISF/AOCS World Congress, April 
27-May 1, 1980, New York City. 

removal  of  t r iglycerides  f rom liver. Therefore ,  
r educed  levels of 20 :4  could decrease the  
mob i l i za t ion  of fat  f rom liver and hence  contr i -  
bu te  fu r the r  to  hepa t ic  fat  accumula t ion .  

In this  s tudy,  we fed rats  an e thano l  diet  
wi th  a rach idonic  acid to de t e rmine  whe the r  
d ie tary  20 :4  inf luences  the  a c c u m u l a t i o n  of 
liver tr igtycerides.  Since the  effects  of feeding 
this  acid to  e thano l - fed  animals  have been  
u n k n o w n ,  we ma in t a ined  rats  wi th  free access 
to  diets to observe how 20 :4  also inf luences  
diet  c o n s u m p t i o n  and weight  gain. This  s tudy  
will provide a basis f rom which  to c o n d u c t  
f u r t he r  s tudies on  the  effects  of  a rach idonic  
acid on  a lcohol ic  f a t ty  liver. 

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

Animals and Diets 

Twelve male  Sprague-Dawley rats  weighing 
200 g were ob ta ined  f rom Charles River, Inc.  
(Wil lmington,  MA). Animals  were fed the  
Wayne Lab Blox diet (All ied Mills, Chicago) ad 
l ib i tum for  1 wk. Animals  were divided in to  4 
groups  of  3 each, were housed  in stainless steel 
cages and fed t h r o u g h  glass R ich te r  tubes.  Each  
group was fed ad [ ib i tum for  4 wk one  o f  the  
fo l lowing isocaloric L ieber /DeCar l i  l iquid rat  
diets (Bid-Mix # 7 1 1 ,  Bio-Serv.,  Inc. ,  F r ench -  
town ,  NJ):  (a) con t ro l  diet  (CA-), (b)  e t hano l  
diet  (AA-),  (c) con t ro l  diet  wi th  7 weight  % of  
the  fat  as a rach idon ic  acid (CA+),  and (d)  
e thano l  diet  wi th  7 wt  % of  the  fat  as arachi-  
donic  acid (AA+).  Arach idon ic  acid, as ob-  
t a ined  f rom the  m a n u f a c t u r e r  (Nu-Chek-Prep,  
Inc.,  Elysian,  MN), was ana lyzed  by gas l iquid 
c h r o m a t o g r a p h y  (GLC)  and  d e t e r m i n e d  to  be 
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70% pure. The fatty acid composition of the 
arachidonic acid was as follows: 16:1, 3.3%; 
18:1, 1.3%; 18:2, 17.4%; 18:3, 1.4%; 20:3, 
5.5%; 20:4, 69.8%, 22:4, 1.3% (fatty acids are 
designated as the number of carbons: the 
number of double bonds). Arachidonic acid was 
added to prepare the CA+ and AA+ diets such 
that 7 wt % of the dietary fat was 20:4. 
Butylated hydroxytoluene (BHT, 0.02%) was 
added to the fat used to prepare the diets. Diets 
were mixed according to supplier's instructions 
except for the addition of 20:4. Diets were 
kept at 5 C under nitrogen and used within 72 
hr. Fatty acid analysis of the diets indicated 
there was no detectable loss of unsaturated 
fatty acids during either storage or feeding. 
Rats were fed fresh diets every morning. Diet 
consumption was recorded daily for each 
animal. Rat body weights were determined 
twice/week. 

Quantitation of Liver Triglycerides and Phos- 
pholipids 

After 4 wk of feeding, rats were anesthetized 
by an intraperitoneal (ip) injection of sodium 
pentobarbital (50 mg/ml/300 g rat). Livers were 
removed, rinsed in ice cold saline, blotted and 
weighed. Visible pieces of mesentery tissue 
were removed and discarded before weighing. 
Small portions of liver (ca. 0.5 g) were cut from 
t h e  central portion of the left lobe and 
weighed. These sections were homogenized in 
ice cold saline and lipids were extracted and 
washed as described by Folch et al. (15). Lipid 
extracts were protected from the oxidation of 
unsaturated fatty acids by adding BHT (0.02%) 
and surrounding them with a nitrogen 
atmosphere. An aliquot of the lipid extract 
corresponding to that from 25 mg of liver tissue 
was separated into lipid classes by silica gel thin 

layer chromatography (TLC) (16). The gel from 
regions of the plates corresponding to t h e  

triglyceride and phospholipid fractions were 
scraped and placed in screw-capped test tubes. 
Methyl esters were prepared without extracting 
the lipids by leaving the gels in 2.0% sulfuric 
acid in methyl alcohol for 16 hr at 70 C; 
methyl esters were then extracted and purified 
by TLC (17). Methyl pentadecanoic acid (13 
/~g) was added to the methyl esters as an 
internal standard. The esters were separated by 
gas liquid chromatography (GLC) using a 
Varian aerograph (Model 2740) equipped with 
a flame ionization detector and 6' x 1/8" 
stainless steel column packed with 5% diethyl- 
ene glycol succinate, on H/P Chromosorb G. 
Percentages of various fatty acid methyl esters 
and their quantities were calcd using the 
chromatographic data system (Varian 
CDS-111). The retention times and relative 
response factors were determined using quanti- 
tative mixtures prepared from authentic fatty 
acid methyl esters obtained from Supelco 
(Bellefonte, PA) and Applied Science (State 
College, PA). Fatty acid composition of total 
liver lipids were determined as already 
described. 

R ESU LTS 

Diet Composition 

The composition of each of the diets used 
are shown in Table 1. The composition with 
respect to protein, fat, salt and vitamins was the 
same in various diets used in this study. The 
content of carbohydrate was the same except 
that in the alcohol diets, some dextrose was 
replaced with an isocaloric amount of ethanol. 

The fatty acid composition of the fat used 
for the preparation of these diets is shown in 

TABLE I 

Composition of Diets a 

Diet b Protein c Ethanol  Carbohydrate  d Fat e Salt Vitamins 

g~ 

CA- 42.2 --- 114.04 39.6 10.0 5.0 
CA+ 42.2 --- 114.04 39.6 10.0 5.0 
AA- 42.2 50.0 24.4 39.6 10.0 5.0 
AA+ 42.2 50.0 24.4 39.6 10.0 5.0 

aBio-Mix #711, Bio-Serv, Inc., Frenchtown, NJ. 
bDiets  used were control (CA-), control plus arachidonic acid (CA+),  a lcohol  (AA-) 

and alcohol  plus arachidonic acid (AA+). 
c41.4 g vitamin-free casein, 0.5 g L-cystine, 0.3 g DL-methionine. 
dMaltose-dextrins. 
eSee Table II for fatty acid composition. 
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T A B L E  I1 

Fa t ty  Acid Compos i t i on  o f  Diets a 

120 

I00 

Diet b 16:0 c 16:1 18:0 18:1 18:2 20 :4  ) 
8O 

(%1 
C A * , A A -  10. l  0.9 2.9 60.9 25.3 --- ~ 60 
CA+,AA+ 9.0 0.9 2.7 56.4 23.9 7.1 

aValues given indicate  the  pe rcen tage  of  tota l  fa t ty  ~ 40 
acids and are m e a n  values f r o m  dupl ica te  de t e rmina -  
t ions  with each d ie ta ry  fat.  

bSee Table  I for  diet abbrevia t ions .  

CAbbreviat ions  for  f a t ty  acids indicate  the n u m b e r  
of  carbon  a t o m s : n u m b e r  o f  double  bonds  in the acid. 

Table  II. The  ma jo r  d i f ference  be t w een  the  2 
fat  m ix tu re s  is t ha t  one  c o n t a i n e d  7.1% 20 :4  
(CA+, AA+)  whereas  the  o the r  did no t  con ta in  
any de tec tab le  a m o u n t  of  this  acid. 

Diet Consumption 

Figure I shows the  average diet  c o n s u m p t i o n  
of  rats  in each of the  d ie tary  groups.  With in  3 
days, all rats  achieved a s table  rate of food  
in take  a l t hough  animals  fed e i ther  of the  
con t ro l  diets  (CA-, CA+), a te  more  than  twice 
as m u c h  as those  fed e i ther  of  the  e thano l  diets  
(AA-, AA+)  (Fig. 1). Af te r  12 days of feeding,  
rats  fed the  con t ro l  diets  c o n s u m e d  a c o n s t a n t  
vo lume  of  food  per  day (ca. 100 ml)  whereas  
those  fed e thano l  wi th  a rach idon ic  acid (AA+)  
began eat ing more  t han  rats  fed e thano l  with- 
ou t  a rach idonic  acid (AA-).  Rats  in the  AA+ 
group c o n t i n u e d  to increase the i r  daily food  
intake.  At  the  end of  the  e x p e r i m e n t  (Fig. 1), 
they  c o n s u m e d  nearly as m u c h  as con t ro l s  (90  
ml  compared  to 100 ml). However ,  a f te r  the  
first wk, rats  on  the  e t h a n o l  diet  (AA-)  did no t  
s ignif icant ly  increase the i r  c o n s u m p t i o n .  

Body and Liver Weights 

Before  ingest ing the i r  prescr ibed diets,  ra ts  
weighed ca. 245 g (Fig. 2). Rats  fed e i ther  of 
the  con t ro l  diets  (CA- and  CA+) gained ca. 150 
g durng  the  28 days whereas  those  fed the  
e thano l  diet  in the  absence  of  20 :4  (AA-) 
gained on ly  20 g in the  same per iod.  However ,  
w h e n  rats  were fed a lcohol  wi th  a rach idon ic  
acid (AA+),  they gained ca. 80 g dur ing  the  4 
wk interval .  

Fo r  the  first 2 wk, ra ts  in the  AA+ group 
m a i n t a i n e d  the  same weight  as those  in the  AA- 
group (Fig. 2). Subsequen t ly ,  they began 
consuming  more  diet  (Fig. 1) and  increased 
the i r  body  weights  at  a ra te  of  ca. 4 g /day,  
which  is s imilar  to t ha t  of  ra ts  fed the  con t ro l  
diets  (Fig. 2). 

The  weights  of  the  ra ts  at the  end  of  4 wk 

0 

2 0  

�9 ~ . o  " ~  i �9 �9 �9 ~  | �9 . |  
| � 9  �9 | . = -  - - , ~  

�9 ~  ~ ~ 

o /  = 
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o o o 

o / e  a 

o ~ io ii ~o 2s 
TIME (days) 

FIG. 1. Diet consumption. The figure indicates the 
volume of diet consumed daily by rats fed control 
diets with (CA+, o) and without arachidonate (CA-, =) 
as well as alcohol diets with (AA+, o) and without 
(AA-, D) arachidonic acid. Values are means of 
measurements taken from 3 animals in each dietary 
group. 

re f lec ted  the i r  f ood  in take  (Fig. 3a). Rats  fed 
e i the r  of  the  con t ro l  diets  (CA+,  CA-) weighed 
cons iderab ly  more  (ca. 400  g) t han  those  fed 
the  a lcohol  diet  w i t h o u t  the  20 :4  s u p p l e m e n t  
(AA-,  276 g). When  rats  c o n s u m e d  the  a lcohol  
diet  con ta in ing  20: 4, t he i r  b o d y  weights  
increased s ignif icant ly  (326  g, Fig. 3a). 

The  weights  of  livers f rom rats  in the  AA+, 
CA+ and  CA- groups  were f o u n d  to be similar 
whereas  rats  in the  AA- group had  livers which  
were cons iderab ly  l ighter  (Fig. 3b).  Rats  in 
groups  CA-, CA+ and AA+ c o n s u m e d  more  diet  

400 .  

3 5 O  

o 300 

250 

200 

z J  1 /  o 2_2 

. . . .  ~ . . . .  i b  . . . .  ~, . . . .  ~o 
T I M E  ( d a y s )  

FIG. 2. Weights of rats fed the various diets. Rats 
were fed control diets with (CA+, o) and without 
(CA-, m) arachidonic acid as well as diets containing 
alcohol with (AA+, o) and without arachidonate (AA-, 
o). Values are means of measurements taken from 3 
animals in each dietary group. 
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FIG. 3. Liver and body weights. Weights of (a) rats and (b) livers from rats as well as (c) the ratios of liver 
weights to rat body weights are shown from values taken at the end of the experiment. Rats were fed control 
diets with (CA+) and without (CA-) arachidonate as well as alcohol containing diets with (AA+) and without 
(AA-) arachidonate. Error bars indicate the standard deviation. 

and hence more BHT than those in the AA- 
group. The increased size of livers in these 
instances could not  have resulted f rom the 
increased consumpt ion  of  BHT since a dose of  
this drug several orders of  magni tude greater 
than that  used in our s tudy is needed to signifi- 
cantly increase liver weight (18,19). 

Liver weights were normalized by expressing 
them as wt /g  body wt (Fig. 3c). The ratios of  
wt of  l iver /body wt for rats in the AA- group 
were smaller than those of  the controls  or AA+ 
group (Fig. 3c). The l iver- to-body wt ratio of 
rats from the AA- group (3.1%) was similar to 
that repor ted  by others for  rats which were 
fasted for 3 days (3.2 -+ 0.1%) (20). The smaller 
wt ratio f rom rats in the AA- group may be 
related to their reduced diet consumpt ion  (Fig. 
1). 

Analysis of Lipid Content 

We quant i ta ted  the levels of hepatic  tri- 
glycerides and phosphol ipids  by analyzing their  
fa t ty  acid methyl  esters by GLC and using 
methy l  pentadecanoate  as an internal  standard 
(Table l lI) .  The true conten t  of  the tri- 
glycerides was not  calcd: it is given as the sum 
of the wt of the corresponding fat ty  acid 
methy l  esters, since it approximates  the wt of  
triglycerides. For  convenience,  the total  phos- 
pholipid con ten t  also is expressed as the sum 
of  the wt of  the cons t i tu tent  fa t ty  acid methy l  
esters. 

When rats were fed the control  diet, their  
livers contained only a small amount  of  trigly- 
ceride (7.01 mg/g wet wt ;  see Table III). When 

the control  diet contained 20:4,  the hepat ic  
tr iglyceride con ten t  was not  appreciably altered 
(9.9 mg/g).  However ,  when rats were fed the 
alcohol  diet, the amoun t  of  tr iglyceride in the 
liver increased ca. 10-fold (68.4 mg/g) and 
when the alcohol  diet containing 20:4 was fed, 
a 50% decrease in the liver tr iglyceride conten t  
was observed. 

The phosphol ipid  con ten t  of  livers f rom rats 
fed the alcohol  diet wi thout  arachidonic acid 
(AA-) was significantly greater (Table III) than 
that of  rats fed the control  diet (CA-) as 
observed by others (21-24). Feeding arachi- 

T A B L E  IIl  

T r ig lyce r ide  a n d  P h o s p h o l i p i d  C o n t e n t  o f  Livers  
f r o m  Rats  Fed  V a r i o u s  Diets 

Diet a T r ig lyce r i de  P h o s p h o l i p i d  

CA- 7 .01  -+ 0 .01 16.6  + 1.2 c 
CA+ 9 .86  -+ 1 .47 18.9  • 0 .4  
AA-  68 .4  • 6 .37  b 2 3 . 1  +_ 1.3 c 
A A +  2 7 . 5 6  • 4 . 3 4  b 19.4 _+ 2 .4  

aSee Tab le  I fo r  d ie t  a b b r e v i a t i o n s .  Va lues  sha r i ng  
a c o m m o n  supe r sc r ip t  are s ign i f i can t ly  d i f f e r en t :  

b p  < 0 .01 a n d  Cp < 0 .05  us ing  the  2- tai led t - tes t .  
The c o n t e n t  o f  t r i g lyce r ide s  a n d  p h o s p h o l i p i d s  are 
given as m g  f a t t y  ac id  m e t h y l  e s t e r s /g  w e t  w t  o f  livers. 
The  t r i g l y c e r i d e  a n d  p h o s p h o l i p i d  f r a c t i o n s  w e r e  
s e p a r a t e d  f r o m  t h e  t o t a l  l ip ids  o f  l ivers b y  T L C  (14) .  
These  w e r e  q u a n t i t a t e d  b y  t h e  ana lys i s  o f  t he i r  f a t t y  
acid  m e t h y l  es ters  b y  G L C  us ing  m e t h y l  p e n t a d e c a -  
n o a t e  as a n  i n t e r n a l  s t a n d a r d .  The  m e a n  -+ SEM o f  
va lues  f r o m  s e p a r a t e  ana lys i s  o f  l iver l ip ids  f r o m  3 
ra t s  in e a c h  die t  g r o u p  are  given.  
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donic acid apparently increases the phospho- 
lipid content of livers from rats fed the control 
diet (CA+) and reduces the phospholipid 
content of livers from rats fed the alcohol 
(AA+) diet. 

Fatty Acid Composition of Liver Lipids 

The fatty acid composition of total liver 
lipids was altered after feeding alcohol, 20:4 or 
both (Table IV). In total liver lipids from rats 
fed the alcohol diet (AA-), the relative levels of 
16:0, 16:1 and 20:4 were lower and the levels 
of 18:1 and 18:2 were higher than in controls. 
The ratio of percentages of 16:0 to 16:1 was 
9.7 in the liver lipids of control rats; it was 15.9 
in alcohol-fed animals (Table IV). This finding 
indicates alcohol feeding might inhibit the 
hepatic desaturase activity. Such an inhibition 
of the desaturase would also be expected to 
increase the ratio of 18:0 to 18:1. However, 
this ratio decreased from 0.4 in controls (CA-) 
to 0.1 in the alcohol-fed group (AA-). The 
discrepancy in these findings may have been 
caused by the accumulation of dietary fat rich 
in 18:1 (Table II) in livers of rats fed the 
ethanol diet (AA-). 

As observed previously in various tissues 
(6-12), the ratio of the relative amounts of 
18:2-to-20:4 was significantly larger in livers of 

alcohol-fed rats compared to controls (Table 
IV). The ratio of 18:2-to-20:4 was 0.7 for 
controls (CA-) and 3.8 for the alcohol-fed 
animals (AA-). As expected, the 18:2/20'4 ratio 
decreased to 0.6 upon feeding arachidonate in 
rats fed the control diet (CA+) and to 1.4 in 
those fed ethanol (AA+). Furthermore, feeding 
arachidonic acid increased the levels of 20:4 
and 22:4 (Table IV). 

The hepatic triglycerides from rats fed 
alcohol had a fatty acid distribution different 
than that of controls (Table V). In this lipid 
fraction, the relative level of 16:0-to-16:1 was 
larger in ethanol-fed animals (13.2) than in 
controls (7.2). The proportion of linoleate was 
ca. twice that of the controls. The levels of 
20:4 and 22:4 in liver triglycerides were small 
when the diets did not contain arachidonic 
acid. However, when arachidonic acid was 
included in the diet, as much as 10% of the 
fatty acids from liver triglycerides were 20:4 
and as much as 5% were 22:4. The relative level 
of 18:2/20:4 decreased in this fraction ca. 
10-fold from dietary 20:4. 

The fatty acid composition of hepatic 
phospholipids was different than that of total 
lipids or triglycerides from the same organ 
(Table VI). These phospholipids contained 
relatively more 18:0 than 18:1. Regardless of 

T A B L E  IV 

F a t t y  A c i d  C o m p o s i t i o n  o f  T o t a l  L i p i d s  f r o m  L ive r s  o f  Ra t s  F e d  V a r i o u s  D ie t s  

F a t t y  Die t sa  

ac id  CA- C A +  AA- A A +  

1 4 : 0  T T T T 
1 6 : 0  2 1 . 6  + 0 .9b  19 .4  + 1.2 11.6 -+ 0.5 14 .3  • 1.3 
16 :1  2.5 + 0 .6  1.8 • 0.3 0.7 • 0.1 1.6 +-0.1 
1 8 : 0  13 .0  • 1.0 9 .7  + 1.1 6.4 + 0.2 6 .8  + 2 .0  
18 :1  31 .4  + 1.0 28 .7  + 0.9 52 .0  + 0.2 4 0 . 3  + 1.3 
1 8 : 2  11 .6  • 1.2 13.2 • 1.0 22 .6  + 0 . 7  17 .2  + 0 . 9  
2 0 : 4  16 .9  • 1.2 2 1 . 6  • 2.2 6.0 • 0 .5  12 .6  -+ 0 .5  
2 2 : 4  0 .8  + 0.2 3.4 • 0.2 T 4 .7  • 1.0 
2 2 : 6  1.8 -+ 0.2 1.6 + 0 .3  T 1.4 + 0 .5  
1 6 : 0  

9.7 • 2.3 11.2 • 1.5 15.9 • 1.2 9.1 • 0 .9  16 :1  

1 8 : 0  

18:1  0 .4  + 0.1 0 .3  • 0.1 0.1 + 0.01 0.2 • 0.1 

1 8 : 2  

2 0 : 4  0.7 • 0.1 0 .6  • 0.1 3.8 • 0 .3  c 1.4 + 0.1 c 

aSee  Tab le  I f o r  d i e t  a b b r e v i a t i o n s .  

b V a l u e s  are g i v e n  as p e r c e n t a g e  o f  t o t a l  f a t t y  ac ids .  The  t o t a l  l i p i d s  we re  e x t r a c t e d  f r o m  
ra t  l ivers  (13) .  The i r  f a t t y  ac id  m e t h y l  e s te r s  were  p r e p a r e d  and  a n a l y z e d  by  G L C .  Pe rcen t -  
age o f  t o t a l  f a t t y  ac ids  are g iven  as t h e  m e a n  -+ SEM o f  v a l u e s  f r o m  s e p a r a t e  a n a l y s e s  w i t h  3 
ra t s  in  each  d i e t  g r o u p .  V a l u e s  o f  0 . 5 %  or  less are g ive  as T. The  v a l u e s  f o r  2 2 : 4  a lso  i n c l u d e  
2 4 : 0  a n d  2 4 : 1 .  

CValues  s h a r i n g  a c o m m o n  s u p e r s c r i p t  are s i g n i f i c a n t l y  d i f f e r e n t  w i t h  p < 0 .01 .  
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T A B L E  V 

F a t t y  A c i d  C o m p o s i t i o n  o f  T r i g l y c e r i d e s  f r o m  L i v e r s  o f  Ra t s  Fed  V a r i o u s  D ie t s  
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F a t t y  Die t sa  

ac id  CA-  C A +  AA-  A A +  

1 4 : 0  1.1 • 0.2 b 0 .9  + 0.2 T T 
1 6 : 0  27 .2  • 2.3 19 .8  • 0 .8  11 .8  • 0.6 13 .0  • 0 .3  
16 :1  4.1 + 1.0 2 .4  + 0 .3  0.9 + 0.1 1.6 + 0 .02  
1 8 : 0  3.9 • 1.0 2.6 + 1.0 2.6 + 0 .2  1.4 + 0 . 0 3  
18 :1  51.2 • 2.1 4 0 . 4  + 0 .4  59.1 • 0 .9  4 4 . 2  + 1.3 
1 8 : 2  11.1 + 1.8 18.5 • 1.0 22 .2  + 1.1 20 .7  • 0 .7  
2 0 : 4  1.2 • 0.6 10 .3  + 0 ,8  1.6 • 0 .6  10 .0  + 1,0 
2 2 : 4  T 4 .5  • 0 .6  1.2 + 0 .3  6 .3  • 0 .6  
2 2 : 5  T T T 2 .0  • 0 .4  
1 6 : 0  

7.2 + 1.4 c 8.5 + 0 .8  13.2 • 0 .8  c 8 .0  + 0,1 16 :1  
1 8 : 0  

0 . 0 7 6  • 0 . 0 2 0  0 , 0 6 7  + 0 . 0 2 7  0 . 0 4 4  + 0 . 0 0 3  0 , 0 3 2  • 0 . 0 0 l  18 :1  
1 8 : 2  

2 8 . 8  • 3.1 1.8 + 0.1 17.5  • 5 .4  2.1 + 0 .2  2 0 : 4  

aSee T a b l e  1 f o r  d i e t  a b b r e v i a t i o n s .  

b V a l u e s  are g iven  as p e r c e n t a g e  o f  t o t a l  f a t t y  ac ids .  T r i g l y c e r i d e s  we re  i s o l a t e d  f r o m  t h e  
t o t a l  l i p i d s  o f  l ivers  by  T L C  (14) .  T h e i r  f a t t y  ac id  m e t h y l  e s te r s  we re  p r e p a r e d  and  a n a l y z e d  
by  G L C .  P e r c e n t a g e  o f  f a t t y  ac ids  g iven  are m e a n  • SEM o f  v a l u e s  f r o m  s e p a r a t e  a n a l y s e s  
w i t h  3 ra ts  in each  d i e t  g r o u p .  Va lues  o f  0 . 5 %  or less are g iven  as T. 

CValues  s h a r i n g  a c o m m o n  s u p e r s c r i p t  are s i g n i f i c a n t l y  d i f f e r e n t  w i t h  p < .05.  

T A B L E  VI  

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h o l i p i d s  f r o m  L ive r s  o f  R a t s  Fed  V a r i o u s  Die ts  

F a t t y  Die t sa  

ac id  CA- C A +  AA- A A +  

1 4 : 0  0 .7  • 0 .4  b T T T 
1 6 : 0  19.5 • 0.2 18 .8  +- 0 .9  14 .0  + 0 .9  15.7 • 0.1 
16 :1  1.2 + 0 .3  0 .6  • 0.1 T 0 .7  + 0.2 
1 8 : 0  22 .6  + 0 .8  2 1 . 8  • 0.2 27 .9  • 1.3 27 .1  -+ 0 .3  
18:1  16 .0  • 0 .3  12 .2  • 1.0 14 .7  • 2 .0  16.1 + 1.3 
1 8 : 2  10.1 • 1.2 6.2 • 0 .4  10 .5  + 2 .0  5.5 • 1.3 
2 0 : 4  24 .9  + 0.2 33 .7  • 0 .5  2 7 . 4  + 2 .4  28 .2  + 1.1 
2 2 : 4  1.1 + 0.1 1.9 +- 0.1 1.2 • 0 .2  1.3 • 0.2 
2 2 : 5  1.4 • 0.3 0.7 -+ 0.2 0.9 • 0.1 0 .9  • 0.2 
2 2 : 6  2.5 + 0.2 3.9 • 0 .3  2.6 • 0 .8  4 .2  + 0 .3  
1 6 : 0  

16 :1  17 .4  • 4.1 34 .9  • 3.9 4 2 . 6  + 14 .0  26 .7  + 8.4 

1 8 : 0  

18 :1  1.4 + 0.1 1.8 • 0.1 2 .0  • 0 .3  1.7 + 0.1 

1 8 : 2  

2 0 : 4  0 . 4 0  -+ 0 ,05  c 0 . 1 6  • 0 . 0 3  c 0 . 3 9  • 0 . 0 8  d 0 . 1 9  • 0 .05  d 

aSee T a b l e  I f o r  d i e t  a b b r e v i a t i o n s .  

b V a l u e s  are g iven  as p e r c e n t a g e  o f  t o t a l  f a t t y  ac ids .  P h o s p h o l i p i d s  were  s e p a r a t e d  f r o m  
the  t o t a l  l i p i d s  o f  l ive r s  by T L C  (14) .  T h e i r  f a t t y  ac id  m e t h y l  es te rs  we re  p r e p a r e d  and  
a n a l y z e d  by  G L C .  P e r c e n t a g e  o f  t o t a l  f a t t y  ac ids  g iven  are m e a n  • SEM o f  v a l u e s  f r o m  sepa-  
ra te  a n a l y s e s  w i t h  3 ra t s  in  each  d i e t  g r o u p .  V a l u e s  0 . 5 %  or  less are g i v e n  as T. The  v a l u e  fo r  
2 2 : 4  a lso  i n c l u d e s  t he  2 4 : 0  a nd  2 4 : 1 .  

CValues  s h a r i n g  t he  c o m m o n  s u p e r s c r i p t  c are s i g n i f i c a n t l y  d i f f e r e n t  w i t h  p < 0 .05 .  

d S u p e r s c r i p t  d i n d i c a t e s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (p > 0 .05 ) .  
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the dietary conditions, phospholipids contained 
detectable amounts of 22:4, 22:5 and a signifi- 
cant amount of 22:6. In animals that were fed 
arachidonate, the levels of 18:2 in phospho- 
lipids decreased, thereby decreasing the relative 
level of 18:2/20:4. The level of 20:4 in phos- 
pholipids was not significantly altered by the 
inclusion of arachidonic acid in the diet. 

DISCUSSION 

Earlier studies with dietary supplements of 
protein or lipotropic factors to reduce fatty 
liver were not successful (4). However, more 
recent investigations by Stanko et at. (25) 
reported fatty liver could be prevented by 
supplementing the alcohol diet with pyruvate, 
dihydroxyacetone and riboflavin. The addition 
of adenosine to the diet also has been shown to 
reduce hepatic triglycerides in rats fed ethanol 
for 8 hr (26). In this study, we fed rats an 
alcohol diet with (AA+) or without (AA-) 
arachidonic acid for 28 days and quantitated 
the liver triglyceride content by the analysis of 
fatty acids using GLC. Hepatic triglycerides 
were reduced by more than 50% when 20:4 was 
included in the alcohol diet (Table III). The 
amount of triglyceride/g of liver in alcohol-fed 
rats (68 mg/g AA-) observed in this study is 
similar to that reported by others (65 mg/g and 
56 mg/g) in which the same diet was fed to rats 
but different assay techniques were used 
(25,27). In rats which were fed the control diet 
ad libitum, we found the triglyceride con- 
tent of livers was very low (7.01 rag/g, Table 
III). DeCarli and Lieber have also reported 
similar low values (10.8 mg/g) in rats even when 
they were pair-fed a control diet identical to 
that used in our study (27). However, Stanko et 
al. (25) observed a significantly higher content 
of triglycerides (22 mg/g) in the livers of rats 
that were pair-fed this control diet. Since the 
content of triglycerides in animals fed alcohol, 
dihydroxyacetone, pyruvate and riboflavin was 
ca. 22-30 mg/g, it was concluded by Stanko et 
al. that alcohol-induced fatty liver was pre- 
vented by feeding these metabolites (25). If 
these triglyceride levels are compared to those 
from livers of rats fed a control diet either ad 
libitum (Table III) or pair-fed (2), one could 
also conclude that feeding pyruvate, dihydroxy- 
acetone and riboflavin only reduced fatty liver 
by ca. 50%. This is the same reduction in liver 
triglycerides we observed after supplementing 
the alcohol diet with 20:4. 

It has been generally accepted that ethanol 
ingestion increases not only the content of 
triglycerides, but also that of phospholipids and 
cholesteryl esters i n  liver (3). We analyzed 
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results from experiments by Stanko et al. in 
which the concentration of the total esterified 
fatty acids and triglycerides in liver lipids from 
alcohol-fed rats were reported (25). From their 
results, we conclude that hepatic triglycerides 
accounted for nearly all of the total esterified 
fatty acids. Thus, the liver phospholipid con- 
tent apparently decreased from feeding ethanol 
(25). In our studies, the hepatic phospholipid 
content of rats fed alcohol (AA-)was  greater 
than that of rats fed the control diet (Table IIl) 
which has been reported by other investigators 
(21-24). Although we did not find statistically 
significant differences, feeding arachidonic acid 
apparently increases hepatic phospholipids in 
control rats and reduces them in ethanol-fed 
rats. Further experiments would indicate 
whether this trend is significant. In this study, 
we did not determine the content of cholesterol 
and cholesteryl esters from livers of rats fed the 
various diets. The levels of cholesterol (2 mg/g) 
and cholesteryl esters (3 mg/g) have been 
shown to be very small compared to the levels 
of triglycerides and phospholipids in the livers 
of rats fed the alcohol diet (27). 

Feeding alcohol or 20:4 alters the fatty acid 
composition of hepatic lipids. The ratio of the 
relative amounts of 16: 0-to- 16 : 1 increased with 
ethanol feeding (Table IV). Whether this results 
from a decreased level of desaturase enzyme in 
the livers of rats fed alcohol remains to be 
determined. 

We have demonstrated that feeding ethanol 
causes an increased ratio of 18:2/20:4 in liver 
total lipids. Such an increase in the ratio 
of 18:2/20:4 by ethanol feeding has been 
reported for various tissues by several investi- 
gators (12). It has been suggested (6,7) that 
the increase in this ratio is caused by a de- 
creased synthesis of 20:4 from 18:2 by the 
inhibition of the elongation and desaturation 
system. However, the increased ratio observed 
in this study may have resulted from the 
hepatic accumulation of triglycerides (Table 
l i d  which contains large amounts of 18:2 but 
only trace levels of 20:4 (Table II). The relative 
levels of 18:2/20:4 in the liver phospholipids of 
control and alcohol-fed animals were similar 
(Table VI). Even though the level of linoleate 
was 2-fold greater in liver triglycerides of 
alcohol-fed rats than of controls, the 18:2/20:4 
ratio may not be meaningful since triglycerides 
contained only small amounts of 20:4. 

The fatty acid composition of hepatic 
triglycerides from alcohol-fed rats is similar to 
that of dietary fat (Tables II and V). This 
observation supports conclusions of others (21) 
that an increased liver triglyceride content 
results from an accumulation of dietary fat. 
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Although triglycerides contain only low 
levels of 20:4 and 22:4 in animals fed the 
control diet, the diet supplemented with 
arachidonic acid increases the levels of these 
polyunsaturated fatty acids several:fold (Table 
V). Since dietary fat is practically free of 22:4, 
this acid could have been produced from 20:4 
and used in the de novo synthesis of tri- 
glycerides or incorporated by transacylation 
reactions with endogenous triglycerides. 

During the initial 10 days of this experi- 
ment, rats fed control diets (CA- and CA+) 
consumed considerably more diet than those 
fed ethanol (AA-and AA+) (Fig. 1). Subse- 
quently, in the alcohol-fed groups, dietary 20:4 
(AA+) caused tile animals to consume more 
diet and to gain more wt than those not fed 
arachidonic acid (AA-). In the same period, 
dietary 20:4 did not significantly alter either 
diet consumption or wt of control animals 
(Figs. 1 and 2). The mechanisms responsible for 
the initial lag in the food consumption of the 
rats in the AA+ group and the subsequent 
stimulation of their appetite by 20:4 are 
unknown. At the end of the experiment, the 
diet consumption and rate of wt-gain in animals 
fed ethanol and arachidonic acid were ap- 
proaching corresponding values for controls. 

Rats fed the alcohol diet (AA-) had livers 
which weighed only about half as much as 
those on control diets (Fig. 3a). In rats fed the 
alcohol diet containing 20:4 (AA+), liver 
weights were comparable to those of controls. 
Such an increase in liver size induced by this 
inclusion of 20:4 in the ethanol diet may be 
related to the amount of diet consumed, and 
could result from an increased number of 
hepatic cells or cellular constituents. 

Dietary 20:4 is known to inhibit hepatic 
lipogenesis (5). It also can stimulate the hepatic 
syntheis of phospholipids since it is a naturally 
occurring fatty acid in this lipid class. Since 
phospholipids are necessary components of 
lipoproteins, hepatic synthesis of these lipids 
must have a role in the mobilization of fat. 
Therefore, we expected that feeding rats 
arachidonic acid with ethanol would decrease 
hepatic lipogenesis and increase fat mobiliz- 
ation from l iver -bo th  processes contributing 
toward a reduction of fatty liver. We have 
observed a reduction in the liver content of 
triglycerides in alcohol-fed rats induced by 
dietary 20: 4. Our results also indicate the origin 
of the triglycerides in fatty liver is dietary fat. 
Therefore, decreased hepatic lipogenesis may 
not play a major role in the reduction of fatty 
liver. Thus, mobilization of fat from the liver 
may have increased when rats were fed the 
alcohol diet containing 20:4. Further studies on 

t he  ana lys i s  o f  p l a sma  t r ig lycer ide  c o n t e n t s  and  
l ipogenic  capac i t ies  o f  livers are neces sa ry  to  
d e t e r m i n e  the  m e c h a n i s m s  involved in r educ ing  
the  level of  hepa t i c  t r ig lycer ides  in ra ts  fed  
a lcoho l  and  a r a c h i d o n i c  acid. 

I n  th is  s t udy ,  we have s h o w n  tha t  d ie t a ry  
20 :4  causes  an increase  in diet  c o n s u m p t i o n  as 
well  as b o d y  and  liver wt  gain in e thano l - f ed  
rats.  T h e s e  o b s e r v a t i o n s  were  m a d e  af ter  
feeding  the  diets  ad l i b i t um w h e r e a s  w i th  o t h e r  
m e t h o d s ,  such  as pai r  feeding ,  the  same  resu l t s  
w o u l d  n o t  have b e e n  poss ib le .  W h e t h e r  f a t t y  
liver is r e d u c e d  in an imals  fed the  a lcohol  diet  
s u p p l e m e n t e d  w i t h  a r a c h i d o n i c  acid by  m e a n s  
o t h e r  t h a n  ad l i b i t u m  r ema ins  to be deter-  
mined .  
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Effects of an Essential Fatty Acid Deficiency on Serum 

Lipoproteins in the Rat 
M. SANO ! and O.S. PRIVETT, The Hormel Institute, University of Minnesota, 
Austin, MN 55912 

ABSTRACT 

Studies are reported on the effect of an essential fatty acid (EFA) deficiency in male Sprague- 
Dawley rats and its exacerbation by inclusion of trans fatty acids in the diet on the level and composi- 
tion of serum lipoproteins. Weanling male Sprague-Dawley rats were fed diets containing all essential 
nutritients and a 5% fat supplement of safflower oil (SAFF) or hydrogenated coconut oil (HCO) in 2 
experiments, one for 31 wk and the other for 17 wk. For the final 3 wk of each experiment, animals 
were switched from each group to a 5% supplement of a concentrate of ethyl linolelaidate (TRANS). 
In addition, a group of animals fed the HCO diet in the first experiment were also switched to the 
SAFF Diet. With the development of an EFA deficiency in the HCO group, there was a decrease in the 
high density lipoprotein (HDL) and an increase in the very low density plus the low density (VL-LDL) 
lipoprotein fractions separated by heparin-manganese precipitation. Switching animals of the HCO 
group to the TRANS supplement exaggerated this effect and produced a very low ratio of HDL-to-VL- 
LDL. Analysis of the serum lipoproteins by polyacrylamide disc gel electrophoresis showed that an 
EFA deficiency produced a marked alternation of the HDL fraction. Changes also appeared to be 
produced in the VL-LDL fraction by an EFA deficiency and particularly upon switching EFA- 
deficient animals to the TRANS supplemented diet. Switching animals of the SAFF group to the 
TRANS supplement brough about an immediate reduction in HDL with a corresponding decrease in 
serum arachidonic acid. The data suggested a general relationship between arachidonic acid and the 
level and composition of HDL on th e one hand, and 18:1 and VL-LDL on the other. Accordingly, the 
ratio of HDL-to-VL-LDL appears to provide a sensitive biochemical index of the EFA status of the rat. 

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

Effects  of  an essential fa t ty  acid (EFA)  
def iciency in the rat has been  s tudied exten-  
sively and changes in fa t ty  acid compos i t ion  of  
the tissues have been well character ized (1). A 
deficiency of  E F A  also affects  the activities of 
enzymes  involved in lipid metabol i sm and 
t ranspor t ,  part icularly l ipopro te in  lipase (2,3) 
and leci thin choles terol  acyl transferase (3,4),  
as well as the  hepat ic  synthesis  of fa t ty  acids 
(5,6). As a consequence  of  these effects ,  fat ac- 
cumulates  in the liver and the level o f  serum 
lipid is decreased in an EFA deficiency (7-10). 
Previous studies (11,12) in this labora tory  
indicated that  accumula t ion  of  fat in the liver 
of  EFA-def ic ien t  rats also was caused by 
impaired secret ion of  lipid into the blood,  
indicat ing a defect  in l ipopro te in  synthesis.  
Studies are r epor ted  here on effects  of  an E F A  
def ic iency and its exacerba t ion  by dietary t r a n s  

fa t ty  acids on the level and compos i t i on  of  
serum l ipoproteins .  

EXPERIMENTAL 
Animals 

Weanling male rats o f  the Sprague-Dawley 
strain, 50-60 g (ARS Sprague-Dawley Corp. ,  
Madison, WI), were housed  in individual cages 

1present address: University of Hokkaido 
Sapporo, Japan. 

and fed ad l ib i tum a fat-free diet containing all 
essential nut r ien ts  (Table I) and 5% fat of  
d i f ferent  compos i t ions  (Table II) as descr ibed 
in the  fol lowing exper iments .  

Two exper iments  were pe r fo rmed .  In the 
first expe r imen t ,  animals were fed diets con- 
taining a supp lemen t  of 5% hyd rogena t ed  
coconu t  oil (HCO group)  or 5% saff lower oil 
( S A F F  group) (Table II). Af ter  ca. 28 wk, 6 

TABLE I 

Diet Composition, Percent by Weight 

Casein vitamin test 22.5 Choline mix a 1.0 
Wesson salt Cellulose 

mixture b 4.0 alphacel 10.5 
Vitamin mix c 1.0 Fat 5.0 
Sucrose 56.0 

aCholine mix consists of 22% choline dihydrogen 
ci trate  in vitamin test casein. 

bWesson salt mixture does not contain zinc or 
manganese, h e n c e  these  e l e m e n t s  are added to the mix 
as follows: ZnCI 2 (0.60 g) and MnSO4-H20, 0.90 
g/200 g of salt mixture. 

CFat and vitamins A, D and E are mixed into the  
diet daily and stored at 0 C overnight. Vitamin D2, 5.0 
mg; retinol acetate, 6.9 mg; c~-tocopherol acetate, 300 
mg/kg of diet. Vitamin mix (g): thiamine HCL, 2.5; 
riboflavin, 2.5; nicotinic acid, 9.0; calcium pantothen- 
ate, 9.0; pyridoxine HCI, 2.0; cyanodobalamin (B12), 
4.0; p-aminobenzoic acid, 7.5; folic acid, 0.1; biotin, 0 
0.02; meso- inosi to l ,  20.0; menadione (vitamin K), 0.5; 
vitamin test casein, 943.0. 
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TABLE II 

Fatty Acid Composition of Dietary Fats a 

Group I, 5% SAFF b Group II, 5% HCO Group III, 5% HCO-TRANS c 

Fat ty  Fat % Dietary Fatty Fat % Dietary Fatty Fat % Dietary 
acid d (% wt) calories acid (% wt) calories acid (% wt) calories 

16:0 9.6 1,2 10:0 3.5 0.4 16:0 18.1 2.3 
18:0 3.6 0,5 12:0 46.9 5.9 18:0 7.3 0.9 
18:1 13.4 1.6 14:0 20.2 2.5 t-18:l 24.3 3.0 
18:2 73 .4  9.2 16:0 11.0 1.4 t,t-18:2 50.3 6.3 

18:0 16.0 1.9 
18:1 2.3 0.3 

aGroups I, II and III are the same for both experiments I and II. 
bSAFF = safflower oil, HCO = hydrogenated coconut oil, TRANS = ethyl linolelaidate concentrate. 
CGroup III, animals shifted from 5% HCO to 5% TRANS supplement for f inal 3 wk; group IV, 

experiment I, SAFF-TRANS had same final composition as group III; group V, experiment I, HCO- 
SAFF and same final composition as group I. 

dShorthand designation for fatty acids. Number before colon = chain length, number after colon = 
number of double bonds. 

animals of  each group were swi tched to a supple- 
men t  of  a 5% concen t ra t e  of  e thyl  l inolelaidate 
(TRANS)  (Table II). At the same time, 6 
animals of  the HCO group were swi tched to the 
S A F F  supp lemen t  giving a total  of  5 groups 
in this exper iment :  group | ,  SAFF;  group II, 
HCO; group III, HCO-TRANS;  group IV, 
SAFF-TRANS;  group V, HCO-SAFF.  At the 
end of  the  31st wk, b lood was wi thdrawn f rom 
the retro-ocular  plexes of  the animals of each 
group for analysis of  the serum and l ipopro te in  
hpids. 

In the second exper iment ,  one group of rats 
was fed the HCO supp lemen t  and ano the r  the 
S A F F  supp lemen t  f rom weaning for 14 wk. 
Then  6 animals of the HCO group were 
swi tched to the TRANS supplement .  At  the 
end of  17 wk, the  serum and l ipopro te in  lipids 
were analyzed on blood wi thdrawn f rom the 
retro-ocular  plexes of the animals of the 3 
groups: group I, SAFF;  group II, HCO; group 
III, HCO-TRANS. 

Lipid Analysis 

Thin layer ch roma tography  (TLC) was used 
for  the analysis and f rac t iona t ion  of  the lipid 
classes as previously described (4). The neutra l  
lipids were separated in to  choles teryl  esters 
(CE), t r iglycerides (TG), free fa t ty  acids and 
choles terol  using a double  deve lopment  tech- 
nique in which the plate was developed first 
with a solvent of pe t ro leum e the r / e thy l  e ther  
(90: 10, v/v) fo l lowed by pe t ro leum e the r / e thy l  
e ther /ace t ic  acid (80 :20 :0 .2 ,  v/v) to  a second  
f ron t  5 cm below the first. The polar lipids (PL) 
separated as a f rac t ion at the origin of  the plate. 
This f ract ion consists a lmost  entirely of  phos-  
phol ipids  in rat serum, and the PL designat ion 

in this text  refers generally to these com- 
pounds .  

Fa t ty  acid compos i t i on  was de te rmined  by 
gas liquid ch romatography  (GLC) of  me thy l  
esters prepared by in teres ter i f ica t ion with 
me thano l  using HCI as the catalyst  (13). The 
GLC was carried out  wi th  a Hewlet t -Packard 
Model  5840A ins t rumen t  equipped  with dual 
f lame de tec tors  and a co lumn  of  10% Silar 10C 
on Gas Chrom Q, mesh  100-200. Helium was 
used as the carrier gas at a f low rate of 8.5 
ml /min  and the t empera tu re  was p rog rammed  
f rom 200 to 250 C at 2 C/min.  

Lipoprotein Fractionation and Analysis 

Polyacrylamide  disc get e Iec t rophores is  was 
pe r fo rmed  as described by Narayan (14) using a 
3.75% gel. In this p rocedure ,  serum (0.2 ml) 
was pres ta ined wi th  Sudan Black (0.1 ml), 1% 
solut ion in e thy lene  glycol. Af ter  a 1-hr incuba- 
t ion per iod at room tempera tu re  in the dark, a 
sucrose solut ion (0.3 ml) was added and 30/21, 
which co r responded  to 10 /21 of  serum, was 
applied to the gel. The bands  were designated 
according to Narayan (14) in that  virtually 
identical  results were ob ta ined  wi th  normal  rat 
serum. 

Frac t iona t ion  of  the  serum l ipoprote ins  was 
carried out  by hepar in-manganese  prec ip i ta t ion  
essentially as descr ibed by Burstein et al. (15) 
as follows: 60/21 of  hepar in  solut ion (5000 USP 
K uni ts /ml ,  Sigma Chemical  Co., St. Louis, MO) 
and serum (1.5 ml) were mixed  toge ther  in a 
1.5-ml centr i fuge tube.  Then  a 1.0 M 
manganese  chloride solut ion (90/21) was added 
to the tube.  Af ter  the  solut ion was thorough ly  
mixed,  it was al lowed to s tand for  30 min at 4 
C to precipi ta te  the  very low densi ty  plus the  
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low dens i ty  l i pop ro t e in  f r ac t ion  (VL-LDL)  and  
cen t r i fuged  at 1600 x g for  20 rain. An  a l iquot  
of  the supernatant was taken  for  analysis of  
h igh dens i ty  l i popro te ins  (HDL) .  The  precipi-  
ta te  which  con t a ined  the  V L D L  plus LDL was 
separated,  washed  twice wi th  a so lu t ion  of 0.1% 
hepar in  and 0.05 M manganese  chlor ide  to 
remove the  occ luded  m o t h e r  l iquor.  The  lipids 
were ex t rac ted  f rom each f rac t ion  wi th  chloro-  
f o r m / m e t h a n o l  (2 :1 ,  v/v) and  pur i f ied  by 
redissolving t h e m  in low boi l ing p e t r o l e u m  
e the r  a f te r  evapora t ion  of  the  c h l o r o f o r m  and  
m e t h a n o l  u n d e r  reduced  pressure at r o o m  
t empera tu re .  The  separa t ion  o f  the  2 l ipopro-  
te in  f rac t ions  was m o n i t o r e d  by  analysis of the  
l ipid by TLC and po lyac ry l amide  disc gel 
e lec t rophores i s  as i l lus t ra ted  wi th  the  serum of 
a n o r m a l  an imal  in Figure 1. These  analyses 
ind ica ted  t ha t  there  was no over lapping  of the  2 
f rac t ions  i na smuch  as no  free fa t ty  acid 
normal ly  associated wi th  a l b u m i n  was de t ec t ed  
in the  VL-LDL f rac t ion  and no  TG was de- 
t ec ted  in the  HDL f rac t ion  (Fig. la) .  Electro-  
phoresis  of  the  redissolved VL-LDL f rac t ion  
showed  tha t  it was devoid of  HDL as i l lus t ra ted  
in Figure 1 b. 

a b 

R E S U L T S  

Effects  of  the  die tary  supp l emen t s  on fa t ty  
acid c o m p o s i t i o n  and levels of  the HDL and  
VL-LDL f rac t ions  in e x p e r i m e n t  1 are s h o w n  in 
Table  III and  Figure 2, respect ively.  The  diet of 
g roup  I c o n t a i n e d  9.2% of  the  calories as 
l inoleic acid, wh ich  is well in excess of  the  E F A  
requ i r emen t .  Accord ingly ,  the  f a t ty  acid 
c o m p o s i t i o n  and  l i popro te in  levels were as- 
sumed  to have no rma l  d i s t r ibu t ion  pa t te rns .  
Arach idon ic  acid was c o n c e n t r a t e d  more  in 
HDL than  in VL-LDL;  l inoleic acid was h igher  
in VL-LDL t h a n  HDL. The  18:1 was also h igher  
in VL-LDL t h a n  in HDL, bu t  18:0  was h igher  
in HDL. Only  t race a m o u n t s  of 16:1 were 
p resen t  in e i the r  f rac t ion,  bu t  16:0 was h igher  
in the  VL-LDL fract ion.  HDL was m u c h  h igher  
t h a n  the  VL-LDL f rac t ion  in this  group (I)  and  
the  ra t io  of  these  f rac t ions  was 2.44 (Fig. 2). 

G r o u p  II, wh ich  received the  HCO supple- 
m e n t e d  diet ,  exh ib i t ed  the  typical  f a t ty  acid 
compos i t i ona l  p a t t e r n  of  an E F A  def ic iency in 
the  serum (as also s h o w n  in Table  III),  t h a t  is, 
low 18:2 and  20:4 ,  e leva t ion  of  16:1 and  18:1 
and  a high c o n c e n t r a t i o n  of  20:3039. The  
20:3039 was c o n c e n t r a t e d  more  in the  HDL 
f r ac t ion  similarly to  a rach idon ic  acid in group I; 
18:0 and  18:1 also were d i s t r ibu ted  b e t w e e n  
HDL and VL-LDL similarly to  group I. How-  
ever, 16:0,  which  was great ly  decreased,  and  
16:1,  which  was increased,  were d i s t r ibu ted  
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FIG. i. (a) Thin layer chromatographic analyses 
of: I, HDL lipid of normal rat serum. S, standard 
mixture; CE, cholesteryl ester; TG, triglyceride; FFA, 
free fatty acid; CH, cholesterol; PL, phospholipid 
(dipalmitoyl phosphatidylcholine). II, redissolved very 
low density lipoprotein plus low density lipoprotein 
(VL-LDL) fraction isolated by heparin-manganese 
precipitation from normal rat serum. (b) Polyacryl- 
amide disc gel electrophoresis, 3.75% gel. 1, Prestained 
serum of normal rats with Sudan Black B. A, 
chylomicron plus VLDL; B, LDL: C, HDL 1 + HDL3; 
D, HDL2; E, albumin. II, redissolved very low density 
plus low density lipoprotein (VL-LDL) fraction 
isolated by heparin-manganese precipitation prestained 
with Sudan Black B. A, chylomicron plus VLDL; B, 
LDL. 
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FIG. 2. Effect of dietary regimens in experiment I 
on serum HDL and very low density plus low density 
(VL-LDL) lipid fractions isolated by beparin- 
manganese precipitation. Hatched bars, HDL; open 
bars, VL-LDL fraction, I, SAFF group; II, HCO group; 
III, HCO-TRANS group. IV, SAFF-TRANS group; 
V, HCO-SAFF group. HDL, I vs II, P < 0.001 ; I vs III, 
P < 0.001 ; I vs IV, P < 0.001 and II vs V, ns. VL-LDL, 
1 vs II, P < 0.005; I vs ItI, P < 0.001; I vs IV, ns;II  vs 
V, P < 0.001. 
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T A B L E  II I  

E x p e r i m e n t  I:  F a t t y  A c i d  C o m p o s i t i o n  o f  S e r u m  and  L i p o p r o t e i n  L i p i d  (% b y  w t )  

1 6 : 0  16 :1  1 8 : 0  18:1  t , t - 1 8 : 2  c,c-18:2 2 0 : 3  2 0 : 4  

G r o u p  I:  S A F F  d i e t  a 
S e r u m  34 .2  + 5.1 b 0 .9  + 
H D L  c 18 .8  + 2.2 1.5 • 
V L - L D L  d 31 .6  + 2.2 1.9 +- 

G r o u p  II :  H C O  d ie t  
S e r u m  19.0 • 0 .5  10 .6  • 
H D L  19.2  + 1.6 9 .8  • 
V L - L D L  19.3  + 1.7 10.7 + 

G r o u p  I I I :  H C O - T R A N S  d i e t  
S e r u m  20 .5  + 2.1 8.5 • 
H D L  2 5 . 4  • 3.2 9.2 + 
V L - L D L  19.5 • 0.5 11 .8  + 

G r o u p  I V :  S A F F - T R A N S  d i e t  
S e r u m  29 .7  + 3.8 4 .0  • 
H D L  2 4 . 6  • 1.4 3.2 + 
V L - L D L  2 6 . 3  + 0.1 4.1 • 

G r o u p  V:  H C O - S A F F  d i e t  
S e r u m  31 .0  + 5.0 4 .8  -+ 
H D L  2 9 . 0  + 5.9 4 .3  • 
V L - L D L  24 .4  -+ 0 .3  4 .6  + 

0 .8  1 4 . 9 + 4 . 6  6 . 3 + 2 . 0  1 5 . 6 •  2 1 . 0 + 1 . 1  
0.1 1 3 . 6 + 2 . 1  6 . 5 + 0 . 4  1 6 . 3 + 0 . 4  4 0 . 7 •  
1.2 7 . 3 + 0 . 4  1 4 . 6 •  1.5 3 0 . 1 •  9 . 8 •  

0.3 8 . 5 + 0 . 3  4 3 . 7 + 1 . 8  t r  1 4 . 2 •  0 . 4 •  
1.5 1 1 . 4 •  30 .6  •  t r  2 4 . 6 •  1.9 2 . 4 •  
0 .9  7 .6  • 0 .6  48 .2  + 2 . 2  1 0 . 3 •  0 .3  •  

4 . 8  6 . 1 •  5 4 . 4 •  2 . 9 •  1 . 4 + 0 . 1  2 . 3 •  0 . 3 + 0 . 2  
1.7 8.5 + 1.8 5 0 . 0 + 3 . 0  tr  1 . 6 + 0 . 3  5 . 7 + 1 . 9  0 .3  •  
2 .0  6 . 1 •  5 6 . 1 + 1 . 3  t r  1 . 5 •  2 . 1 + 0 . 3  0 . 2 •  

0.5 8 . 5 + 0 . 6  1 9 . 6 •  2 . 6 4 0 . 5  1 8 . 6 + 0 . 5  1 1 . 9 + 2 . 6  
0 .8  1 2 . 5 + 3 . 1  1 2 . 3 + 1 . 6  1 . 9 + 0 . 2  1 4 . 7 + 1 . 0  2 3 . 9 + 1 . 2  
0 .4  5 . 1 + 1 . 1  2 5 . 4 •  3 . 4 •  2 4 . 6 •  6 . 3 •  

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

aSee t e x t  f o r  de t a i l s  o f  d i e t a r y  r e g i m e n s  o f  each  g r o u p .  

bM + SE. 

C H D L  = h igh  d e n s i t y  l i p o p r o t e i n  f r a c t i o n .  

d V L - L D L  = v e r y  l o w  d e n s i t y  l i p o p r o t e i n  p lu s  l o w  d e n s i t y  l i p o p r o t e i n  f r a c t i o n s .  

equally be tween  HDL and VL-LDL in this  
group.  

The  effect  of  the  HCO die tary  fat  was to 
lower  the  level of  HDL and increase the  level of  
VL-LDL t h e r e b y  reduc ing  the  ra t io  of these  
f rac t ions  to ca. 1.0 as s h o w n  in Figure 2. 

Swi tch ing  animals  of group I! to the  T R A N S  
s u p p l e m e n t  (group III) for  the  relat ively shor t  
per iod  of 3 wk exaggera ted  the  effect  of  the  
HCO diet on  the  c o m p o s i t i o n  of the  serum 
l ipopro te ins  as shown  in Figure 2. HDL was 
decreased fu r t he r  and the  VL-LDL f rac t ion  was 
great ly  increased compared  to the  S A F F  group,  
p roduc ing  a f u r t he r  r educ t i on  of  the  ra t io  of  
HDL- to -VL-LDL to ca. 0.38. E x a m i n a t i o n  of 
the  fa t ty  acid com pos i t i on  of  the  sera and 
l i popro te in  f rac t ions  of the  animals  of this  
group showed  tha t  these  changes  were ac- 
c o m p a n i e d  by  a large increase in 18:1 wi th  a 
co r respond ing  large decrease in 20:3co9 (Tab le  
III). The  T R A N S  s u p p l e m e n t  also appeared  to 
in f luence  the  n o r m a l  p a t t e r n  of the  d i s t r ibu t ion  
of 18:1, 18:0 and  16:0 be tween  HDL and  
VL-LDL ina smuch  as the  d i f ferences  in the  
d i s t r ibu t ion  of  these acids were relat ively 
minor .  Linotelaidic  acid (t,t-18:2) was de tec ted  
in the  serum lipids of this  group bu t  it was a 
relat ively minor  cons t i t uen t .  No etaidic acid 
was de tec ted  in the  serum lipids at the  level fed, 

ca. 3% of  the  d ie tary  calories. 
The  animals  of group IV, which were 

swi tched f rom the  S A F F  to the  T R A N S  sup- 
p l e m e n t e d  diet  for  the  f inal  3 wk of  the  experi-  
men t ,  exh ib i t ed  a decrease of  ca. 50% in the  
level of  a rach idonic  acid in the  serum and 
l i popro te in  l i pop ro t e in  l ipids (Table  IIl).  The  
percen tage  of 18:1 was increased several-fold;  
however ,  there  was l i t t le  change in the  level of 
l inoleic acid. There  was essential ly no  change in 
the  level of VL-LDL in the animals  of  this  
group c o m p a r e d  t o t h e  S A F F  group f rom which  
they  were switched,  bu t  the  HDL f rac t ion  was 
great ly reduced  (Fig. 2). Accord ingly ,  the  ra t io  
of HDL- to -VL-LDL was reduced  f rom 2.44 
in the  S A F F  group to 1.5. 

Switching the  animals  f rom the HCO diet 
(group II) to the  S A F F  s u p p l e m e n t e d  diet  
reversed the  fa t ty  acid compos i t i on  of the  
serum toward  normal .  The f o r m a t i o n  of  
20:3609 was comple t e ly  suppressed,  arachi- 
donic  acid was increased to ca. 67% of tha t  of 
the  con t ro l  S A F F  group I, and the  levels of  
16:1 and  18:1 were reduced  to ca. 50% of  tha t  
of the  paren t  HCO group.  S imul taneous ly ,  
there  was a r educ t i on  of  the  VL-LDL f rac t ion  
but  there  was no  change in the level of HDL. 
The  ra t io  of HDL- to -VL-LDL was increased 
accordingly  to 1.5 f rom 1.02 in the pa ren t  

L I P I D S ,  V O L .  15,  NO.  5 



EFA AND SERUM LIPOPROTEINS 341 

HCO group. 
Effects of  the dietary supplements  on the 

fat ty  acid composi t ion  of the serum lipopro- 
teins of the animals in the second exper iment  
are reported in Table IV. In general, the com- 
posit ion of  the fat ty acids in this exper iment  
fol lowed the same pat tern in the serum and 
l ipoprote in  fractions as corresponding groups in 
the first exper iment .  Examinat ion  of the 
distr ibution of the fatty acids between the 
cholesteryl  esters and phospholipids also 
showed particular patterns. Arachidonic  and 
linoleic acids were concentra ted  in the 
cholesteryl  esters, and 16:0 and 18:0 in the 
phospholipids of  the S A F F  group. This pat tern 
was also fol lowed generally in the HCO group 
and in group III inasmuch as 16:1 and 18:1 
were concentra ted  in the cholesteryl  esters. 

As in the first exper iment ,  the ratio of 
HDL-to-VL-LDL was reduced by an EFA 
deficiency (HCO group) and fur ther  reduced 
upon switching the animals of  this group to the 
TRANS supplemented  diet as shown in Table 
IV. 

The effect  of  the development  of an EFA 
deficiency (group II) and its intensif icat ion by 
the T R A N S  supplemented diet (group III) on 
l ipoprote in  composi t ion  was readily demon-  
strated by polyacrylamide  disc gel electro- 
phoresis analysis as shown in Figure 3. These 
analyses show that  an E F A  deficiency produced 
a marked effect  on the HDL fract ion since 
HDL 1 and HDL 3 were virtually absent in the 
animals of  the HCO group. Moreover,  the 
spreading of  the HDL2 band indicated that  it 
also had been affected.  Switching the HCO 
group to the T R A N S  diet reduced the HDL 
fract ion to the poin t  that  it was barely detect-  
able using the same amoun t  of  serum for the 
analysis. However ,  a weak band was present in 
the HDL 2 region indicating that  the T R A N S  
diet had intensif ied the E F A  deficiency pro- 
duced by the HCO diet. 

Al though the analyses in Figure 3 were 
directed to an examina t ion  of  the HDL frac- 
t ion,  they also indicated that  changes occurred 
in the composi t ion  of  the VL-LDL fractions in 
both  the HCO and T R A N S  groups, part icularly 
in the T R A N S  group. The band for the LDL 
fract ion was more  intense in the analysis of  the 
serum of the HCO group (I1) than ei ther the 
S A F F  (1) or the TRANS (III) groups. Further ,  
the VLDL band at the junc ture  of the spacer 
and main gels which corresponds to the V L D L  
species generally isolated by ul t racentr i fugat ion 
was relatively weak. Thus, a l though the intense 
band at the top of  the spacer gel contained 
excess dye and probably  some chylomicrons ,  it 
also contained a large amount  of  other  l ipopro-  

teins of  very low densities, especially in the 
animals of  the TRANS group III, in accordance 
with the amount  of  VL-LDL fract ion repor ted  
in Table IV. 

DISCUSSION 

This study shows that an E F A  deficiency 
produces a marked effect on the level and 
composi t ion  of  the circulating l ipoproteins  in 
the rat. In general, the HDL was decreased and 
the VL-LDL fract ion was increased, a relation- 
ship which was intensified by switching the 
animals from the HCO to the T R A N S  diet. In 
addi t ion to an effect  on the concentra t ion,  
there also were differences among the groups in 
the composi t ion  of  tile l ipoproteins  as de- 
monst ra ted  by the electrophoresis  analyses. 
These analyses showed that the bands for 
HDL 1 and HDL 3 were greatly diminished by an 
E F A  deficiency as also observed by Narayan 
(14,16). The spreading and intensity of the 
bands in the HDL 2 region indicated further 
that  changes also occurred within these com- 
ponents ,  as might be expected  f rom the large 
differences in fa t ty  acid composi t ion  between 
the animals of the HCO and S A F F  groups. 

In addi t ion to changes in HDL, there also 
was an effect  of an EFA deficiency on the 
VL-LDL fraction,  part icularly on VLDL. A 
major  change in this fract ion appears to be a 
large increase in the amount  of sample sepa- 
rated by the spacer gel. In fact, it is this frac- 
t ion that  accounts  for the large increase in the 
VL-LDL fract ion inasmuch as the VLDL which 
separated at the junc ture  of the spacer and 
main gels is relatively small. Moreover,  de Pury 
and Collins (17) have shown that  the VLDL 
fract ion isolated by ul t racentr i fugat ion,  which 
corresponds to this band (14), is actually 
decreased in an E F A  deficiency. While normal ly  
the f ract ion at the top of the spacer gel consists 
most ly  of  chylomicrons ,  there should be little 
of these compounds  in the sera in our experi- 
ments because the animals are fasted for at least 
12 hr  before being sacrificed. Thus, it appeared 
that  this f ract ion consisted of  undefined species 
of  l ipoproteins  of  very low densities that were 
produced by the E F A  deficiency and also upon 
switching EFA-def ic ient  animals to the T R A N S  
supplemented  diet. 

A major  difference be tween  the TRANS and 
HCO supplemented  diet that  might account  (at 
least in part) for the large difference in the 
amount  of  the VL-LDL fract ion in the serum of 
these groups is the effect  of  these supplements  
on l ipoprote in  lipase activity. In previous work 
(3), it was shown that  ext rahepat ic  l ipoprote in  
lipase activity was elevated in an E F A  defi- 
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ciency and that  the activity of  this enzyme  was 
suppressed upon shifting animals with an E F A  
deficiency to a t rans  fa t ty  acid diet. Therefore ,  
one might  expec t  the VLDL to be cleared from 
the circulat ion faster in the EFA-def ic ient  
animals than those fed the TRANS diet in 
accordance with the data shown in Figure 2 and 
Table IV. 

The level and composi t ion  of  l ipoproteins  
are obviously related to the fat ty acid composi-  
t ion of  the serum and tissues. The nature  of  the 
changes in fa t ty  acid composi t ion  produced  by 
an E F A  deficiency was indicated by switching 
animals fed the HCO and S A F F  diets to the 
T R A N S  supplemented diet. This fat inhibits the 
conversion of  oleic to 20:3co9 in the EFA- 
deficient  animal as well as linoleic to arach- 
idonic acid (3,4,18,19).  With the inhibi t ion of  
the synthesis of  20:3co9 as a result of  the sup- 
pression of 6-desaturase act ivi ty by l inolelaidate 
(20), there is a buildup of  18:1 as shown in this 
and other  studies (3,4). Guo and Alexander  
(21) have demonst ra ted  that  18:1 is p roduced  
by de novo synthesis from acetate derived 
f rom the catabolism of linolelaidic acid. Thus, 
dietary t rans  fat ty acids apparent ly do not  
influence the de novo synthesis of  fa t ty  acids or 
the 9-desaturation of  18:0. In fact, in view of 
the large increase in 18:1 in the sera of  the 
animals switched f rom the EFA-def ic ient  to the 
T R A N S  diet, these reactions may  be enhanced 
inasmuch as they are elevated in an EFA 
deficiency (21,22). 

Switching the S A F F  group to the T R A N S  
diet for 3 wk decreased the level of  arachidonic 
acid concomi tan t  with a decrease in HDL;  the 
level of  VL-LDL fract ion was relatively un- 
changed. Hence, it appeared t h a t  the effect  on 
HDL was associated with the decrease in 
arachidonic acid since the level of  linoleic acid 
remained essentially unchanged.  Switching the 
EFA-def ic ient  animals (group II) to the S A F F  
diet, which is rich in l inoleic acid, started to 
reverse the E F A  deficiency as evidenced by the 
changes in fa t ty  acid composi t ion  and the 
increase in the ratio of  H D L - t o - V L - L D L .  
However,  in this case, the change in l ipopro- 
teins involved mainly the VL-LDL fract ion 
which was decreased to approximate ly  normal.  
There was little change in the level of LDL 
from that  in the parent  HCO group in spite of  
the increased arachidonic acid in this group. 
Thus, it appeared that in these animals the 
composi t ion  of  HDL changed with little effect  
in its concent ra t ion  in the circulation. In 
agreement  with these observations,  it appears 
that  the level of  HDL had not  increased in these 
animals because they were at an in termedia te  
stage in their  return to normal.  Presumably,  

FIG. 3. Polyacrylamide disc gel electrophoresis of 
whole serum prestained with Sudan Black B. Experi- 
ment II: I, SAFF group; II, HCO group; III, HCO- 
TRANS group. A, chylomicron fraction; B, VLDL; C, 
LDL; D, HDL 1 plus HDL3; E, HDL2; F, albumin. 

the level of  HDL was still low because it was 
being rapidly used in the peripheral  tissues for 
the replenishment  of  arachidonic acid. Ac- 
cordingly, the ratio of HDL-to-VL-LDL was 
low, showing that  the animals of  this group had 
not  complete ly  recovered f rom an E F A  defi- 
ciency. 

When rats are fed linolelaidate or  a concen- 
trate devoid of  cis, c i s - l ino lea te  as the sole 
source of  fat in the diet, not  only are the tissues 
depleted of  arachidonic acid but  the format ion  
of 20:3039 is suppressed giving an unreal 
t r iene: te t raene  ratio relative to the E F A  status 
of  the animals, as po in ted  out  in early work by 
Privett  and Blank (19). These investigations also 
showed that c is -9- t rans-12-1inoleate  (octadeca-  
dienoate)  undergoes interconvers ion to a t rans  
isomer of  arachidonic acid (1 8,19,23). There- 
fore, because cis, t rans - l ino lea te  was devoid of  
E F A  activity (24), it was speculated parti- 
cularly f rom data on kidney lipid that the 
t r iene: te t raene  ratio might  be reversed wi thout  
curing an E F A  deficiency (19). However,  
recent  studies (3,4) indicate that  not  only does 
the t r iene: te t raene  ratio of  the lipid differ from 
tissue to tissue but  in the different  lipid classes. 
For  example,  virtually no 20:3 accumulates  in 
the cholesteryl  esters of the liver of EFA- 
deficient  rats, a l though the level in the total  
lipid is high. It is evident  from these observa- 
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t ions  and  the  recent  review by L u n d b e r g  (25)  
of  the  pa rame te r s  used as a b iochemica l  index  
of  E F A  s ta tus  t ha t  none  is comple t e ly  satisfac- 
tory.  

This  s tudy  shows general ly tha t  an E F A  
def ic iency has  an oppos ing  ef fec t  on  HDL and  
the  VL-LDL f rac t ions  and  t ha t  the  ra t io  of 
these f rac t ions  is summar i ly  affected.  Hence,  
a l t hough  the  p resen t  work  mus t  be regarded as 
pre l iminary ,  it appears  t ha t  the  ra t io  of  HDL- 
t o - V L - L D L  might  serve as a sensit ive bio- 
chemical  index  of  EF A  status.  
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Composition of the Lipids in Human Milk: A Review 1 
R.G. JENSEN, R.M. CLARK and A.M. FERRIS, Department of Nutritional 
Sciences, University of Connecticut, Storrs, CT 06268 

ABSTRACT 

Recent publications on the composition of human milk are reviewed. The importance of proper 
sampling is discussed. Fat contents of 2.6-4.5% and cholesterol amounts of 200-650 rag/100 g fat were 
reported. The phytosterols in milk were increased by the consumption of these sterols. Phytosterols 
could contribute to the "total cholesterol" in milk if analyses are done colorimetrically. The fatty acid 
composition is remarkably uniform unless bizarre diets are consumed; the amounts of linoleic acid 
vary the most. Phospholipids contained more long chain polyunsaturated fatty acids than triacyl- 
glycerols. 

INTRODUCTION 

During the  preparat ion of  an earlier review 
on the lipids of  human milk,  we were aston- 
ished at the lack of  reliable data on bo th  the 
amount  and composi t ion  o f  the lipids (1). 
Fur thermore ,  there were very few studies in 
which sampling was carefully control led and 
modern  techniques  for lipid analysis were used. 

For tuna te ly ,  there has been a resurgence o f  
interest  in breast feeding, which has led to  the  
ini t iat ion of  research on the  composi t ion  of  
human milk and the  establ ishment  of  several 
nat ional ly supported projects on the subject. 

In this paper, we review and discuss the 
reports  on human  milk lipids that  have ap- 
peared since the  prepara t ion of  our  review (1). 
Other  useful, recent ,  general publ icat ions are an 
annota ted  bibl iography (2) and books  (3-5). 

SAMPLING 

The proper  sampling of  human milk has 
been badly neglected and improper ly  done  as 
described in many  papers. Samples have been 
taken at the beginning, middle or end of  
nursing, wi thout  regard for the  change in total  
lipid conten t  that  occurs, for example,  f rom 
1.2-12.1% (6). The fa t ty  acid compos i t ion  of  
the total  milk lipids is not  altered, but  the 
absolute amounts  of  the various lipid classes 
increase and we do not  known  if the relative 
quanti t ies  of  the lipids change during the course 
of  nursing. 

A useful sampling p ro toco l  has been pub- 
fished (7). The  entire contents  f rom one breast 
were obtained by hand or with an electric 
pump.  The electric pump is preferable because 
expression by hand is tedious  and may not 
yield a total  sample. The Egnell (Egnell, Inc., 
412 Park Ave., Cary, IL) breast pump appears 

1Scientific Contribution No. 786, Storrs Agricul- 
tural Experiment Station, University of Connecticut, 
Storrs, CT 06268. 

to be the best ins t rument  for obtaining a 
representat ive sample. Al though  relatively ex- 
pensive, the  pump pulsates, can be control led  
by the  donor  and the funct ional  parts can be 
sterilized. Even though the infant may not  
comple te ly  empty  one breast or  may  be trans- 
ferred to the o ther  during a nursing, a repre- 
sentative sample should be obtained by the 
comple te  empty ing  of  one breast for purposes 
of  analysis. A general quest ionnaire  and dietary 
recall forms should also be used to obtain  
impor tan t  background informat ion .  

Fo r  the  analysis of  lipid composi t ion ,  the 
sample should ei ther be analyzed immedia te ly  
or f rozen at -20 C and retained.  Our exper ience 
has been that  most  samples are taken at h o m e  
with the  Egnell pump,  placed immedia te ly  wi th  
dry ice in a S ty ro foam container  and then 
stored at ei ther -25 or  -75 C unti l  extracted and 
analyzed.  Once thawed,  the  samples should be 
processed immedia te ly  because freezing and 
thawing activates lipases in the  milk (1). To 
repeat an of ten  stated and apparent ly  forgot ten  
maxim,  the  analytical  results are total ly  depen- 
dent  upon the  quali ty of  the sample. All 
researchers who are planning to analyze human 
milk lipids must be certain that  the  samples 
they obtain are representat ive and defined. 

ANALYTICAL RESULTS 

Fatty Content 

The repor t  f rom Her Majesty 's  Sta t ionery 
Office (7) contains possibly some of  the  most  
reliable data on the composi t ion  of  human 
milk. Proper sampling was done and modern  
analytical  techniques  used. The repor t  contains 
data on earlier work,  most  impor tan t  nutr ients  
including gross compos i t ion  and cholesterol  
contents  (Table I) as well as fa t ty  acid iden- 
tities. The average faty conten t  given in this 
report  was 4.2% which is higher than values in 
earlier and some recent  papers, again suggesting 
improper  sampling techniques.  
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H a m b r a e u s  (8)  l isted a c o n t e n t  o f  4 .5% fat  
w i t h o u t  any  fu r t he r  desc r ip t ions  of sampling.  
Belevady (9)  f o u n d  3.2% -+ 1.41 (mean  -+ SE) 
dur ing  t he  first m o n t h  o f  l ac t a t ion ;  3.3% -+ 1.2, 
2-6 m o  and  3.2% +- 1.3, 7-12 mo.  Mellies et  al. 
(10)  ob t a ined  the  fo l lowing a m o u n t s  a f te r  
per iods  of  d ie ta ry  changes:  m a t e r n a l  ad l ib i tum,  
3.58 -+ 0 .56 ( m e a n  -+ SE);  low choles te ro l -h igh  
phy tos t e ro l ,  2 .69% -+ 0 .16 and  the  reverse of 
t he  low choles te ro l -h igh  phy t o s t e r o l ,  2 .66% -+ 
0.16.  Samples  were ob t a ined  o n c e / w k  at the  
beg inn ing  or  end  of  nurs ing  b y  m a n u a l  expres-  
s ion or use of  a breas t  pump .  N a y m a n  et al. 
(11)  have recen t ly  pub l i shed  t he  results  of  a 
comprehens ive  l i t e ra ture  review o n  t he  c o m p o -  
s i t ion  of h u m a n  milk in wh ich  t hey  p resen ted  
4 .12% +- 1.26 (SD) as a g rand  mean .  Laube r  and  
R e i n h a r d t  (12)  de t ec t ed  quan t i t i e s  of  3 .07% -+ 
0.65 ( m e a n  -+ SD) in milk samples  f rom 33 
w o m e n  o f  the  Ivory Coast .  The  whole  c o n t e n t  
of one  breast  was t a k e n  wi th  an electr ical  
pump .  In t he  d ie t  of  the  w o m e n ,  75% of  t he  
calories were derived f rom c a r b o h y d r a t e ,  10% 
f r o m  lipids and  15% f rom pro te in .  The  level of  
lipid r ema ined  relat ively cons t an t  over  23 m o  
of lac ta t ion .  Jell iffe and  Jell iffe (13)  compi led  
data  on  fat  c o n t e n t s  of  m a t u r e  h u m a n  milk 
f rom well- and poor ly  nour i shed  c o m m u n i t i e s :  
the  wel l -nourished fat  c o n t e n t  was 4.2 - 4.8%, 
and the  poor ly  nour i shed ,  2.0 - 4.4%. To ta l  
vo lumes  d imin i shed  as the  l eng th  of  l ac ta t ion  
progressed.  W u r t m a n  and  F e r n s t r o m  (14)  
measured  c o n t e n t s  of  3.6% -+ 0.3 (mean  -+ SEM) 
in the  milk f rom 25 Amer i can  m o t h e r s  and 3.2 
-+ 0.4 f rom G u a t e m a l a n  m o t h e r s  who  derived 
80% of  the i r  calories f rom ca rbohydra t e s ,  
pr imari ly  corn .  

We obvious ly  c a n n o t  overemphas ize  the  
i m p o r t a n c e  of  p roper  sampling,  bu t  would  be  
remiss if we did no t  discuss e x t r a c t i o n  of  t he  
sample.  The  var ious  groups  used the  fo l lowing  
m e t h o d s :  (7) Roese -Got t l i eb -d ie thy l  e ther ,  
pe t ro l eum ether ,  e t hano l ;  (10)  Fo lch-CHCL 3- 
m e t h a n o l ;  (12)  modi f ied  Fo lch  ; (15)  mod i f i ed  
Roese -Got t l i eb ;  Sanders  et  al. (16)  used Folch ,  
and Gu th r i e  et al. (17)  used d i e t h y l - p e t r o l e u m  
ether .  In our  op in ion ,  the  Bligh-Dyer  m e t h o d  
(18) ,  a modi f ied  Fo lch  ex t rac t ion ,  is satis- 
f ac to ry  and  we r e c o m m e n d  its use. T he  ac tua l  
d e t e r m i n a t i o n s  have general ly b e e n  d o n e  
gravimetr icat ly .  

As a basis  for  compar i son ,  we p resen t  some 
of  t he  da ta  f rom our  earlier review (1). In Table  
II are possibly  the  on ly  rel iable data  on  the  
c o m p o s i t i o n  of  t he  l ipid classes of  h u m a n  milk 
l ipids as r ep resen ted  b y  the  fat  g lobule  figures. 
Incred ib ly ,  insofar  as we k n o w ,  the re  are no  
o t h e r  r ecen t  pub l i ca t ions  o n  the  subjec t  b u t  a 
phospho l ip id  P c o n t e n t  of  1.1 m g / 1 0 0  ml  of  
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T A B L E  II 

C o m p o s i t i o n  o f  Bovine a n d  H u m a n  Fa t  G lobu l e  a n d  Fat  G lobu l e  M e m b r a n e  Lip ids  a 
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Lipid  

Human 

Fat globule 
Bovine Fat globule m e m b r a n e  

(%) 

H y d r o c a r b o n s  tr tr tr 
Sterol  esters tr tr tr - 
Tr iacylg lycerols  97-98 98.1 58.2 60 .0  b 
Diacylglycerols  0 .28-0 .59  0.7 8.1 
Monoacy lg lycero l s  0 .016 -0 .038  tr  0.6 
Free f a t t y  acids 0 .10-0 .44  0.4 7.3 
Sterols 0 .22-0.41 0 .248  0.653 5.6 
Phosphol ip ids  0.2-1.0 0.26 23.4 17.3 

a A d a p t e d  f r o m  Ref.  1. 
bRef .  24.  

milk has been reported (12). Data on bovine 
milk lipids are included for comparison. Note 
that at least 98% of the human milk lipids are 
triacylglycerols (TG). These overwhelming 
amounts cause difficulties in the separation and 
recovery of the other lipids, but separations can 
be attained by column and thin layer chro- 
matography (GLC) (18-20). 

The structure of the TG has been studied 
but not recently discussed (1). The structure is 
unique in that the sn-2 positions contain 
relatively large quantities of  16:0 as compared 
to most other food fats. 

Sterols 

We have not seen many publications on the 
contents of the other lipid classes in human 
milk with the exception of total phospholipids 
(12) and sterols. The amounts of total choles- 
terol in human milk have been reported as 
ranging from 200-564 rag/100 g of lipid (I). In 
more recent papers, the contents were: (7) 
12-23 mg/100 ml of milk (See Table I), 240 -+ 
40 mg (mean -+ SE)/100 g of fat (I0),  11-23 
mg/100 ml (11) and 12.6 -+ 4.8 mg (mean -+ SD) 
100 ml milk (21). Data from the Picciano et al. 
study are in Tables II! and IV. The most 
significant sources of variance in cholesterol 
content were: among-subject variability, 44% 
and among-day sampling, 33%. The authors 
recommended that a representative estimate of 
milk cholesterol content requires sampling from 
a large number of subjects throughout the day 
and over a period of days. Since cholesterol 
contents of fore and hind milks differed, it 
would be preferable again to take the entire 
contents from one breast. The authors observed 
that there was a significant correlation (Tables 
III and IV) between cholesterol and total lipid 

contents which, however, varied considerably in 
response to the circumstances of sampling. 

Mellies et al. (10) investigated the effect of 
diets upon the cholesterol and phytosterol 
contents of milk. The results can be found in 
Table V. The cholesterol content did not 
respond to dietary manipulation, whereas 
phytosterols changed markedly, from 17 
mg/100 g fat to 220 and then to 70 depending 
on the amount of phytosterol in the diet. 
The cholesterol and phytosterols, not further 
identified, were analyzed by gas liquid chro- 
matography (GLC). It seems likely that some of 
the values for "total  cholesterol" presented in 
earlier papers may have included phytosterol if 
the determinations were done colorimetrically. 
As shown in Table V, total sterols could include 
ca. 50% phytosterols if the diet is rich in these 
compounds and suitable analytical procedures 
should be employed. In addition, the individual 
phytosterols should be identified in order to 
determine if differential absorption and transfer 
O c c u r s .  

In contrast to the results already discussed, 
Tsang et al. (22) analyzed the milk from a 
woman with homozygous Type IIa hyperlipo- 
proteinemia (high plasma cholesterol) and 
found a content of 650 mg/100 g of fat, as 
compared to 240 in milk from 14 normal 
women. The discriminatory process that 
maintained similar milk cholesterol levels with 
different diets (Table V and already mentioned) 
was apparently inoperative in the Type IIa 
disorder. 

We still have not seen any comprehensive 
data on the fatty acid composition of the 
cholesteryl esters (1). Such information could 
provide insight on the transfer of these com- 
pounds from maternal blood to milk. 

LIPIDS, VOL. 15, NO. 5 



348 R.G.  J E N S E N ,  R.M. C L A R K  A N D  A.M. F E R R I S  

. <  
b... 

E 

o 

5 

,.s 

4 

~ "~ ~_~ 

LIPIDS,  V O L .  1 5, NO.  5 

.~ J:2 

r 

~q 

0 �9 

,g 

V 
^ ,..; 

0 



H U M A N  MILK LIPIDS  

T A B L F  V 

Ef fec t s  o f  D ie t a ry  Cho le s t e ro l ,  P h y t o s t e r o l  a n d  Po~,yunsatura te  (P) 
S a t u r a t e  (S) R a t i o  o n  I i u m a n  Milk S te ro l s  (Z  • SE) a 
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Milk 
C o m p o n e n t  

Ma te rna l  L o w  Cho le s t e ro l ,  High  C h o l e s t e r o l  
ad  lib die t  h igh  p h y t o s t e r o l  l o w  p h y t o s t e r o l  
(P/S 0 . 5 3 )  d ie t  (P/S 1.8)  d ie t  (P /S  0 . 1 2 )  

( m g / 1 0 0  g f a t )  

Cho le s t e ro l  
P h y t o s t e r o l  
D ie t a ry  cho l e s t e ro l  
D ie t a ry  p h y t o s t e r o l  
To ta l  fa t  

2 4 0  :~- 4 0  2 4 0  • 10 2 5 0  • 20  
17 • 3 2 2 0  -+ 3 0  7 0  • 10 

4 5 0  • 30  130  -+ 5 4 6 0  • 90 
23 • 8 7 9 0  • 17 80 • 1 

3 .58  • 0 .56  2 .69  • 0 .16  2 .66  -+ 0 .16  

a A d a p t e d  f r o m  Ref.  10. 

To summarize our thoughts on the analysis 
of human milk sterols and steryl esters, we 
believe that: (a) a representative sample is 
required, (b) the amounts of cholesterol and 
phytosterol and their esters should be deter- 
mined, preferably by GLC, (c) the fatty acids 
esterified to the sterols should be identified and 
(d) the various phytosterols should be separated 
and quantified. 

Phospholipids 

Data from our earlier review (1) on the 
composition of these lipids are in Table VI. 
When we wrote our review, there was little or 
no information on the glycosphingolipids, but 
recently some has been reported. Grimmprez 
and Montreuil (23) found ca. 40 mg of gly- 
cosphingolipid in the milk fat globule mem- 
branes (MFGM) from 1 ~ of milk. Cerebrosides 
(glycosylceramides) and gangliosides were in 
the aqueous phase from a Folch extract of the 
MFGM and lactosylceramide in the solvent 
phase. Amounts were not given and the compo- 
sition of the ceramide fatty acids was not 
determined. 

Bouhours and Bouhours (24) analyzed the 
glycosphingolipids in the solvent phase from a 
Folch extract of MFGM. The lipid class compo- 
sition is in Table II. The monohexosylceramides 
contained galactosyl (88%) and glucosylceram- 
ides (12%). A trace of lactosylceramide was 
observed. Hydroxy fatty acids (20% of total) 
were found in the galactosylceramides, but not 
in the glucosyl or lactosylceramides. The 
composition of the fatty acids will be given in 
Fatty Acids. 

During mil!~ secretion, the portion of the cell 
membranes which accompanies the milk fat 
globule when it is expelled from the cell is 
undoubtedly the source of the phospho- and 
glycosphingolipids in the MFGM (1). Because 
of their relative polarity, these compounds 

locate on the surface of the globule and con- 
tribute to emulsion stability. The phospholipids 
should be investigated more thoroughly because 
they contain relatively large quantities of long 
chain polyunsaturated fatty acids (1), to which 
Crawford et al. (25) have attributed a role in 
the development of the infant's brain and 
nervous system. 

Fatty Acids 

We compiled a list of the acids presumably 
identified in human milk (Table VII) in our 
review. Since then, several papers have been 
published which contain data on fatty acid 
composition. We have summarized most of 
these data in Table VIII. Minor acids (quantities 
less than 0.5.%) have been omitted from the 
compilation. Note the remarkable similarity 
in fatty acid composition in fats from a very 
large number of samples, albeit some pooled, 
which would tend to smooth extremes. The 
only major variability is in 18:2, the content 
of which can be markedly altered by diet (1,6). 
We have added 16 acids to Table VII. 

Even experienced investigators occasionally 
forget that GLC, although a superb method for 
resolution of fatty acid methyl esters, does not 
provide positive identification. Other pitfalls to 
be avoided are: quantitative credence given to 
small peaks on the recorder chart and not 
allowing enough time for the long chain poly- 
unsaturated fatty acids to pass through the 
GLC column. 

Hall (6) makes the important point that, 
except when bizarre diets are consumed, the 
fatty acid composition of human milk does not 
vary greatly. She found that the fatty acid 
composition of milk obtained from either 
breast (see also ref. 14) at the beginning or end 
of nursing and throughout 3 days of nursing 
(see also ref. 21) did not change. The stages of 
lactation and colostrum, for example, appar- 
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T A B L E  VI 

P h o s p h o l i p i d  C o m p o s i t i o n  in Bovine a n d  H u m a n  Milk L ip ids  a 

P h o s p h o l i p i d  
m o l e %  Bovine  H u m a n  

P h o s p h a t i d y l c h o l i n e  34.5  27 .9  
P h o s p h a t i d y l e t h a n o l a m i n e  31 .8  25 .9  
P h o s p h a t i d y l s e r i n e  3.1 5 .8  
P h o s p h a t i d  y l inos i t  ol  4 .7  4 .2  
S p h i n g o m y e l i n  25 .2  31 .3  
L y s o p h o s p h a t i d y l c h o l i n e  t r  1.4 
L y s o p h o s p h a t i d y l e t  h a n o l a m i n e  t r  3.7 
P l a sma logens  3 .0  
D i p h o s p h a t i d y l g l y c e r o l  t r  
C e r a m i d e s  t r  t rb ,  c 
Ce reb ros ide s  t r  t r  c 
Gang l ios ides  t r  t r  c 

a A d a p t e d  f r o m  Ref.  1. 

b A d a p t e d  f r o m  Ref.  23. 

C A d a p t e d  f r o m  Ref.  24.  

T A B L E  V l l  

F a t t y  Ac id  C o m p o s i t i o n  o f  H u m a n  Milk Lip ids  as o f  F e b r u a r y  1 9 8 0  a 

N u m b e r  T y p e  I d e n t i t y  

S a t u r a t e s  
10 n o r m a l ,  even  4 : 0 - 2 2 : 0  

7 n o r m a l ,  o d d  1 1 : 0 - 2 3 : 0  
4 9  m o n o b r a n c h e d  1 0 : 0 - 1 8 : 0  b 

5 m u l t i b r a n c h e d  1 2 : 0 - 1 3 : 0  
1 5 : 0 - 1 6 : 0  c 

M o n o e n e s  
63  c is  d 1 0 : 1 - 1 8 : 1 , 2 0 : 1 ,  

2 3 : 1 - 2 4 : 1 - 2 6 : 1  e 
23 :1  

3 t r a n s  1 6 : 1 , 1 8 : 1  
20 :1  

22  Dienes  1 2 : 2 - 2 2 : 2  
all even 

cis, cis,  ; cis,  
t r a n s  ; t rans ,  
t rans ;  p o s i t i o n a l  
i somer s  

P o l y e n e s  
7 tri  1 8 : 3 , 2 0 : 3 , f 2 2 : 3  

g e o m e t r i c  a n d  
pos i t i ona l  i s o m e r s  

3 t e t r a  2 0 : 4 , f 2 2 : 4  
3 p e n t a  2 0 : 5 , 2 2 : 5  f 
1 h e x a  2 2 : 6  
l Cyc l ic  h e x a n e  l 1, t e r m i n a l  h e x a n e  
9 H y d r o x y  1 6 : 0 , 1 8 : 0 ,  2 0 : 0 , 2 2 : 0  e 

2 3 : 0 , 2 4 : 0 , 2 4 : 1 , 2 5 : 0  
2 6 : 0  

To ta l  
183  

a A d a p t e d  f r o m  Ref.  l .  
bS ign i f ies  n -ac ids  w i t h  m e t h y l  b r a n c h e s .  

CSignifies n -ac ids  w i t h  3 o r  4 m e t h y l  b r a n c h e s .  

d D e s i g n a t e d  as cis, b u t  n o t  u sua l l y  d e t e r m i n e d .  
eRef .  24.  

fRef .  31 : 20 :3033  or  036; 2 0 : 4 ~ 3  or  co6 a n d  22 :5o33  or  t J6 .  
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ently do not influence the fatty acid compo- 
sition (26). We must remember, however, that 
the absolute concentrations of lipid classes 
could change during any of the circumstances 
already listed and these possibilities have not 
been investigated. 

Specifically, the trans fatty acids and long 
chain polyunsaturates have been analyzed. We 
listed trans isomer contents of 2-18% of milk 
fatty acids in our review (1). These isomers 
most certainly are derived from the consump- 
tion of  partially hydrogenated food fats by the 
mother who is breast-feeding. Both geometric 
and positional isomers of unsaturated fatty 
acids have been identified in, for example, 
margarines (27). 

Beare-Rodgers et al. (28) determined that 
most of the polyenoic acids in human milk 
reacted with lipoxidase and thus contained the 
cis, c is-methylene interrupted series of double 
bonds. The trans isomers were found primarily 
in the 18:1 fraction. Therefore, we can expect 
that the 18:2 content as determined by GLC 
consists mostly of  9,12-cis, cis-18:2, the major 
dietary essential fatty acid. The relatively new, 
highly polar GLC column packings such as SP 
2330 (Supelco, Inc., Bellefonte, PA) can 
provide hitherto unattainable separations. 

The effects of diet have been further investi- 
gated. Sanders et al. (29) obtained the data in 
Table IX on the milk from total vegans who do 
not eat foods from animal sources and from 
omnivore controls. Identifications were made 
by comparisons of retention times to known 
standards and carbon number plots. The milk 
from the omnivores contained more saturated 
and less unsaturated fatty acids than the 
samples from the vegans. Also notable is the 
difference in 18:2 content, 6.9 vs 31.7%. 
Unfortunately, the authors did not determine 
the sterol contents of the milks. In the FAO 
publication (30), contents of long chain essen- 
tial fatty acids were reported as follows: 006; 
20:3 + 20:4 + 22:4 + 22:5, 1.0 -+ 0.3 (mean 
+SE) and 003; 2 0 : 5 + 2 2 : 6 ; 1 . 4 - + 0 . 1 .  Sanders 
and Naismith (31) provided more data on the 
content (wt % of total acids) of  003 and co6 
polyunsaturated fatty acids and these are in 
Table X. In several of the acids, the location of 
the double bonds has probably not been 
ascertained. These are: 003; 20:3, 20:4, 20:5 
and 22:5 003 or ~ 6 .  For comparison, the 
composition of a milk formula is included. 

Mellies et al. (32) obtained the data in Table 
XI which illustrate the influence of dietary 
manipulation on fatty acid composition. The ad 
libitum diet was that consumed by the subjects 
prior to changes in diet. The P (polyunsaturate)- 
rich diet was similar to the National Heart Lung 

and Blood Institute Type II diet with a p/s 
(saturate) ratio of 1.8. The s/ (saturate) rich 
diet and a p/s ratio of 0.12 and was designed to 
be typically American. Again, the increase in 
18:2 in the p group was reciprocated by a 
decrease in the amount of 16:0. 

Lauber and Reinhardt (12) analyzed the 
milk from 33 women living on the Ivory Coast 
once/mo for 23 too. Their data for both TG 
and phospholipid fatty acids are in Table XII. 
The diets were high in carbohydrate and low in 
both protein and essential fatty acids. The 
amount of 18:2 in the milk, 5.7%, is ca. one- 
half of the content found in the milk from 
women identified as consuming an adequate 
diet (I). The total phospholipids (1.11 mg 
P/100 ml), not unexpectedly, contained more 
long chain polyunsaturated fatty acids than the 
TG. 

Bouhours and Bouhours (24) characterized 
by GLC the fatty acids in MFGM, mono- 
hexosylceramide and lactosylceramides. The 
data are presented in Table XIII. The hydroxy 
fatty acids have not been previously found in 
human milk lipids, nor have 23:1, 24:1, 25:1 
and 26:1. Their presence, so far only in the 
monohexosylceramides, poses questions as to 
their origin and metabolism in relation to milk 
secretion and MFGM function. 

We should, however, repeat the observations 
of Hall (6) concerning the uniformity of human 
milk. She correctly noted that the composition 
shows limited changes when the diet is nutri- 
tionally adequate. Variations resulting from 
malnutrition, undernutrition or supplemen- 
tation are not random and can be predicted. 

The composition of milk from mothers of 
premature babies has not been even cursorily 
investigated and should be because it is banked 
and used to feed the infants. We know virtually 
nothing about the lipid composition therein 
(33).  

In summary, we nevertheless believe that 
research on human milk lipids has been neg- 
lected. In this review, we have indicated many 
aspects which should be investigated. While it is 
difficult to obtain proper samples, the major 
problem seems to be one of atti tude; human 
milk is not considered a food. 
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M e t h y l  Vegans  C o n t r o l s  

es ters  Mean SE Mean SE 
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18 :3co3  15 b 2 .4  8 0.5 
20 :2co6  5.1 b 0 .7  1.8 0 .3  
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T A B L E  X 

P o l y u n s a t u r a t e d  F a t t y  Ac ids  P rov ided  b y  a C o w ' s  
Milk F o r m u l a  a n d  b y  Breas t -mi lk  a 

F a t t y  ac id  Milk Breas t -mi lk  (4 s amples )  

m e t h y l  es ters  f o r m u l a  Mean SE 

(wt. %) 
18 :2co6  1 .60  6 . 9 0  0 .81  
18 :3co3  0 .70  0 . 8 0  0 .05  
2 0 : 2 c o 6  nd  b 0 .18  0 .03  
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2 0 : 5 c J 3  0 .08  0 .20  0 .08  
22 :4co6  0 .01  0 .08  0 .03  
2 2 : 5 c o 6  0 .01  0 .15  0 .12  
2 2 : 5 t J 3  0 .11  0 .52  0 .27  
2 2 : 6 c o 3  0 .02  0 .59  0 .23  

aRef .  31.  
bnd ,  n o t  d e t e c t e d .  

CMainly 20 :3co3 .  

d M a i n l y  20 :4606 .  
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T A B L E  XI 

M a t e r n a l  Milk F a t t y  A c i d s  ( g / 1 0 0  g f a t t y  ac id )  d u r i n g  ad  lib• Diet ,  
P o l y u n s a t u r a t e - r i c h  Diet (P) a n d  S a t u r a t e - r i c h  Diet (S), (X +- SE)a,  b 

F a t t y  ac id  Ad  l i b i t u m  P- R ich  S- R ich  

14 :0  5.8 • 0.5 4 .7  • 0.5 e 7 .2  • 0 .4  
1 6 : 0  21 .9  -+ 0 .8  i 18 .8  • 0.7 f 23 .8  • 0.5 
16:1 3 .8  • 0 .4g  2 .7  + 0.2 c 3 .7  • 0.2 
1 8 : 0  7 .6  • 0 .3g  6 .4  + 0.3 f 8 .6  • 0 .3  
18:1  37 .7  • 0. sg  34 .8  • 1.1 36.7  • 0 .6  
18 :2  14.5  • 1.4J 24 .4  + 1.9 f 10.1 • 0 .6  
2 0 : 0  0.2 • 0.0.2 0 . 2 4  • 0 .02  0 .21 • 0 .01 
18 :3  1.9 • 0.1J 1.4 • 0 .04  1.6 • 0 .05  k 
2 0 : 3  0 . 5 3  -+ 0 . 0 8  0 . 5 9  -+ 0 .03  e 0 . 3 0  • 0 . 0 5  k 
2 0 : 4  0 .56  • 0 . 0 3 g  0 .45  • 0 .03  0 .47  • 0 .03  

aRef .  32. 

bp - r i ch  c o m p a r e d  to  S-r ich:  c p  < 0 .05 ,  d p <  0 .02 ,  ep  < 0 .01 ,  fP < 0 .001 .  
P-rich c o m p a r e d  to  ad  l ib• gP  < 0 .05 ,  h p  < 0 .02 ,  ip < 0 .01 ,  JP < 0 . 0 0 1 .  
S-r ich c o m p a r e d  to  ad  l ib• k p  < 0 . 0 5 .  

T A B L E  XII 

Pe r cen t age  o f  t h e  F a t t y  Ac ids  in T r ig lyce r ides  a n d  P h o s p h o l i p i d s  
o f  Breast  Milk f r o m  Ivory  Coas t  D o n o r s  a 

Mean  + SD Mean  • SD 

8 :0  0 .11  +- 0 . 0 4  
10 :0  1 .39 +- 0 .33  0 .54  • 0 . 2 0  
12 :0  9.31 -+ 1 .97  4 . 5 2  • 1 .00  
14 :0  1 5 : 2 0  +- 3 .30  15 .20-+  2 . 4 0  
15 :0  0 .47  -+ 0 .11 0 .68-+  0 .15  
1 6 : 0  2 7 . 9 0  -+ 2 .20  3 5 . 9 0  -+ 4 . 6 0  
16;1  3 .23  • 0 . 6 0  3 .87  • 0 .75  
17 :0  0 .77  • 0 .15  0 .93-+ 0 .17  
17:1  0 4 7  +- 0 .12  0 .63  -+ 0 .16  
1 8 : 0  6 .92  • 1 .32  7 . 2 0  -+ 1 .10  
18:1  2 5 . 4 0  + 3 .90  1 5 . 5 0  + 2 .70  
18 :2  5 . 7 0  + 1 .10  5 .35  • 0 . 7 9  
18 :3  0 . 2 9  -+ 0 . 0 8  0 . 3 9  -+ 0 .16  
2 0 : 0  0 23 + 0 . 1 0  0 . 4 2  + 0 . 2 0  
2 0 : 4  0 .31 -+ 0 . 1 0  1 .06 • 0 .32  

a A d a p t e d  f r o m  Ref.  12. 

10. Mellies, M.J.,  T.T. I sh ikawa ,  P. Galls•  K. 
B u r t o n ,  J. MacGee ,  K. Al len,  P.M. S te iner ,  D. 
B r a d y  a n d  C.J.  G lueck .  Am.  J. Clin. Nut r .  31 :  
I 3 4 7  ( i 9 7 8 ) .  

11. N a y m a n ,  R., M.E. T h o m p s o n ,  C.R.  Scr iver  a n d  
C.L. Scow,  A m .  J. Clin. Nut r .  3 2 : 1 2 7 9  (1979 ) .  

12. Laube r ,  E., a n d  M. R e i n h a r d t .  Am.  J. Clin. 
Nut r .  3 2 : 1 1 5 9  (1979 ) .  

13. Jel l i ffe ,  D.B.,  a n d  E.F.P.  Jell• A m .  J. Clin. 
Nut r .  3 1 : 4 9 2  (1978) .  

14. W u r t m a n ,  J . J . ,  a n d  J .D.  F e r n s t r o m ,  Ear ly  H u m a n  
Develop.  3 : 6 7  ( 1 9 7 9 ) .  

15. E m e r y ,  W.B., III, N.L.  C a n o l t y ,  J .M. A i t c h i s o n  
a n d  W.L.  D u n k l e y ,  Am.  J. Clin. Nut r .  3 1 : 1 1 2 7  
( 1 9 7 8 ) .  

16. Sanders ,  T .A.B. ,  F.R.  Ellis a n d  J .W.T.  Dicke r son ,  
Am.  J. Clin. Nut r .  3 1 : 8 0 5  ( 1 9 7 8 ) .  

17. G u t h r i e ,  H.A. ,  M.F. P i cc i ano  a n d  D. Sheehe ,  
J. Pedia t r .  9 0 : 3 9  ( 1 9 7 7 ) .  

18. Kates ,  M., in " T e c h n i q u e s  o f  L i p i d o l o g y , "  

A m e r i c a n  Elsevier  Publ .  Co.,  Inc.  NY, 1972 ,  
pp.  330 ,  347  a n d  393 .  

19. Chris t ie ,  W.W., " L i p i d  A n a l y s i s , "  P e r g a m o n  
Press, New York ,  1973 .  

20. " A n a l y s i s  o f  Lipids  and  L i p o p r o t e i n s , "  ed i t ed  
b y  E.G. Perkins ,  Am.  Oil Chem.  Soc. ,  C h a m -  
pa ign ,  IL, 1 9 7 5 ,  p. 1-108.  

21. P icc iano ,  M.F. ,  H.A.  G u t h r i e  a n d  D.M. Sheehe ,  
Clin. Pedia t r .  1 7 : 3 5 9  (1978 ) .  

22. Tsang,  R.C.,  C.J. G lueck ,  C. Metain ,  P. Russel ,  
T. J o y c e ,  K. Bove,  M. Mellies a n d  P.M. Ste iner ,  
Me tabo l i sm  2 7 : 8 2 3  (1978 ) .  

23. G r i m m p r e z ,  L., a n d  J. Mon t r eu i l ,  B ioch imie  
5 9 : 8 9 9 ,  1977 .  

24. B o u h o u r s ,  J .F . ,  a n d  D. B o u h o u r s ,  B iochem.  
Biophys .  Res. C o m m u n .  8 8 : 1 2 1 7  ( 1 9 7 9 ) .  

25. C r a w f o r d ,  M.A.,  A.G.  H a s s a m  a n d  J.P.W. Rivers,  
A m .  J. Clin, Nut r .  3 1 : 2 1 8 1  ( 1 9 7 8 ) .  
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Pedia t .  1 2 2 : 5 5  (1976 ) .  
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TABLE XIII 

Fat ty  Acid Composi t ion of Monohexosylceramide and 
Lactosylceramide of Human Milk Fat Globule Membrane a 
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Fatty acid 
methyl  esters NFA b 

Monohex osylceramide Lactosylceramide 
HFA c NFA 

(wt %) 
16:0 13.6 3.9 16.2 
16:1 1.3 0.9 
18:0 6.9 2.9 8.7 
18:1 5.2 7.8 
20:0 3.8 1.2 2.8 
20:1 0.3 0.2 
22:0 13.3 19.9 12.5 
23:0 3.9 10.6 3.4 
23:1 0.4 1.1 
24:0 31.9 51.9 20.1 
24:1 16.8 5.0 20.1 
25:0 0.3 1.1 1.7 
25:1 0.8 2.6 
26:0 0.7 3.5 0,6 
26:1 0.8 1.3 

aReL 24. 
bNFA: nonhydroxy  fatty acids. 

CHFA; hydroxy  fat ty  acids. 

27. Heckers, H., and F.W. Melcher, Am. J. Clin. 
Nutr. 31:1041 (1978). 

28. Beare-Rodgers, J.L., L.M. Gray and R. Holly- 
wood, J. Am. Oil Chem. Soc. 56:177A, Abstr. 9 
(1979). 

29. Sanders, T.A.B., F.R. Ellis and J.W.T. Dickerson, 
Am. J. Clin. Nutr. 31:805 (1978). 

30. FAO Food and Nutri t ion Paper, "Dietary Fats 
and Oils in Human Nutr i t ion ,"  FAO, UN, Rome, 
1977. 

31. Sanders, T.A.B., and D.J. Naismith, Br. J. Nutr. 

41:619 (1978). 
32. Mellies, M.J., T.T. Ishikawa, P.S. Gartside, K. 

Burton, J. MacGee, K. Allen, P.M. Steiner, D. 
Brady and C.J. Glueck, Am. J. Clin. Nutr. 32:299 
(1979). 

33. Lemons, J.A., D. Halt, J. Benson and M.H. 
Simmons, Pediatr. Res. 13:403 (1979). 

[Received November 19, 1979] 

LIPIDS, VOL. 15, NO. 5 



The Fatty Acid Composition of Three Unicellular Algal Species 
Used As Food Sources for Larvae of the American Oyster 
( Crassostrea virginica)  1 

FO-LIN F. Cl io  and JOHN k. DUPOY, School of Marine Science, Virginia Institute of 
Marine Science, The College of William and Mary Gloucester Point, VA 23062 

ABSTRACT 

The total lipid and fatty acid content of 3 algal species, Pyramimonas virginica, Pseudoisochrysis 
paradoxa and Chlorella sp., which have been successful as food sources for rearing larvae of tile Ameri- 
can oyster, Crassostrea virginica, was determined. Of the fatty acids of c~6 and ~o3 families which have 
been shown to be essential fatty acids for normal growth in many animals, only the co6 fatty acids 
were found to be higher in these 3 species of algae than in the traditional oyster larvae diet which 
consists of the algae Monoehrysis lutheri and Isoehrysis galbana. The major fatty acid constituents of 
the total lipids of the 3 species were the C12, C14, C16 and C18 saturated fatty acids and the C16 and 
C18 mono- and polyunsaturated acids. These components constituted 70-93% of the total lipid in 
cultures of all ages. There were modest amounts of C20 and C22 polyunsaturated acids; some of these 
existed only in trace amounts. In P. virginiea and Chlorella sp., hexadecanoic acid was dominant 
(23-39%). The presence of large quantities of tetradecanoic acid (22-26%) and oleic acid (17-21%) was 
characteristic of P. paradoxa. Chlorella sp. had the highest proportion of octadecatrienoic acid (18: 
3co3) which accounted for up to 17% of the total iipids. 7-Lmolenic acid (18:3co6) was found only in 
Chlorella sp., but in the 5th-day culture only. The lowest proportion of total polyethylenic acid was in 
P. paradoxa; however, lipid analyses showed this alga had the most lipid/individual cell. Some vari- 
ations were observed in the fatty acid composition with age of the culture. 

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

In the  past  few decades,  a n u m b e r  o f  s tudies  
have examined  t he  n u t r i t i o n a l  values of  differ- 
en t  p h y t o p l a n k t o n  species as food  for  mol lus-  
can bivalve adul ts  and  larvae (1-10).  All these  
s tudies  ind ica ted  tha t  diets  composed  of  3-4 
species of  algae general ly s uppo r t  faster  g rowth  
t h a n  diest consis t ing of  on ly  1 or 2 species. 
In the  Virginia Ins t i tu t e  of  Marine Science 
(VIMS) mar ine  cul ture  l abo ra to ry ,  a combi-  
n a t i o n  of  4 algal species, Nannochloris oculata, 
Chlorella sp., Pyramimonas virginica and 
Pseudoisochrysis paradoxa has  been  success- 
fully used as a s tandard  diet  for  oys te r  larvae 
cul ture  (10,11) .  

Windsor  (12)  fed the  algal species P. para- 
doxa, P. virginica, Chlorella sp., and N. oculata 
to  oys te r  larvae (Crassostrea virginica) singly 
and in var ious  combina t i ons .  The  resul ts  were 
t h e n  compared  wi th  larvae fed wi th  Monochry- 
sis lutheri and Isochrysis galbana, which  are the  
t r ad i t iona l  diets  for A m e r i c a n  oys te r  larvae, 
and  ind ica ted  tha t  P. virginica was the  mos t  
in f luen t ia l  d ie ta ry  c o m p o n e n t .  The  best  diet ,  
judged in t e rms  of  m ax i m a l  g rowth  ra te ,  
survival, pedivel iger  p r o d u c t i o n  and  se t t ing  
success, was a c o m b i n a t i o n  of  P. paradoxa, 
P. virginica and Chlorella sp. The  bes t  die t  was 
labeled as " g o o d  f o o d "  whereas  the  rest  were 

1Contribution No. 883 of the Virginia Institute of 
Marine Science, Gloucester Point, VA 23062. 

labeled as " m e d i o c r e  f o o d . "  
Aside f rom the  biological  approach ,  there  

have been  very few qual i ta t ive  and  quan t i t a t i ve  
analyses of  the  ma jo r  chemical  c o m p o n e n t s  
(p ro te in ,  lipid and ca rbohydra t e s )  of  algal 
species used as larval oys te r  foods.  Most nut r i -  
t iona l  s tudies  of  oys ters  have b e e n  p e r f o r m e d  
only  o n  t he  adaalt stage (13-17) .  Only  2 papers  
(18 ,19)  have deal t  w i th  the  needs  of  larvae 
dur ing  deve lopmen t ,  m e t a m o r p h o s i s  and early 
spat  g rowth .  

By cu l tur ing  Thalassiosira pseudonana u n d e r  
l ight  of  d i f fe rent  spectra l  d i s t r i bu t ion  and  by  
harves t ing  this  algal cul ture  f rom e i the r  expo-  
nen t i a l  or s t a t iona ry  phases,  F laak  and  Epi fanio  
(13)  successfully p roduced  6 diets  of  d i f fer ing 
ca rbon- to -n i t rogen  ra t ios  as feed for  oysters .  
They  conc luded  t h a t  oysters  grew more  rapid ly  
w h e n  fed wi th  diets  r icher  in c a r b o h y d r a t e s  
t h a n  in p ro te ins  and  t ha t  in the  adul t  oyster ,  
po lysacchar ides  have been  f o u n d  to serve as a 
major  energy reserve (20).  Castell  and Tr ider  
(14)  fed oys ters  wi th  fo rmu la t ed  feeds of  
varying p r o t e i n - c a r b o h y d r a t e  ra t ios  and ob- 
served t ha t  diets  wi th  a 60% c a r b o h y d r a t e  
c o n t e n t  gave rise to  h igher  g lycogen p r o d u c t i o n  
in oys ters  t han  diets  wi th  a 20% c a r b o h y d r a t e  
con t en t ,  suppor t ing  previous  oys ter  n u t r i t i o n  
s tudies  (15-17) .  

In view of  the  results  of  n u t r i t i o n a l  s tudies  
in b o t h  adul t  and larval oysters ,  it seems 
likely t ha t  c a r b o h y d r a t e  is i m p o r t a n t  for 
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growth and accumulation of glycogen in 
juvenile and adult oysters, whereas lipid could 
play a vital role in development and meta- 
morphosis in oyster larvae. This paper describes 
the results of analyses for total lipids and fatty 
acid compositions of P. virginica, P. paradoxa 
and Chlorella sp. and compares the results of 
lipid analyses of M. lutheri and L galbana 
reported by Ackman et al. (21), Watanabe and 
Ackman (22), Chuecas and Riley (23) and 
Joseph (personal communication). According 
to Otsuka and Morimura (24), fatty acid 
compositions of Chlorela ellipsoidea cult'ures 
changed with age. Ackman et al. (25) also 
observed changes in the relative proportions of 
fatty acids, including shifts in the biosynthetic 
pathway for acids belonging to either the 
linoleic or linolenic systems. Therefore, the 
fatty acid composition of algal cultures of 
different ages were examined, although algal 
cells used as larval food are harvested only 
during the log growth phase (10-15 days). 

MATERIALS AND METHODS 

Since it is not economical to grow axenic 
algal mass cultures, all the algal species used as 
food to rear oyster larvae inthe marineculture 
laboratory of VIMS are produced in mass 
culture.s which are not axenic. The algal cul- 
tures used for fatty acid analysis were grown 
under the same conditions as the mass cultures 
except that the scale was much smaller. 

The 3 algal species were cultured at 16-19 C 
in 3-2 fernbach flasks containing 1.5-2.0 
pasteurized and filtered estuarine water at 
13-20% salinity, enriched with N2M Medium 
(nutrient enriched medium developed at 
VIMS), Guillard's vitamin mix and soil extract 
(26). P. virginica and P. paradoxa were grown 
using a continuous light source (2000 lux); 
Chlorella sp. was grown at 3,300 lux. A current 
of air provided circulation and aeration. P. 
virginica is a flagellated unicellular alga of the 
class Prasinophyceae, P. paradoxa belongs to 
the class Haptophyceae and Chlorella sp. is a 
representative of the class Chlorophyceae. 

Three separate batches of culture of each 
species were grown for fatty acid analyses. 
Algal cells were harvested by centrifugation and 
filtration on the 5th, 10th, 15th and 20th days 
of culture. Cell counts of algal samples were 
made at the time of harvesting. The algal pellets 
were drained to determine approximate cell wet 
weight. The Bligh and Dyer method (27) was 
employed to extract the total lipids of the 
pelleted cells. Lipids were subsequently trans- 
esterified with BF 3 in CH3OH (14%, v/v) with 
additional CH3OH and benzene (28). 

Fatty acid methyl esters (FAME) of the 
algae were chromatographed on a Varian Model 
3700 gas chromatograph equipped with dual 
hydrogen flame ionization detectors and a 
2-channel Omniscribe strip chart recorder. Both 
polar and nonpolar columns (8 ft, 4 mm id 
glass) were used to separate the algal FAME; 
these columns were 3% EGSP-Z (100/120 
mesh, gas-chrom Q) and 3% SE-30 (gas-chrom 
Q, 100/120 mesh), respectively. Following a 
3-min hold at initial temperature, the columns 
were temperature-programmed from 100-170 C 
at 8 C/min. The flow rates of nitrogen, com- 
pressed air and hydrogen were 40 ml/min, 300 
ml/min and 30 ml/min, respectively. 

Tentative identification of FAME was based 
on comparisons with chromatograms of com- 
mercial fatty acid standards and with the 
methyl esters of cod liver oil, which were used 
as a secondary reference standard (29) and 
analyzed under the same chromatographic 
conditions. Semilog plots of r18:0 (retention 
time relative to 18:0) against the carbon chain 
length were constructed for the algal total lipid 
FAME and standards to aid identification (30). 
Subsequently, the Appelqvist method of 
hydrogenation (31) was also performed on the 
algal FAME mixture to confirm the accuracy of 
identification and quantification of major 
components. The chromatograms were quanti- 
tated by triangulation. The estimation of the 
total lipid in wet algal cells was based on the 
sulfophosphovanlllin method (32). 

RESULTS AND DISCUSSION 

Cell counts for the 3 species studied are 
given in Table I. Algal cultures usually reached 
log phase in 10-15 days. The death phase of P. 
virginica came earlier. After the 15th day, the 
number of cell count dropped. Interesting 
changes were observed in the total mono- 
ethylenic and polyethylenic acids. The total 
monoethylenic acid increased whereas total 
polyethylenic acid decreased on the 20th day. 
The results of the estimation of total lipid in 
terms of /.tg lipid X10-7/cell and ratio of /ag 
lipid-to-/am 3 cell volume are also given in Table 
I. P. paradoxa showed a greater amount of total 
lipid/cell than the other 2 species. The yields of 
wet cell weights of algae in all our experiments 
were inconsistent; therefore, weight data were 
not used to calculate the content of lipid/mg 
wet algae. 

The results obtained from the analyses of 
fatty acid composition of 3 species of algae at 
different culture ages are shown in Tables II-IV. 
The major fatty acid constituents in the total 
lipids were the saturated fatty acids of the even 
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T A B L E  I 

C o m p a r i s o n  o f  Cell D e n s i t y  to  Age o f  Cu l t u r e  a n d  To ta l  Lipid  C o n t e n t  a t  15 Days  
f o r  t he  Algal  Species  Used As F o o d  fo r  O y s t e r  La rvae  

Algal Species  

P. paradoxa P. virginica Chlorella sp. 

(Cell c o u n t s  per  ml  x 106 )  

Day  a f t e r  i n o c u l a t i o n  

5 6.1 2.7 14 
10 9 .8  11 .o  68  
15 18 .0  11 .0  1 3 0  
2 0  19 .0  5 .0  190  

/.tg Lipid  x 10-7 /ce l l  22 .91  1 5 . 2 2  1 .48  

Mean i n d i v i d u a l  cell  v o l u m e  (~zm 3) 4 7 . 7 0  3 3 . 5 0  4 .85  

~zg Lip id  x 1 0 - 7 # t m  3 cell v o l u m e  .48  .45  3.1 

chain lengths C12-C18, and mono- and poly- 
unsaturated C16 and C18 acids. These com- 
ponents comprised 70-93% of the total lipids in 
all ages, whereas odd-numbered saturated and 
other saturated fatty acids accounted for 
3-18%. There were modest-to-trace amounts of 
polyenic acids of the C20 and C22 chain length. 

The fatty acid spectra of these 3 algal 
species were qualitatively similar and the major 
fatty acids were those found by earlier investi- 
gators (21,23,26,33). In P. virginica and Chlo- 
rella sp., hexadecanoic acid (16:0) was domi- 
nant (23-39%). This result is similar to the 
findings of Ackman et al. (21), (22), Chuecas, 
Watanabe and Cakman and Riley (23) and 
Kates and Volcani (33). The presence of large 
quantities of tetradecanoic acid and oleic acid 
(22-26% and 17-21%, respectively) was charac- 
teristic of P. paradoxa. Tetradecanoic acid has 
also been reported as a prominent fatty acid in 
the Chrysophyceae, 34. lutheri (21,23) and I. 
galbana (22), but the level was much lower 
(9-11%). Among the 3 algal species tested, 
Chlorella sp. had the highest proportion of 
a-linolenic acid (18:3co3) (17% of the total 
fatty acids in the 10th day culture) whereas 
"),-linolenic acid (18:3o96) was found only in 
Chlorella sp. and then only in the 5th day 
culture. This suggests that the series of reac- 
tions, 18:2co6-~18:3c06~20:4co6 might be 
active only up to the 5th day in this species. 
Comparatively higher levels of 22:6co3 were 
also observed in P. virginica and P. paradoxa. 
The presence of iso and anteiso fatty acids 
suggests contamination by bacteria (34,35) 
since the algal cultures were not bacteria-free. 

There were some variations in the propor- 
tion of certain fatty acid components during 
the growth period (Tables II-IV). Therefore, the 
culture age of algae may affect the synthesis of 

certain fatty acids (24,25). For example, in 
Chlorella sp., the proportion of 12:0 was 
highest in 5th day cultures whereas 16:1 
disappeared on the 20th day. In contrast, P. 
virginica had the highest proportion of 12:0 
and 16:1 on the 20th day. The proportion of 
18:1 in latter stages (20th day) was highest in 
all 3 species. The effect of age was also ob- 
served in the relative increase of total C18 acids 
in the 3 species; this effect could possibly have 
resulted from the accumulation of reserve fat 
for cell division (24). However, in Chlorella sp., 
the pattern of increase was not linear in the 
total C18 acids, which showed a decrease on 
the 15th day and an increase on the 20th day 
culture. 

Differences in weight percentages of fatty 
acids were also observed in different cultures of 
the same species. Many factors could have 
caused these differences even though cultures 
were grown under the same conditions. The 
chemical composition of the sea water is almost 
constant; however, the relative concentration of 
salts varies, depending on weather conditions 
and season. Similarly, the concentration of 
various chemicals in soil extract probably varied 
from location to location. Several investigators 
(36-40) reported the fatty acid composition of 
algae may be altered by variables such as the 
level of available nitrate. 

Data from the analyses of the fatty acid 
compositions of these 3 algal species judged to 
be "good food" for oyster larvae did not show 
appreciable qualitative differences from the 
data on species which have been judged to be 
"mediocre food"  (M. Iutheri and I. galbana) as 
shown by Joseph (personal communication) 
and other investigators (21-23). Their results 
are tabulated in Table V for comparison. In 
particular, the 15th day cultures of M. lutheri 
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T A B L E  II  

Fa t ty  Acid Weight Percent  Compos i t ion  o f  Pyramimonas virginica 
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Culture day  

Fa t t y  acid 5 10 15 20 

Sa tura ted  

12:0 2.40 3 .60  3.45 8.70 
13:0 1.15 0 .60  1.30 1.30 
14:0  4 .30  2 .60  2.00 4.95 
15:0 0.86 0.45 0.45 
16:0  29 .10  34.25 31.40 23 .30  
17:0-+ 16:2 2.30 2.06 1.20 3.75 
18:0  4.05 2.80 4 .20  3.80 

Tota l  44 .16  46 .35  44 .00  45 .80  

Monoe thy len ic  

14:1(.o5 2.10 1.65 4.15 6.90 
16:1 2.60 2.00 2.50 5.75 
18:1 3.10 3.10 3.90 15.70 
20 : 1 Tr a Tr Tr 
22:1 0.20 0 .30  

Tota l  8 .00 7.05 10.55 28.35 

Po lye thy len ic  

16:3o93 8.20 10.30 9.60 5.78 
18:2o96 3.35 2.55 2.00 0.80 
18:3o93 5.85 7.50 5.85 1.90 
18:4o93 4.95 5.10 6.45 3.90 
20:2o96 2.65 2.75 2.85 0.70 
20:36o3 0.20 0 0 
20:4o96 0.85 3.35 0 .80  8.60 
20:4o93 
20:5o93 1.55 2.50 
20:5o93 Tr 0 .90  0.95 0.50 
2 2 : 6 ~ 3  2 .60  3.05 2.75 1.40 

Total  30 .00  35 .70  33.75 23 .58  

Other  sa tu ra ted  

7 :0  3.90 0.85 2 .10  2.85 
8:0 0.45 

10:0  1.10 0.25 0.45 
11:0  2.50 1.05 0.85 1.20 
14:0  iso 1.40 0.65 0.65 2.05 
1 5 : 0  anteiso 0.80 0.45 0.45 
16:0 iso 0 .30  0.45 0 .20  
18:0 iso 2.70 1.50 1.30 

Tota l  13.15 5.20 6 .00  6.10 

U n k n o w n s  to ta l  1.55 1.85 2 .50  1.20 

aTrace  (less than  0.04%).  

and I. galbana, which were analyzed by Joseph, 
were supplied by our laboratory and were 
cultured under similar conditions. The results 
indicated that the amount of linoleic family 
(co6) fatty acid was higher in the "good food"  
algae than in the "mediocre food" algae. The 
amount of o)3 fatty acid was similar in both the 
"good"  and "mediocre"  algae except for P. 
paradoxa, which was lower (Table VI). The 
amount of total polyethylenic acids of M. 
lutheri reported by Ackman and Chuecas 

was higher; this may have resulted from differ- 
ences in growth conditions and harvesting 
times. 

Fat ty acids of the co6 and co3 families have 
been shown to be essential in many animals. 
Some mammalian species such as the rat have a 
high requirement for a~6 fatty acids and a low 
requirement for co3 fatty acids (41). For the 
rainbow trout, the situation is reversed-co3 
fatty acids are the most important (42,43). 
However, German carp apparently require both 
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T A B L E  I I I  

Fatty Acid Weight Percent Compos i t ion  of  Chlorella sp. 

Culture day 

Fatty acid 5 10 15 20 

Saturated 

12 :0  
13 :0  
14 :0  
15 :0  
16 :0  
1 7 : 0 -  + 16 :2  
18 :0  

Total  

Monoethy len ic  

14:1095 
16:1 
18:1 
20:1  
22:1  

Total  

Polyethylenic  

16:3093 
18:2096 
18:3096 
18:3093 
18:4093 
20:2096 
20:3093 
20:4096 
20:4093 
20:5093 
22:4093 
2 2 : 5 t o 6  
22:5093 
22:6093 

Total  

Other saturated 

7 : 0  
9 : 0  

10 :0  
11 :0  
1 4 : 0  iso 
15:0 anteiso 
16 :0  iso 
1 8:0 iso 

Total  

U n k n o w n s  total  

7.82 3.23 2.75 2.75 
1.08 1.28 1,55 0.15 
5.37 2 .48  2.35 0.95 
O. 17 Tr  a 0 .70 Tr 

26 .68  27 .23  27 .00  39.45 
1.10 5.28 3.05 3.60 
3.45 1.37 1.45 2.35 

45 .67  40 .87  38.95 49 .25  

0 .63 Tr 0 .30  0 .10 
2 ,70  3.65 5.15 
9 .18 7 .57 7 .20  15.00 
0 .57 0 .30  0.95 
Tr Tr  6 .40  

13.08 11.52 19.05 16.05 

2.25 6 .47  
6 .98 11.03 
0.67 

12.70 16.65 
0 .20 0 .60  
0.17 Tr 

0 ,80  0 .40  
Tr Tr  
0 .17 0 .17 
0 ,17 

4 .90  3.85 
7.55 14.20 

12.40 10.45 
1.50 0 .40  
1.00 
0.20  
0 
0.85 
0 .10  0 .50 

0.35 
Tr 0.25 

Tr  Tr  0 .60 
24.11 35 .32  29 .70  29 .40  

0.77 0 .30  1.25 1.80 
0 .70 0 .20  0 .80  0 .80 
0.67 0 .10  Tr 
4 .30  2.03 2 ,30 1.90 
1.37 1.87 1.55 0.15 
0.45 0 .68  Tr 
1.10 Tr  0 .70 0 .80 
2.27 0 .70  0.75 

11.63 5.10 8.13 5.45 

3.93 3 .28  2.35 1.26 

aTrace (less than 0.04%).  

606 and 603 in the diet (44). Similar require- 
ments could probably exist for the growth and 
metamorphosis of  oyster larvae from free 
swimming form to settled spat. The high ratios 
of  co6/603 in our results (Table VI) strongly 
suggest that 603 and 606 fatty acids are equally 
important for the growth and development of  
oyster larvae. It is notable that for the adult C. 
virginica, the ratio 606/603 calculated from the 

data of  Watanabe and Ackman (22) is low 
(0.16). It is possible that the nutritional re- 
quirements for the growth of  oysters and oyster 
larvae are different. The chemical components 
which are considered essential for adult oysters 
might not be as important for the larvae. For 
example, the results of  previous nutritional 
studies of  the adult oyster (14-17) showed that 
carbohydrate was important for the growth of 
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T A B L E  IV 

Fa t t y  Acid Weight Percent  Compos i t i on  o f  Pseudoisochrysis paradoxa 

361 

Culture  day  

Fa t t y  acid 5 10 15 20 

Sa tura ted  

12:0  4 .10  2 .80  0 .90  2.65 
13:0  0.97 0 .80  0.45 0 .20  
14:0  26 .00  23 .77 23 .10  22 .10  
15:0 0.47 0.47 0 .20  0.15 
16:0 17.53 18.40 15.65 18.25 
17:0  +- 16:2 1.45 0.67 0.25 0.50 
18:0  1.40 1.47 0.95 1.10 

Tota l  51.92 48 .38  4 1 .5 0  44.95 

Monoe thy len i c  

14:1co5 1.00 0 .63  1.30 Tr a 
16:1 3.87 4 .77  3.65 3.40 
18:1 16.90 18.13 18.20 21.25 
20:1 0.97 0.63 0.95 0.95 
22:1 0 .30  0.27 0 .20  

Tota l  23 .04  24 .43  24 .30  25.60 

Po lye thy len ic  

16:3<.o3 1.97 1.27 1.05 1.40 
18:2co6 3.27 4 .23  3 .00  3.85 
18:3eo3 1.90 2.13 2 .00  2.20 
18:46o3 1.40 1.63 2 .20  2 .20  
20:2096 0.57 0.73 0.35 0.65 
2 0 : 3 w 3  0 .30  0 .27  Tr 
20:4~o6 0.10 0.17 Tr Tr 
2 0 : 4 w 3  0.07 Tr Tr 
20:5r 0 .20  0 .40  0.05 0 .10  
2 2 : 5 w 3  0.47 0.35 0 .30  
22:6<.o3 1.87 3.10 2 .20  2.05 

Tota l  12.21 13.93 11.20 12.75 

Othe r  s a tu ra t ed  

7 :0  0.97 0 .80  1.15 
9 :0  0 .30  0 . I 0  0.10 

10:0 0.13 Tr 0.15 
11:0  0 .57  0 .60  0.15 0.15 
14:0  iso 0 . 4 5  0 .20  
15:0 ante iso  0.17 0 .10  0 .10  0.10 
16:0 iso 0 .67  0.33 0.15 Tr 
18:0 iso 1.97 1.97 0.50 

Tota l  4 .78  3 .00  1.75 2.35 

U n k n o w n s  to ta ls  3 .48 7 .26  19.85 14.25 

aTrace  (less t han  0.04%).  

oysters and was the major reserve of energy. 
Flaak and Epifanio (13) reported that T. 
pseudonana ceils with relatively high carbo- 
hydrate content have greater nutritional value 
for oysters and that the total protein require- 
ments of oysters is relatively low. However, 
studies on the biochemical changes in O. edulis 
larvae by Holland and Spencer (18) indicated 
the developing larvae accumulated neutral lipid 
which increased from 8.8% of the total organic 
matter (dry wt basis) in newly released larvae to 
23.2% at metamorphosis. During metamorph- 

osis, neutral lipid decreased to 9.6% of the total 
organic matter and then remained constant up 
to 25 days after settlement. Additional studies 
on O. edulis larvae by other investigators 
showed that lipid was not only the major 
energy reserve during growth but also during 
starvation periods, (19,45) and that the viabil- 
ity of larvae was unrelated to the initial glyco- 
gen content (46). 

The results of our studies on the fatty acid 
composition of the 3 algal species used as food 
for oyster larvae show that the fatty acid 
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T A B L E  V 

Fa t ty  Acid Weight Percent  Compos i t i on  of  M. lu ther i  and L galbana 

M. lu ther i  L galbana 
Algal species M. lu ther i  M. l u ther i  ( Joseph:  personal  ( Joseph :  personal  L galbana 
(Refe rences )  (21)  (23)  c o m m u n i c a t i o n )  c o m m u n i c a t i o n )  (22)  

Fa t ty  acid Weight pe rcen t  c o m p o s i t i o n  

Sa tura ted  

12:0 0.2 0.6 
13:0 0.2 
14:0  1 1.2 9.2 
15:0  0.2 0.4 
16:0 15.1 10.1 
17:0 0.4 
18:0  0.4 
20 :0  

Total  26.5 21.3 

Monoe thy len ic  

14:1 0.2 
16:1 25.4 20.2 
17:1 
18:1 3.4 5.7 
20:1 0.6 

Total  29.6 25.9 

Polye thy len ic  

16:2t~7 0.2 2.5 
16:2~04 1.7 4.6 
16:3co4 0.5 14.8 
16:3co3 0.1 
1 6 : 4 ~ 1  0.3 1.5 
1 8 :2 to6  0.7 1.6 
1 8:3co6 0.1 
1 8:3r 0.2 
1 8:4co3 4.0 0.6 
20:2cd6 0.3 
20:3co6 0.1 1.7 
20:3c03 0.1 
2 0 : 4 ~ 6  0.3 
20:4cu3 0.1 0.5 
20:5co3 16.3 18.9 
22:2co6 0.5 
22:5c~6 1.2 
22:5oo3 0.4 0.5 
22:6c~3 13.1 3.3 

Total  40.2 50.5 

Other  sa tu ra ted  

1 5 : 0  Branched 0.5 
17:0  Branched 0.3 
Total  o f  w 6  3.2 3.8 
Total  of  c~3 34.3 23.3 

cJ6/co3 0.09 0.16 

1.2 2.9 0.6 
0.7 0.7 0.2 

13.8 9.7 10.6 
0.9 1.2 1.3 

28.9 21.3 22.0 

0.8 2.5 2.3 
0.7 Tr 

47 .0  38.3 37.0 

Tr 0.7 
21.2 21.7 

0.9 3.2 
7.2 6.3 

29.3 31.9 

1.3 2.0 

15.7 

13.5 
1.2 

30.4 

0.4 

1.3 2.3 
0.2 

1.4 1.4 0.4 
1.1 3.8 8.0 
0.6 

0.6 

0.8 0.5 0.1 
1.2 

9.9 12.3 7.2 

1.4 1.0 

3.9 5.7 4.3 
19.8 29.8 22.9 

1.1 
2.8 3.4 2.6 

16.3 24.4 20.3 
0.17 0.14 0.13 

composi t ions  were quali tat ively similar. P. 
paradoxa and Chlorella sp. showed some 
differences in p ropor t ion  of  certain com- 
ponents.  In addit ion,  the p ropor t ion  of  to ta l  
polye thylenic  acids in P. paradoxa was lower.  
In a comparison of the to ta l  lipid and to ta l  
protein (47) of  individual algal cells, P. para- 
doxa had higher levels of  total  l ipid/cell  where- 

as P. virginica had more total  protein/cel l .  
Variat ions in relative propor t ions  of  certain 
amino acid componen t s  were also observed 
among these 3 algal species (47). These results 
suggest that  a diet consisting of  several species 
of  algae is required by oyster  larvae to obtain  
an opt imal  balance of  all chemical  componen t s  
during deve lopment  and metamorphosis .  We 
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also found there are quantitative differences 
among certain fatty acids that were present in 
both the "good food" and the "mediocre 
food;" this result indicated a possible role of  
lipid in explaining the difference between the 
"good" and the "mediocre" algae as food for 
oysters. Since knowledge concerning the 
nutritional requirements of  oysters and oyster 
larvae is still limited, a definite conclusion 
cannot be drawn until a complete analyses of  
the 3 chemical components (protein, lipid and 
carbohydrate content) of  the algae, as well as 
the effect of  vitamins and minerals on the 
growth of oyster larvae, have been performed. 
It is also necessary to perform the same kind of  
chemical analyses on oyster larvae maintained 
on different diets while they are in comparable 
stages of  growth. 
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The Adsorption of Bile Salts or, Activated Carbon 
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Department of Medicine, St. Joseph's Hospital and Medica~ Center, 
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ABSTRACT 

Activated carbon (AC) has been shown to be effective in reducing serum cholesterol and trigly- 
cerides. The mechanism for this action is proposed to be a result of the removal of bile salts in the gut. 
In this paper, the adsorption of cholate, glycocholate, taurocholate, chenodeoxycholate and deoxy- 
cholate on AC is studied in vitro. The results indicate that AC has a high capacity for bile salts, com- 
pletely removing them from solutions of up to 5 mM and at a rate consistent with physiological 
activity. Of the 2 types of AC tested, one was shown to exhibit greater capacity and selectivity over 
the other. A ne~Jigible effect was seen with variation of pH through the range 7-9. Desorption occurs 
in the presence of bile salt-free buffer, but to a minimal extent. Based on these data, the adsorption 
of bile salts by AC appears to be a likely mechanism for AC-induced reduction of serum lipids. 

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

Recen t ly ,  in vivo s tudies  have d e m o n s t r a t e d  
t h a t  serum levels of  cho les te ro l  and  trigly- 
cerides can effect ively be  r educed  b y  adminis-  
t r a t i o n  of  ac t iva ted  c a r b o n  (AC),  e i the r  a lone  
(1) or  in c o m b i n a t i o n  wi th  o the r  mater ia ls ,  
such as ox id ized  s tarch  (2,3) .  The  resul ts  of 
these  s tudies  suggest t h a t  AC is chief ly  respon-  
sible for  t he  observed  r e d u c t i o n  in se rum lipids. 

Because this  mate r ia l  has  long been  k n o w n  
to be safe and  relat ively free of  side effects  
w h e n  admin i s t e red  oral ly (4),  i ts  p o t e n t i a l  use 
as a h y p o l i p i d e m i c  agent  is of  cons iderable  
in teres t .  Nevertheless ,  l i t t le  is k n o w n  a b o u t  t he  
m e c h a n i s m  by  wh ich  this  ef fec t  is accom- 
pl ished.  F r i e d m a n  et al. (3) have suggested t h a t  
AC migh t  adsorb  bile salts in the  gut. This  
would  p reven t  t he  emuls i f i ca t ion  and  in te s t ina l  
a b s o r p t i o n  o f  ingested lipids. In this  s tudy ,  t he  
adso rp t ion  b y  AC of  bile salts in  so lu t ion  has  
b e e n  inves t iga ted  in vi t ro.  The  resul ts  ind ica te  
t ha t  AC is capable  of  adsorb ing  bile salts in 
suff ic ient  q u a n t i t y  to  expla in  the  observed  
in vivo effect .  

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

Materials 

Two types  of  AC were evaluated.  Most  
s tudies  were done  using a w o o d  charcoa l  
(ac t iva ted  charcoal ,  USP, Ci ty  Chemica l  Corpo-  
r a t ion ,  New York ,  NY). Add i t iona l ly ,  a pe t ro -  
l eum-based  ca rbon ,  Witco Grade  517 (Witco 
Chemica l  Corpo ra t i on ,  New York ,  NY), previ- 
ously  used in cl inical  s tudies  (5)  was c o m p a r e d  
w i th  t he  wood  charcoal  in one  group of  experi-  

1Address all correspondence to V.A. De Bari, The 
Renal Laboratory, St. Joseph's Hospital and Medical 
Center, 703 Main St., Patterson, NJ 07503. 

ments .  The  City  Chemica l  p r o d u c t  (CAC) 
was suppl ied as a very f ine p o w d e r  ( > 9 0 %  
t h r o u g h  U.S. s t andard  sieve # 3 2 5  mesh) .  The  
Witco c a r b o n  (WAC) was o b t a i n e d  in granular  
(8 x 30 mesh)  fo rm and  pulver ized to 80 x 
325 mesh  for  these  expe r imen t s .  Choles tyr -  
amine  was ob t a ined  f rom Merck & Co., West 
Point ,  PA (Cuemid ,  T.M., Merck,  Sharpe  and  
D o h m e  Division).  

The  bile salts s tudied  were chola te  (C), 
g lycocho la te  (GC),  t a u r o c h o l a t e  (TC), deoxy-  
cho la te  ( D e )  and  c h e n o d e o x y c h o l a t e  (CDC). 
These  were o b t a i n e d  as the  sod ium salts 
(Ca lb iochem-Behr ing  Corpo ra t i on ,  La Jolla,  
CA) and  were d e t e r m i n e d  to  be  c h r o m a t o -  
graphical ly  pure  (by  t h i n  layer  c h r o m a t o g r a p h y ,  
cour tesy  of  Drs. K. Prakash  and  R. Las tom- 
irsky,  Division of  Digestive Diseases). In  o rde r  
to  dup l i ca te  as closely as possible  physio logica l  
c o n d i t i o n s  in the  gut ,  a b i ca rbona t e -based  
bu f fe r  sys tem was used.  This  b u f f e r  (BBS) was 
made  by  t he  a d d i t i o n  of  50 ml  of  a so lu t ion  
con ta in ing  4.2 g sod ium b i c a r b o n a t e  (Br is to l  
Labs, Division of  Br is to l  Meyers  C o m p a n y ,  
Syracuse,  NY) to 1 s of  0.9% w/w aqueous  
NaC1 (NS). BBS, s tored  in s t oppe red  bo t t les ,  
was s h o w n  to exh ib i t  daily a pH of  7 .98 - 8 .02 
over  the  course of  1 wk. This  bu f f e r  was 
used wi th  C, GC, TC and  CDC bu t  the  pH was 
increased to 8 .34  + 0 .04  (wi th  0.1 N NaOH)  for  
DC because  o f  its l imi ted  solubi l i ty  at lower  
pH. Fo r  e x p e r i m e n t s  at pH 9, t he  BBS was 
ad jus ted  wi th  0.1 N NaOt t .  Bile salt so lu t ions  
of  pH 7 ( for  10 mM)  were o b t a i n e d  b y  dis- 
solving t h e  bile salts in  NS. 

Methods 

I n c u b a t i o n s  were carr ied ou t  in a s ta t ic  
sys tem similar  to  t h a t  descr ibed  b y  Bi rkner  and  
Kern  (6). R u b b e r - s t o p p e r e d  boros i l ica te  glass 
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test tubes  containing AC and bile salt so lut ion 
(5 ml) were incubated at 37 C with  modera te  
agitat ion in a Dubnof f  metabol ic  incubator .  
The AC was added to the tube,  fo l lowed by the  
bile salt solut ion and the tubes were shaken 
with a vor tex  mixer  to  affect  suspension o f  the  
AC prior to incubat ion.  At the comple t ion  of  
the  incubat ion  period, the  suspensions were 
gravity fi l tered through 2 layers of  Whatman 
#541 filter paper and refi l tered when necessary. 

The  amount  adsorbed was calculated f rom 
the final concent ra t ion  of  bile salt solut ion 
which was measured by forming the sulfuric 
acid chromogens  in concent ra ted  H2SO 4 (7). 
These were then  assayed spec t rophotomet r i -  
cally at 388 nm. It was found that  linear 
standard curves were obtained for bile salt 
solutions up to 10 mM using react ion mixtures  
of  10 /ll t r i hydroxy  bile salts (C, GC and TC) + 
3 ml H2SO 4 (95-98%, AR grade Mall inckrodt  
Chemical  Corpora t ion ,  St. Louis, MO) and 100 
;ll d ihydroxy  bile salts (DC and CDC) + 3 ml 
H2SO 4. For  studies at higher concentrat ions ,  
di lut ions were made. All measurements  were 
made with a mode l  25 double-beam spectro- 
pho tome te r  (Beckman Instruments ,  Ful ler ton,  
CA) vs an appropriate  reagent blank. 

R E S U L T S  

In the  first group of  exper iments ,  the  rate of  
adsorpt ion was de termined  at constant  (10 
mM) bile salt concent ra t ion ,  and for 2 di f ferent  
AC loadings, 0.05 and 0.5 g. These studies were 
done not  only to determine  the  length of  t ime  
AC would take to reach equi l ibr ium adsorpt ion  
with bile salts in the intestinal  tract ,  but  also to 
ascertain what equi l ibrat ion t ime should be 
used for the  remainder  of  the static incubat ions  
in this s tudy.  The  results are in Figure 1. For  
bo th  loading groups, equi l ibr ium is rapidly 
approached during the first 30 min of  incu- 
ba t ion  and is achieved within the  first hr. Based 
on these exper iments ,  it was decided that  a 2-hr 
incubat ion t ime would guarantee adsorpt ion 
equil ibrium. Also it can be seen f rom Figure 1 
that  0.5 g of  AC comple te ly  removes  bile salts 
f rom solution,  but  this quan t i ty  is probably  too  
high a loading dosage. Birkner and Kern (6), 
using a similar static incubat ion  system, em- 
ployed a loading of  0.1 g for choles tyramine  
and it was decided that  this dosage would  be 
no t  only more realistic in terms of  oral adminis- 
t ra t ion,  but  would  also allow compar ison with  
the data on choles tyramine  adsorpt ion.  

The capacity of  CAC to adsorb bile salts was 
studied at concent ra t ions  up to 10 mM for CDC 
and DC and up to 35 mM for C, GC and TC. 
For  C, GC and TC solutions of  1 mM and below 

and for CDC and DC solut ions of  2 mM and 
below, the final (equil ibr ium) concent ra t ions  
were zero. This largely prohibi ts  the  applicat ion 
of  the reciprocal  Langmuir  isotherm (8,9) as 
was previously done (6), since a large number  
of  indeterminate  points  would  result. The  
results were therefore  p lo t ted  as specific 
adsorpt ion (wt o f  adsorba te /wt  of  adsorbent)  vs 
initial concentra t ion.  These are shown in Figure 
2. The  data demons t ra te  that ,  in solut ions of  up 
to 5 mM, virtually all the  bile salt is removed by 
the AC, resulting in the linear por t ion  o f  the  
curve. At higher concentrat ions ,  a saturat ion 
effect  is seen, i.e., the curves begin to level off.  
Theoret ical ly ,  the  maximal  a m o u n t  of  bile salt 
capable of  being adsorbed can be computed  
f rom a double reciprocal  plot  of  the  coordi-  
nates used in Figure 2. These data are given in 
Table I for C, GC and TC. The maximal  capac- 
ities of  DC and CDC are not  given, since the  10 
mM points  are too  far f rom the plateau por t ion  
of  the curve. In fact, when this analysis was 
per formed on the d ihydroxy  bile salts, values of  
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FIG. 1. Rate of adsorption of bile salts on CAC. 
Open symbols are C (o), GC (u), TC (v), CDC (o) and 
DC (zx) at 10 mM on 0.05 g AC. Solid symbols are for 
the same bile salts on 0.5 g AC. 
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FIG. 2. Isotherms of specific adsorption (X/m) 
vs initial concentration. The symbols used are the 
same as in Figure 1. 
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T A B L E  l 

A d s o r p t i o n  Capac i ty  of  Bile Salts on  CAC at 10 mM Bile 
Salt C o n c e n t r a t i o n  and at the  Theore t i ca l  M a x i m u m  
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Capaci ty ,  X / m  
(mg BS/g AC)  

Bile salts @ 10 mM a M a x i m u m  b 

C 145 • 6.1 
GC 151 • 8.4 
TC 156 +- 8.5 
CDC 179 -+ 5.9 
DC 181 • 6.3 

Signif icance levels for  bile salt pairs @ 10 mM c 

C vs GC; NS d GC vs TC; NS 
C vs TC; NS GC vs CDC; P < 0.01 
C vs CDC; P < 0.001 GC vs DC; P < 0.01 
C vs DC; P < 0.001 TC vs CDC; P < 0.01 
CDC vs DC; NS TC vs DC; NS 

366 
4 0 8  
417  

aMean • 1 SD, n = 5. 

b F r o m  regression of  c "1 vs m / X ;  @ c -1 = 0. 

CBy t-test.  

dNS (no t  s ignif icant) ;  P/> 0.05.  

T A B L E  II 

A d s o r p t i o n  of  Bile Salts on C h o l e s t y r a m i n e  and  C o m p a r i s o n  wi th  CAC 

@ 5 m M  @ 10 mM 

Bile salts X / m  a RM A b X / m  R M A  

C 98 1.03 193 1.33 
GC 114 1.07 222 1.4'7 
TC 128 1.02 248 1.59 
CDC 98 1.00 190 1.06 

aCapac i ty  in m g  BS/g AC. 

bRela t ive  Molar A d s o r p t i o n  = moles  adso rbed  on  c h o l e s t y r a m i n e / m o l e s  adso rbed  on 
CAC, per  uni t  w t  o f  adsorben t .  

over 0.5 g/g AC were obtained.  It  should be 
stressed that  these data represent  theore t ica l  
values for a system in which a high enough bile 
salt concen t ra t ion  is used to ob ta in  the  max- 
ima. It is unl ikely that  these values would  be 
reached under  physiological  condit ions.  

Table I also gives the  results of  a series of  
bile salt (10 raM) incubat ions  on CAC. This was 
done to de termine  whe ther  there were any 
statistically significant differences among the  
bile salts using CAC as an adsorbent .  As can be 
seen f rom the  data, the  d ihyd roxy  bile salts are 
adsorbed to a much  greater  ex ten t  than the  
t r ihydroxy  bile salts, whereas there was no 
significant difference among  C, GC and TC and 
again no significant di f ference be tween  DC and 
CDC. 

A comparat ive  s tudy of  bile salt adsorpt ion  

on choles tyramine  was carried out.  At initial 
concent ra t ions  up to 5 mM, this resin com- 
pletely removes  bile salts f rom solution,  as 
does CAC. At  5 mM and I0  mM, however ,  
choles tyramine  adsorbs greater amounts  of  bile 
salt than does CAC. These data are presented in 
Table II. At 5 raM, slightly more of  the tri- 
h y d r o x y  salts (C, GC and TC) are bound  to the  
resin than are adsorbed to CAC; there is no 
difference with the  d ihyd roxy  salt studied 
(CDC). At  10 raM, choles tyramine adsorbs 
much  more  of  the  C, GC and TC than does 
CAC, a l though only slightly more  CDC is 
adsorbed.  

The abili ty of  CAC to adsorb bile salts was 
compared  with WAC for 10 mM solutions o f  C 
and CDC. The results, shown as the equi l ibr ium 
bile salt concentrat ions ,  are given in Figure 3. 

LIPIDS,  VOL.  15, NO. 5 
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These data demonst ra te  large differences | 
be tween  the abilities o f  these products  to I O 
adsorb bile salts (P < 0 .001) ;  the CAC is 
capable of  adsorbing far more  bile sal t /wt  of  
adsorbent .  

Exper iments  were also run at pH 7 and pH 9 
to determine  whether  the  pH, in range %9, E v 6 
would  affect  the adsorpt ion  o f  C, GC, TC and 
CDC to CAC. These data are shown in Figure 4. r&n 4- 
Al though a general t rend showing that ,  at pH 8, 
maximal  adsorpt ion takes place, i.e., the  

2- equi l ibr ium concent ra t ion  is lowest  (with the 
except ion  o f  C) at pH 8, the data for  all 3 pH 
points  is within 2 SD of the  pH 8 data, indi- 
cating the difference is probably  not  significant. 

Desorpt ion  exper iments  were run at 40 C on 
0.5 g samples o f  CAC which had been al lowed 
to equil ibrate with 10 mM (5 ml) solutions of  C 
and CDC. These samples were then  placed in an 
apparatus al lowing a constant  influx as well as 
eff lux of  BBS. Prior to the  ini t iat ion of  BBS 
flow (20 ml delivered f rom a meter ing pump 
over the course of  I hr), the  compar tmen t  I O- 
containing the  CAC was filled with 5 ml of  BBS 
and allowed to incubate  for 15 rain. Thus, the  
condi t ions  allowing analysis by a first-order 8 
mathemat ica l  mode l  (10) were maintained.  Ten 
fract ions of  2 ml each were collected.  These ~ - 
were assayed and the data obtained are shown E 6-  
in Figure 5. These data demons t ra te  an initial v 
leaching of  bile salt during the 15 rain incu- 
bat ion with li t t le or  no desorp t ion  thereafter .  ~ 4 -  
The first-order mode l  was applied and, based on 
gravimetrically measured void volume (pores + ] 
intersti t ial  space) o f  1.54 cc/g, the  data shown 2 
in Table III were calculated. These indicate that 
the amount  desorbed from bo th  C and CDC are 
less than 0.01% of  the original amount  ad- 
sorbed. 

DISCUSSION 

The impor tance  of  substances which bind 
bile salts in the gut is well estabhshed. A 
considerable amoun t  of  work has been done in 
the area o f  food residue (fiber) binding of  bile 
salts, bo th  in vivo (11-14) and in vitro (6,15-17), 
and al though these substances reliably increase 
fecal excret ion of  bile salts, reduc t ion  o f  serum 
lipids is not  always observed (18). The finding 
that AC reduces cholesterol  and tr iglycerides in 
serum (1-3) is impor tan t  in that AC given orally 
has a history of  safe use. 

The mechanism of  hypol ip idemic  act ion of  
AC has h i ther to  been unexplored .  Direct  
binding of  foods tu f f  lipids is an ex t remely  
unlikely event. AC is a mic roporous  carbon 
with a microcrysta l l ine  matr ix  derived f rom the  
basic graphite structure (19). Because o f  its 

CAC WAC CAC WAC 

C H O L .  C D C  

FIG. 3. Equilibrium concentrations of bile salt 
solutions after adsorption on CAC and WAC for C 
and CDC (P < 0.001 for both AC pairs). 

I I I 

7 8 9 
pH 

FIG. 4. The effect of pt{ on equilibrium bile salt 
concentration after adsorption on CAC. 
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r~0.6 

oa 

OZ 
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HG. 5. Desorption of C (e) and CDC (#) from 
CAC. 
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TABLE III 

Desorption of  C and CDC from CAC 

369 

[ BS] i a BS desorbed 
Bile salt (mM) (mg) % desorbed b 

C 0.67 1.73 x 10 -3 0.0085 
CDC 0.22 0.49 x 10 -3 0.0025 

aBS concentration after 15 min incubation with 5 ml BBS. 
bBS desorbed/BS adsorbed x 100, based on total wt of CAC (0.5 g). 

extensive microporosity (pores of 500 A or 
less), it has surface areas which may approach 
2000 m2/g for some carbons. Most of this area, 
however, is in pores which would be inacces- 
sible to particles of the size which would occur 
in emulsions. A much more plausible expla- 
nation is that soluble substances, directly or 
indirectly responsible for the adsorption of 
lipids by the gut luminal epithelium, are being 
removed. Two groups of substances which are 
likely candidates for this role are the soluble 
lipids themselves, such as fatty acids, and the 
emulsifying agents, i.e., the bile salts. Soluble 
lipids have been extensively studied (20) in the 
past. In fact, adsorption of both dietary free 
fatty acids or fatty acids from lipase-degraded 
dietary triglycerides may contribute to the 
reduction of these in serum but should have 
little or no effect on serum cholesterol. This 
leaves bile salt adsorption as the most likely 
mechanism. 

The results presented in this work show that 
bile salts are rapidly and effectively adsorbed to 
AC. Comparison of this data (Fig. 2) with that 
for cholestyramine (Table III) indicates that AC 
binds bile salts to the same degree at initial 
concentrations up to 5 mM and, in general, has 
a high capacity for bile salts. 

The type of AC used has been shown to have 
a significant effect. CAC and WAC, on a weight 
basis, do not adsorb bile salts to the same 
degree. WAC, however, has a much greater 
apparent density and might be nearly as effec- 
tive on a volume basis. These aspects, i.e., 
comparative studies of different types of AC, 
require further study. It would also be worth- 
while to study whether there are differences in 
the affinities of  the various carbon surfaces for 
different bile salts. CAC shows a much higher 
capacity for dihydroxy than trihydroxy bile 
salts whereas WAC adsorbs both C and CDC to 
nearly the same degree. 

Desorption experiments were carried out 
using somewhat more stringent conditions than 
those used on lettuce residue (6); bile salt-free 
buffer was used to desorb instead of diluted 
bile salt solutions. This may account for the 

finding that some bile salts were desorbed. The 
amount removed, howver, would probably be 
neither observed in vivo (because access of 
intestinal secretions to the adsorbed bile salts 
would be limited by the dispersion of  the AC in 
the fecal mass) nor significant, in that quanti- 
tatively it represents a small fraction of the 
initial bile salt present. 
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Effect of Oxidized Oil on Lipogenic Enzymes 
NOBUKO IR ITANI ,  EIKO F U K U D A  and Y O H K O  K I T A M U R A ,  
Tezukayama Gakuin College, Sumiyoshi-ku, Osaka 558, Japan 

ABSTRACT 

Male Wistar rats were fed for 4 wk on diets containing 2% oxidized corn oil. Liver tissue was then 
studied to determine the effect of feeding peroxidized oil on lipogenic enzymes. Although substances 
which reacted with thiobarbituric acid increased in liver microsomes and mitochondria with increasing 
peroxide values of the dietary corn oil fed, the activities of glucose-6-phosphate dehydrogenase, malic 
enzyme and acetyl-CoA carboxylase in liver were unchanged. However, when rats were fed for 2 wk 
on diets containing 10% fat, of which 0.5, 5 or 10% was unoxidized corn oil and the remainder was 
hydrogenated beef tallow filler, the lipogenic enzyme activities and also the liver triglyceride levels 
were observed to decrease with increasing amounts of dietary corn oil. Therefore, although a synthetic 
diet containing corn oil was easy to oxidize spontaneously, the reductions of lipogenic enzymes in 
rats fed the diet would not have been caused by lipid peroxides but by unsaturated fatty acids them- 
selves. 

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

The activities of  rat fiver l ipogenic enzymes  
such as acetyl-CoA carboxylase,  malic enzyme 
and glucose-6-phosphate dehydrogenase have 
been observed to decrease as a result of  feeding 
polyunsaturated fat (1). It  was suggested that  
fa t ty  acids act in the short- term inhibi t ion as 
well as in the adaptive inhibi t ion of  fa t ty  acid 
synthesis (2). Polyunsatura ted  fa t ty  acids 
caused less inhibi t ion than did saturated fa t ty  
acids in the short- term inhibi t ion of  fa t ty  acid 
synthesis in fiver (3-5). In the  long-term regu- 
lation, however,  the l lpogenic enzymes were 
lowered to a greater extent  by feeding poly- 
unsaturated fa t ty  acid (1,6,7). C2o-Unsaturated 
fat ty  acids were more inhibi tory  in short- term 
regulat ion o f  fa t ty  acid synthesis than C16- or 
C18-saturated fa t ty  acids (8). 

Synthet ic  diets containing fats rich in 
polyunsatura ted  fa t ty  acids such as corn oil 
peroxidize  easily, as shown in the results of  this 
study. The results suggest that  animals fed 
such exper imenta l  diets may  be consuming lipid 
peroxides which form spontaneously  to a 
greater or lesser extent ,  depending on the 
condi t ions  o f  diet storage. The possibility that  
feeding diets containing peroxidized fat may  be 
an impor tan t  factor  in the inf luence of  un- 
saturated fat on lipogenic enzymes  was con- 
sidered. In this s tudy,  we have tried to deter- 
mine whether  or not  dietary lipid peroxides  
have a significant effect  in the reduct ion  of 
lipogenic enzyme activities of  rats fed diets 
containing corn oil. 

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

The diets containing 0, 5 or 10% corn oil 
were put  in feeding dishes (7 cm id and 4.5 cm 
deep) and placed at ei ther 4 or 25 C. Peroxide 

values of  the  diets were de termined  by iodom- 
etry (9) at days 0, 1, 3, 6, 10, 20 and 30. The 
diets contained 68.4% sucrose, 18% casein, 
9.5% cellulose, varying amounts  of  corn oil at 
the expense o f  sucrose, 4% salt mixture ,  0.1% 
choline chloride and vi tamin mixture .  The 
salt mix ture  conta ined:  ( % ) C a C O  3, 29.29;  
C a H P O 4 . 2 H 2 0 ,  0.43;  KH2PO 4, 34.31;  NaC1, 
25.06;  M g S O 4 . 7 H 2 0 ,  9.98; F e ( C 6 H 5 O z )  �9 
6 H 2 0  , 0 .623;  CuSO4, 0 .156;  MnSO4 �9 
H 2 0  , 0.121; ZnC12, 0.020;  KI, 0 .0005;  
( N H 4 ) 6 M o z o 2 4 . 4 H 2 0  , 0 .0025;  Na2SeO 3" 
5 H 2 0  , 0.0015. Vitamins added per 100 g diet 
of  rat ion:  re t inyl  palmitate,  2,000 IU;  (rag) 
calciferol, 0.01 ; D,L-a- tocophero l  8 ; th iamine .  
HC1, 1.0; r iboflavin,  1.0; pyr idoxine ,  1.0; 
nicot inic  acid, 8.0; folic acid, 0 .25;  calcium 
panto thena te ,  2; biot in,  0.5; inositol,  4 .0;  
menadione ,  0.25. 

In exper iment  1, 5-wk-old Wistar rats were 
fed for 4 wk on 2% corn oil diets, containing 
varying amounts  of  peroxides,  Corn oil was 
oxidized by exposure to ultraviolet  i r radiat ion 
with cons tant  shaking at 37 C for 2-6 days prior 
to addi t ion  into the  diet. In exper iment  II, rats 
were fed for 2 wk on 1 o f  3 diets which con- 
tained,  respectively,  0.5, 5 or 10% corn oil 
(peroxide-free)  and hydrogena ted  beef  ta l low 
so that  the to ta l  fat con ten t  of  all diets was 
10%. The diet composi t ions  in exper iments  I 
and II were the same as already ment ioned .  
Rats in groups A, B and C were pair-fed and 
kept  under  standardized labora tory  condi t ions  
(24 C, au tomat ic  lighting schedule f rom 7 a.m. 
to 7 p.m.). Rats were killed by decapi ta t ion 
be tween  10 a.m. and 11 a.m. The  liver was 
quickly  removed for the assay of  l ipogenic 
enzyme activities in the 105,000 x g super- 
natant  fract ion.  

Glucose-6-phosphate  dehydrogenase (EC 
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1.1.1.49)  was assayed accord ing  to Glock  and  
McLean  (10) ,  and  malic  e n z y m e  (EC 1.1.1 .40)  
acco rd ing  to  O c h o a  (11) .  Ace ty l -CoA ca rboxy-  
lase (EC 6.4 .1 .2)  was assayed at 37 C by  the  
H14CO~-f ixa t ion  m e t h o d  (12) .  To ta l  l ipids of  
fiver were ex t r ac t ed  as descr ibed  by  F o l c h  et  al. 
(13).  Liver and  s e r u m  t r ig lycer ides  were deter -  
mined  accord ing  to F l e t che r  (14).  Th ioba rb i -  
tur ic  acid (TBA)- reac t ing  c o m p o u n d s  were 
measured  accord ing  to T a k e u c h i  et  al. (15)  and  
O h k a w a  et al. (16).  

RESULTS AND DISCUSSION 

The  t ime  courses  o f  pe rox ide  values of  diets  
con ta in ing  co rn  oil are s h o w n  in Figure 1. The  
0, 5 or  10% corn  off diets  au tox id ized  quick ly  
at 25 C and  slowly at 4 C w h e n  the  diets  
con ta ined  80 mg D ,L-a - tocophe ro l /kg  diet .  The  
perox ide  f o r m a t i o n  in the  10% corn  oil d ie t  was 
s ignif icant  even af te r  1 day at 25 C. A possible  
fac to r  in this  ef fec t  m ay  be  t h a t  t he  surface  of  
the  corn  oil was great ly increased by  the  
a d s o r p t i o n  of  granules  of  sugar and  casein,  as 
well as p rov ided  wi th  a b u n d a n t  oxygen .  There-  
fore,  cond i t i ons  u n d e r  which  t he  diet  is k e p t  
are i m p o r t a n t  in order  to min imize  pe rox ide  
fo rma t ion .  

The  levels of  TBA-reac t ing  c o m p o u n d s  in 
serum and  liver were assumed to r ep resen t  t he  
pe rox ide  levels in th is  s tudy.  In e x p e r i m e n t  I, 
w h e n  the  rats  were fed on  2% fat diets  con- 
ra ining varying a m o u n t s  of  pe rox ides  (TBA 
values and  i o d o m e t r y  pe rox ide  values),  TBA- 

,oF / / 

"g 5o t_ 

0 I0 20 30  
days 

150 

I00  

5 0  

FIG. 1. Time courses of peroxide values in diets 
containing varying amounts of corn oil. The diets 
containing 0% (o), 5% (x) or 10% (e) corn oil were 
placed in diet containers (7 cm id and 4.5 cm deep) 
at 4 C and at 25 C. Peroxide values at 25 C are plotted 
with lines connecting the different symbols. Line 
connecting the symbols for diets stored at 4 C are 
omitted. Peroxide values at days 1, 2 and 3 are sepa- 
rately shown in the enlargement to upper left. 

reac t ing  c o m p o u n d s  in fiver mic rosomes  and  
m i t o c h o n d r i a  were increased wi th  increasing 
d ie ta ry  peroxides ,  as s h o w n  in Table  I. Die ta ry  
TBA-reac t ing  c o m p o u n d s  could  be  absorbed  
and  accumula t ed .  We also d e m o n s t r a t e d  in a 
previous  e x p e r i m e n t  tha t  w h e n  rats wi th  
l y m p h  fistulae were given oral ly  ox id ized  oil, 
TBA-reac t ing  c o m p o u n d s  were recovered  in 
thorac ic  l y m p h  (unox id i zed  oil, TBA-reac t ing  
c o m p o u n d s  were recovered  in tho rac ic  l y m p h  

T A B L E  I 

Effect  of  Die ta ry  Peroxides  and Corn Oil on TBA-Reac t ing  C o m p o u n d s  in Rat 

Die tary  TBA- 
reac t ing  c o m p o u n d s  

TBA-reac t ing  c o m p o u n d s  

Liver 

Se rum Microsomes  Mi tochondr ia  

~zmol/100 g diet  n m o l / m l  

(1) A 0 2.61 • 0.11 
B 0.05 (421)  2.81 • 0 .28  
C 0 .10  (842 )  2.91 • 0 .45  

Die ta ry  (%) 

( I I )  A 0.5 2.10 • 0 .17 
B 5 2.48 • 0 .16 b 
C 10 3.33 • 0 .22c,  d 

n m o l / m g  pro te in  

0.68 -+ 0 .08  0.27 • 0 .06 
1.66 • 0 .60  b 0.55 • 0.25 a 
3.61 • 0 .49c,  d 0.61 • 0 .05 c 

0 .39 + 0.06 0.26 -+ 0 .08  
0.73 • 0 .12  c 0.36 • 0 .07 a 
1.79 • 0 .38c,  d 0 .43 • 0 .04  c 

In e x p e r i m e n t  I, rats  were  fed for  4 wk  on 2% corn oil diets con ta in ing  va ry ing  a m o u n t s  o f  TBA-reac t ing  
c o m p o u n d s .  

In e x p e r i m e n t  II, rats  we re  fed for  2 w k  on 10% fat  diets con ta in ing  0.5, 5 or  10% corn  oil ( h y d r o g e n a t e d  
beef  t a l low m a d e  up the  ba lance  of  t he  fat  in the  diet) .  

Peroxide values m e a s u r e d  i odome t r i ca l l y  are s h o w n  in parenthesis .  
Values d i f fer ing signif icantly f r o m  A: ap < 0.05 ; bp  < 0.01 ; cp < 0.001.  
Values d i f fe r ing  s ignif icant ly  f r o m  B: d p <  0.001.  
Mean • SD for  6 rats.  
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T A B L E  II  

Ef fec t  o f  Die tary  Peroxides  and Corn Oil on  Lipogenic  E n z y m e s  
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Dietary  TBA- Glucose-6-phospha te  A c e t y l - C o A  
reac t ing  c o m p o u n d s  de hyd roge na s e  a Malic e n z y m e  a ea rboxy lase  b 

/~mol/100 g 

(I)  A 0 330 -+ 69.0 
B 0.05 (421)  c 318 -+ 52,3 
C 0 .10  (842)  346 -+ 23,9 

Die ta ry  corn oil (%) 

( I I ) A  0.5 386 -+ 26.4 
B 5 141 +- 20,5 e 
C 10 76.6 -+ 1,80 e,h 

n m o l / m i n / m g  at 37 C 

318 -+ 65.6 19.4 +- 4 .35  
299 -+ 63 .0  16.9 -+ 2.69 
287 -+ 11.9 20.2 +- 2.05 f 

282 -+ 25.5 18.5 -+ 1.50 
148 _+ 21.5 e 16.0 -+ 1.01 d 

91.7 + 12.0 e,h 12.5 -+ 2 .30  e,g 

See Legend  in Table  I. 
Values differ ing signif icantly f r o m  A: dp  < 0.01 ; ep < 0 .001.  
Values d i f fer ing  signif icantly f r o m  B : fP < 0.05 ; gP < 0.01 ; hp  < 0.001.  

a n m o l  subs t ra te  uti l ized. 

b n m o l  p r o d u c t  f o r m e d  ( e n z y m e  activit ies in 105 , 000  x s u p e rn a t an t  f r ac t ion  o f  liver h o m o g e n a t e ) .  

Cperoxide values  measu red  iodomet r i ca l l y  are shown in parentheses .  
Mean -+ SD for  6 rats.  

(unpublished). The activities of glucose-6- 
phosphate dehydrogenase, malic enzyme and 
acetyl-CoA carboxylase in the rat liver were not 
decreased by increasing dietary peroxides, 
as shown in Table II. In experiment II, when 
rats were fed on 10% fat diets containing 
varying amounts of corn oil, TBA-reacting 
compounds in liver microsomes and mito- 
chondria as well as in serum were increased 
with increasing amounts of dietary corn oil. 
With the increased dietary corn oil, the activ- 
ities of glucose-6-phosphate dehydrogenase, 
malic enzyme and acetyl-CoA carboxylase were 
reduced significantly, as shown in Table II. 
Serum and fiver triglyceride levels of the rats 
were also decreased by increasing dietary corn 
oil, as shown in Table I lk  These results suggest, 
therefore, that fipogenic enzyme activities and 
triglyceride levels have no relationship to lipid 
peroxides but were reduced by corn oil un- 
saturated fatty acids per se. 

Chow et al. (17) reported that when rats 
were fed on a 15.7% corn oil diet with o~- 
tocopherol, the activities of glucose-6-phos- 
phate dehydrogenase were significantly in- 
creased in adipose tissue and muscle, but were 
not changed in liver compared to c~-tocopherol- 
fed controls. In their experiments, the enzyme 
activities were well correlated with glutathione 
peroxidase activity, which has been related to 
lipid peroxidation (15,18-20). Since the mem- 
branes of subcellular organelles contain un- 
saturated phospholipids, peroxidation of phos- 
pholipids might induce membrane damage and 
impairment of related enzymes. Glucose-6- 
phosphate has been shown to be sensitive to 

membrane alteration and was decreased with 
increasing peroxides (15,21). However, it is 
suggested in the work of  Chow et al. (17) that, 
although fiver peroxide levels should be ele- 
vated in animals fed the corn oil diet without 
c~-tocopherol, liver glucose-6-phosphate de- 
hydrogenase was not decreased. The experi- 
ments in this report indicate that fiver glucose- 
6-phosphate dehydrogenase is  not altered by 
TBA-reacting compounds. Therefore, we can 
discount the possibility that lipid peroxidation 
and lipoperoxides decreased the lipogenic 
enzymes in liver. It is suggested that lipogenic 
enzyme activities were reduced by the un- 

T A B L E  II I  

Effect  o f  Die ta ry  Peroxides  and Corn Oil 
on Tr ig lycer ide  Levels in Rats 

Tr iglycer ides  
Die tary  TBA- 

reac t ing  c o m p o u n d s  Serum Liver 

# m o l / 1 0 0  g diet  m g / m l  mg /g  

(I)  A 0 1.45 + 0.45 16.9 -+ 5.32 
B 0 . 0 5 ( 4 2 1 )  b 1.51 -+ 0,26 17.6 + 6.55 
C 0 . 1 0 ( 8 4 2 )  1.62 +- 0.61 18.0 +- 6 .64  

Die tary  corn  oil (%) 

( I I ) A  0.5 2.33-+ 0.57 19.9 -+ 3.90 
B 5 2.51 -+ 0.11 10.1 -+ 0.61 a 
C 10 2.50-+ 0,22 9.53-+ 0 .19  a 

See Legend  in Table  I. 
Values d i f fer ing s ignif icant ly  f r o m  A: ap < 0 .001.  

bpe rox ide  values  m e a s u r e d  iodomet r i ca l ly  are 
shown in parentheses .  

Mean + SD for  6 rats.  
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saturated fa t ty  acids themselves.  
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Sterol Composition of Ungerminated and Germinated Spores 
of the Vesicular-Arbuscular Mycorrhizal Fungus, 
Glomus caledonius 
J.P. BEILBY and D.K. KIDBY, Department of Soil Science and Plant Nutrition, 
University of Western Australia, Western Australia 6009 

ABSTRACT 

The steroi composition of spores of the Vesicular-Arbuscular Mycorrhiza, Glomus caledonius, 
have been examined by combined gas liquid chromatography-mass spectrometry (GLC-MS). The 
stcrols identified were cholesterol, 24-methylcholesterol, 24-methylenecholesterol and 24-ethylcholes- 
terol. The sterols 24-methylcholesterol, 24-methylenecholesterol and 24-ethylcholesterol have not 
previously been reported as components of fungi in the Zygomycotina. The spores were germinated on 
agar and the major changes in sterol esters, free and bound sterols were studied over a period of 21 
days. The totat sterol content continuaUy increased during the growth period; 24-methylcholesterol 
and cholesterol were shown to be the major sterols. 

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

In recent years, there has been a rapidly 
growing interest in the biology of Vesicular- 
Arbuscular (VA) endophytic fungi, which form 
mycorrhizas within plant roots. These fungi 
facilitate the uptake of nutrients, particularly 
phosphorus, by the plant (1). 

There are several reports on the tipids in 
these fungi (2,3); however, there are no reports 
on their sterol composition. McCorkindale 
et al. examined a number of other fungi of the 
order Mucorales and showed cholesterol, 
ergosterol and 22-ditlydroergosterol to be the 
major sterols (4). Species of Mucorales such as 
Rhizopus arrhizus contained fungisterol, 5- 
dihydroergosterol, ergoesterol and ergosta- 
A5,7,14(lS).trieno 1 (5) and Phycomyces blakes- 
leeanus contained episterol (6) and ergosta- 
AS,7,24(za)-trienol (7). Fungisterol was the 
major sterol in the conidia of Linderina pennis- 
pora, but no ergosterol was detected (8). 

This paper describes the sterol esters, free 
and bound sterols of Glomus caledonius spores 
during germination and germ tube growth. 

EXPERIMENTAL PROCEDURES 

Spore Production and Isolation 

Glomus caledonius spores were grown on the 
roots of Trifolium subterraneum (9) in soil 
which had been steam treated. The spores were 
isolated from air-dried soil by centrifugation in 
50% (w/v) sucrose solution and sterilized, as 
previously described (9). 

Culture Conditions 

Soil extract agar media was prepared as 
previously described (I0),  except that it con- 

tained chloramphenicol at 100 ttg/ml. Surface- 
sterilized spores were placed on type HA 
Miltipore filter segments (Millipore Corpo- 
ration, Bedford, MA) overlying the agar which 
enabled easy harvesting of the spores (9). The 
inoculated petri dishes were enclosed in plastic 
bags and incubated in the dark at 20 -+ 2 C. 

Spore Harvest 

G. caledonius spores were examined micro- 
scopically at a magnification of 200X and 
removed from the Millipore filters with a fine 
sable hair brush. Harvest times were after 
7, 14 and 21 days of incubation. Spores were 
dried in vacuo over KOH pellets for 24 hr and 
then weighed. Spore numbers used in these 
experiments were 4,000 ungerminated spores, 
2,000 day-7 spores, 1,800 day-14 spores and 
1,000 day-21 spores. 

Sterol Exlraction 

Immediately after harvesting, the spores 
were disrupted in a glass screw-capped mortar 
and pestle. The contents were checked micro- 
scopically to ensure that all spores were frac- 
tured, and then extracted using the Renaud et 
al. solvent system (l  I). The lipid extract was 
chromatographed on glass plates coated with 
Silica Gel G (containing a fluorescent indicator) 
and developed with hexane/diethyl ether/meth- 
anol (40:10:1). Free sterols were recovered 
from the silica gel in diethyl ether. The solvent 
was evaporated, the extract dissolved in 1 ml of  
chloroform and rechromatographed on Silica 
Gel H with hexane/diethyl ether/acetic acid 
(35:15:0.5) containing the fluorescent dye 
2,5-bis [5'- ter t -butyl-benz-  oxazolyl-(2 ' ) ] ' th io-  
phene (BBOT). Sterols were recovered from the 
second chromatogram as before. 
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Sterol esters from the chromatogram were 
hydrolyzed in 10% KOH in 95% ethanol (2 ml) 
at 90 C for 2 hr. Free sterols were recovered in 
light petroleum (bp 30-60 C), dried, evaporated 
and dissolved in chloroform. This fraction was 
then rechromatographed as before. Bound 
sterols were recovered from the solvent- 
extracted spore residue by hydrolysis in 10% 
KOH in 95% ethanol (5 ml) at 90 C for 2 hr. 
Free sterols were recovered and chromato- 
graphed as before. 

The 3 sterol fractions were acetylated with 
pyridine/acetic anhydride (2:1 v/v) overnight. 
Sterols were identified using gas liquid chro- 
matography (GLC) for comparison of relative 
retention times with authentic standards and/or 
cholesteryl acetate (12). The amount of indi- 
vidual sterols was deternfined by comparison of 
peak areas to that of stigmasterol, the internal 
standard. The identity of the major sterol 
components was confirmed by mass spectro- 
scopy (MS) on a Varian Matt 311 mass spec- 
trometer, using an ionization voltage of 70 eV. 

RESULTS AND DISCUSSION 

Sterol Identification 

Sterols were extracted from spores of 
Glomus caledonius and isolated by thin layer 
chromatography (TLC). Preparative TLC on 
Silica Gel H gave one band with an Rf of 0.17. 
The sterols from this band were acetylated and 
separated by GLC using a 3% SE-30 column 
(1.8 m x 3.4 ram). Tentative identifications 
based on retention data (Table I) of the 4 
sterols resolved were cholesterol, 24-methylene- 
cholesterol, 24-methylcholesterol and 24-ethyl- 
cholesterol (12). The mass spectrum of the first 
sterol acetate eluted on the SE-30 column 
showed ion peaks at m/e 368 [M+-(acetate)], 
353 [M+-(CH3 + acetate)],  255 [M+-(side 
chain + acetate)],  and 247 [M+-(acetate + 
C9H13)] , confirming this sterol as the acetate 

derivative of cholesterol. 
The second sterol acetate eluted showed a 

mass spectrum with ion peaks at m/e 380 
[M+-(acetate)], 365 [M+-(CH3 + acetate)],  255 
[M+-(side chain + acetate)],  and 213 [M+-(side 
chain + 42 + acetate)],  indicating it was a 
diunsaturated C28 sterol acetate with one 
double bond in the steroid nucleus. Also, an ion 
peak at m/e 296 [M+-(84 + acetate)] was 
caused by loss of part of the side chain which 
resulted from MacClafferty rearrangement (13). 
Brassicasterol acetate and 24-methylenecholes- 
terol acetate have almost identical mass spectra 
(14) but can be distinguished by their GLC 
relative retention data since 24-methylene- 
cholesterol acetate has a longer retention time 
than brassicasterol (12). Therefore, the struc- 
ture was assigned as 24-methylenecholesterol. 

The major sterol component of the un- 
germinated spores (Fig. 1) gave a GLC relative 
retention time that corresponded to 24-methyl- 
cholesterol. The mass spectrum of the sterol 
acetate gave ion peaks at m/e 382 [(M +- 
(acetate)l ,  367 [M+-(CH3 + acetate)],  255 
[M+-(side chain + acetate)],  and 213 [M+-(side 
chain + 42 + acetate)],  indicating a mono- 
unsaturated C28 sterol acetate with the double 
bond in the steroid nucleus, thereby confirming 
the structure to be 24-methylcholesterol. 

It was not possible to assign a definite 
structure to the fourth sterol component 
because the compound was present in small 
amounts. However, using GLC relative reten- 
tion tinle data, it was provisionally identified as 
24-ethylcholesterol. 

In the ungerminated spores, 24-methyl- 
cholesterol was the major flee sterol (95%) with 
lesser amounts of cholesterol (2.6%), 24- 
methylenecholesterol (1.8%) and 24-ethyl- 
cholesterol (0.4%). In both the sterol ester and 
bound sterol fractions, cholesterol was the 
major sterol (63% and 80%, respectively), 
followed by 24-methylcholesterol (37% and 

T A B L E  I 

Relative Re ten t ion  Times  of  Sterol Ace ta tes  a 

Sterol ace ta te  3% SE-30 c o l u m n  b Li te ra ture  values c 

Choles terol  1. O0 1. O0 
24- Met hy lenecholes t  erol 1.26 1.26 
24- Meth ylch olesterol  1.29 1.30 
S t igmas tero l  d 1.41 1.42 
24- Eth y lcho/es tero l  1.62 1.63 

aRela t ive  to choles te ry l  ace ta te  (ret. t ime  = 54.9 min).  

bo l l  a c o l u m n  of  3% SE-30 on (,as C h r o m  Q (1.8 m x 3.4 r am)  (12). 
CRef. 12. 

d ln t e rna l  s tandard .  
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20%, respectively).  No 24-methylenecholes tero l  14 
or 24-ethylcholes terol  was detected.  

Sterol Changes during Germination 
and Germ Tube Growth 12 

At each phase of  spore germinat ion,  changes 
in the major  sterol components  (24-methyl-  
cholesterol  and cholesterol)  were examined,  but  U= 10 c~ 
the minor  sterols 24-methylenecholes tero l  and 
24-ethylcholesterol  were not  studied in detail. 

D 8 
Total Sterols 

E~ 
The to ta l  sterol conten t  of  G. caledonius  E 

spores steadily increased f rom 0:39% dry 
m 6 weight of  ungerminated spores to 1.36% of  
k_ 

germinated spores and germ tube dry weight ~ / 
after 21 days on agar (Fig. 1). / 

The average sterol conten t  of  fungi ranges ~ 4 
f rom 0.70 to 1.0% of  the tissue dry weight ! 
(15). However,  McCorkindale  et al. (4) showed ~ i 
the sterol con ten t  of several members  of  the 

J Mucorales to range f rom zero to 0.025% of 
mycel ium dry weight.  The to ta l  sterol con ten t  
of  G. caledonius  is higher than that  of  o ther  

Total Sterols 

/ /  

377 

Mucorales examined,  but  is within the general A B A B A ~ A B 
range for fungal tissue (15). �9 7 14 21 

The concent ra t ion  of  24-methylcholes terol  Time on a g a r  (days) 
was approximate ly  double  that  of  cholesterol  in 

FIG. 1. Changes in total sterols, 24-methylcholes- 
the  ungerminated  spores. Both sterols had terol (A) and cholesterol (B), in free sterols ([]), 
increased at day 7 on agar when the  germ sterol esters ( I )  and bound sterols (fN) in spores of 
tube first appeared. Thereafter ,  the  concen- Glornus ealedonius during germination and germ tube 
t ra t ion of  24-methylcholes tero l  plateaued,  growth on agar. 
whereas cholesterol  cont inued increasing, and 
at day 21 cholesterol  was in greater concen- that of  24-methylcholes tero l  in the bound 
tration. Germ tube elongat ion ceased be tween  sterols of  ungerminated spores (Fig. 1). The 
14 and 21 days, a l though there was an increase levels of  both  sterols remained constant  unti l  
in total  weight during this t ime (3). day 14. Between days 14 to 21, the 24-methyl-  
Free Sterols cholesterol  conten t  increased 6-fold whereas 

the cholesterol  conten t  increased 8-fold. This 
In the free sterol f ract ion of the ungerm- large increase in bound sterols may be asso- 

inated spores, the concent ra t ion  of  24-methyl-  ciated with senescence of  the spores and germ 
cholesterol  was ca. 24 t imes that  of  cholesterol  tubes (16). 
(Fig. 1). The 24-methylcholes tero l  con ten t  Previous examinat ion  of  sterols of  fungi in 
increased up to day 7, whereas the cholesterol  the order  Mucorales has shown ergosterol to be 
content  increased up to day 14. The free sterol present more f requent ly  than cholesterol  (4). 
conten t  reached a max imum of  84% of the However ,  in G. caledonius  spores, no ergosterol  
total  sterols by day 7 and a min imum of  20% was detected.  Previous reports  have not  des- 
by day 21. cribed 24-methylcholes terol ,  24-methylene-  
Sterol Esters cholesterol  or 24-ethylcholesterol  as com- 

ponents  of  fungi in the Zygomycot ina .  All of  
In the sterol ester fract ion,  cholesterol  was these sterols have been repor ted  in the Masti- 

approximate ly  double the content  of  24- g o m y c o t i n a ( 1 5 ) .  
methylcholes te ro l  (Fig. 1). The cholesterol  
content  peaked on day 14, whereas the  24- ACKNOWLEDGMENTS 
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Analysis of Oleate, Linoleate and Linolenate Hydroperoxides 
in Oxidized Ester Mixtures 1 
SEYED H. FATEMI and EARL G. HAMMOND, Department of Food Technology, 
Iowa State University, Ames, IA 50011 

ABSTRACT 

The hydroperoxides in oxidized mixtures of methyl oleate, linoleate and linolenate were analyzed 
by reducing the bydroperoxides to the corresponding hydroxyesters and separating the hydroxyesters 
from the unoxidized esters by thin layer chromatography (TLC). The hydroxyesters from linolenate 
were separated from the other hydroxyesters by TLC on silver ion plates. The hydroxyesters were con- 
verted to TMS-hydroxy derivatives. The TMS-hydroxyoleate and TMS-hydroxylinoleate were sepa- 
rated by gas chromatography (GC), and all the TMS-derivatives were quantified by GC. The relative 
rates of oxidation of methyl oleate, linoleate and linolenate in mixtures were ca. 1:10.3:21.6. The 
hydroperoxides formed in the oxidation of soybean and olive oils were similar before and after ran- 
domization and similar to corresponding methyl ester mixtures. 

INTRODUCTION 

Comparisons of the rates of oxidation of 
purified esters of oleate, linoleate and lino- 
lenate have shown that these esters oxidize at 
rates in the ratios of 1:12:25, respectively 
(1,2). Because the rate of the initiation reaction 
in the oxidation of these esters was unknown, it 
is not certain what the relative rates of oxida- 
tion of these esters in mixtures would be. Wong 
and Hammond (3) measured the rate of oxida- 
tion of methyl oleate and linoleate in mixtures 
by reducing the hydroperoxides to the cor- 
responding alcohols and separating the methyl 
hydroxyoleate from the methyl hydroxy- 
linoleate by gas chromatography (GLC) of the 
trimethylsilyl (TMS)-derivatives. They found 
that the relative rates of oxidation of methyl 
oleate and linoleate seemed to vary with the 
composition of the mixture. Frankel et al, (4-7) 
also analyzed hydroperoxide mixtures by 
combined gas chromatography-mass spectro- 
metry of the TMS-derivatives obtained from 
oxidized methyl esters after reduction of the 
hydroperoxide and saturation of the double 
bonds. They report that for methyl oleate 
the 4 expected isomers, 8, 9, 10 and l l -hy- 
droxyoctadecanoate, are not formed in equal 
amounts, nor for methyl linolenate are the 4 
expected isomers, 9, 12, 13 and 16-hydroxy- 
octadecanoate, formed in equal amounts. But 
the 2 isomers expected from linoleate, 9 - and  
13-hydroxyoctadecanoate, were produced in 
equal amours. Further, they report that during 
the oxidation of soybean oil methyl esters, 
unexpectedly large amounts of the 12-hydroxy- 
octadecanoate are produced during the early 

1journal Paper No. J-9657 of the Iowa Agriculture 
and Home Economics Experiment Station, Ames. Pro- 
ject 2143. 

stages of oxidation. Their data show that in the 
oxidation of mixtures of methyl oleate and 
methyl linoleate, the relative amounts of oleate 
and linoleate hydroperoxides are not propor- 
tional to the oleate and linoleate in the mix- 
ture. This suggests that the relative rates of 
oxidation of oleate and linoleate vary with the 
composition of the mixture. 

METHODS 

Methyl oleate, linoleate and linolenate were 
prepared by the urea fractionation of methyl 
esters from olive, safflower and linseed oils, 
respectively. Additional pure methyl linolenate 
was obtained from Nu-Chek-Prep, Inc. (Elysian, 
MN). Esters were purified according to Wong 
and Hammond (3) and oxidized in 5-g batches 
at 28 C unless otherwise specified. Peroxide 
values, iodometric reduction of the peroxides, 
separation of the methyl hydroxyesters, forma= 
tion of the TMS-derivative, GLC and other 
analyses were performed as before (3). 

The methyl hydroxyester from the oxida- 
t ion of methyl linolenate was separated from 
those produced by oleate and linoieate by thin 
layer chromatography (TLC) on 0.5 mm thick 
plates containing 10% silver nitrate. The plates 
were developed in petroleum ether/diethyl 
ether (40:60, v/v) and bands were detected by 
spraying with 0.2% 2',7'-dichlor0fluorescein in 
ethanol and viewing under ultraviolet light. The 
methyl hydroxyesters were extracted from the 
silver ion plates by the Hill et al. procedure (8) 
and converted to TMS-derivatives as before (3). 

Olive and soybean oils were randomized by 
stirring with 0.1% sodium methoxide at 60 C 
for 5 hr at 1 Torr. Randomized and natural oils 
were purified by chromatography through 
alumina before oxidation (9). After oxidation 
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and reduction of the hydroperoxides, the oils 
were converted to methyl esters with 0.5% 
sodium methoxide in methanol and analyzed 
as before. Statistical analysis was according to 
SAS (10). 

RESULTS A N D  DISCUSSION 

The identity and purity of the TMS- 
derivatives of the methyl hydroxyesters pro- 
duced from the oxidation of methyl oleate and 
linoleate have been established previously (3). 
To establish the identity of the TMS-derivative 
obtained from the oxidation of methyl lino- 
lenate, the hydroperoxides were reduced by 
iodide and the methyl hydroxyesters were 
isolated by TLC and silylated. GLC of the 
TMS-derivatives gave the 4 partly resolved 
peaks seen in Figure 1. These results are com- 
parable to those reported by Frankel et al. (6) 
in their Figure lB. An IR spectrum of the 
TMS-derivatives indicated the presence of TMS 
(845, 1250 cm-1), methyl ester (1180, 1745 
cm-1), cis, trans-conjugated diene (950 cm-1), 
and trans, trans-conjugated diene (988 cm-1). 
The mass spectrum showed fragments at 183, 
223, 311 and 351 and after hydrogenation at 
131, 173, 187, 229, 259, 301, 315, 357 and 
371 in agreement with the results of Frankel et 
al. (6). 

GLC would not resolve the TMS-hydroxy- 
linoleate and TMS-hydroxylinolenate, as a 
comparison of Figures 1 and 2 shows. Silver ion 
chromatography of the TMS-derivatives also 
failed to give satisfactory separation. Satisfac- 
tory resolution was obtained with methyl 
hydroxyesters on silver nitrate plates as shown 
in Figure 3. Only small amounts of hydroxy- 
ester (ca. 1 mg/spot) could be applied or 
resolution was lost. 

Wong and Hammond (3) reported that the 
apparent yield by GLC of the TMS-derivatives 
was 63% from methyl oleate hydroperoxide 
and 40% from methyl linoleate hydroperoxide 
based on methyl heptadecanoate as an internal 
GLC standard. Pure methyl oleate, linoleate 
and linolenate were oxidized separately until 
they reached peroxide values of ca. 5, 10, 20 
and 40 meq/kg. Samples were converted to 
TMS-derivatives, and GLC responses were 
measured compared with the response of 
methyl heptadecanoate. Results are in Figure 4. 
The apparent yields calculated from the slopes 
were 62, 44 and 17% for oleate, linoleate and 
linolenate hydroperoxide, respectively. Subse- 
quent analyses were corrected by these factors. 
The reasons for these large correction factors 
are not certain. Wong and Hammond found 
that methyl hydroxystearate and methyl 

1'o 1'5 2'0 
TIME IN MINUTES 

FIG. 1. A typical gas chromatogram of TMS- 
hydroxylinolenate on a 183-cm x .3-cm column 
packed with 10% OV 225 on Chromosorb W (HP). 
The carrier gas was nitrogen at 50 ml/min and the 
temperature was 180 C. 

d-, 

A 

1 '0 1 '5 2'0 

TIME IN MINUTES 

FIG. 2. A typical gas chromatogram of a mixture 
of TMS-hydroxyoleate and TMS-hydroxylinoleate. 
The conditions are the same as in Figure 1. Peak A is 
TMS-hydroxyoleate. Peaks B, C and D are TMS- 
hydroxylinoleate. 
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SOlVENT 
FRONT 

A 

0 
B 

ORIGIN 

FIG. 3. TLC separation on silver nitrate-Silica Gel 
G of methyl hydroxyesters obtained from the reduc- 
tion of hydroperoxides. The Silica Gel G contained 
10% by weight of silver nitrate. The developing solvent 
was petroleum ether/diethyl ether (40:60, v/v). A is 
methyl hydroxyoleate, B methyl hydroxylinoleate and 
C methyl hydroxylinolenate. 

ricinoleate both  gave 78% yields and concluded 
that  at least some of the correct ion factor  was a 
result of the flame ionizat ion de tec tor ' s  
response to the silyl ethers. Some of the correc- 
t ion may arise f rom side reactions in the 
conversion of the hydroperoxides  to TMS- 
hydroxyesters ,  but  we have been unable to 
detect  significant amounts  of  side products .  

The analysis of  the hydroperoxides  in binary 
and trinary mixtures  of the 3 esters is given in 
Table I. The data on oleate and l inoleate are 
similar to those of  Wong and Hammond  (3), 
but  include mixtures  containing more oleate 
than they studied. In mixtures  of 2 fa t ty  acids 
the fol lowing propagat ion reactions can occur:  

R1OO. + R 1 H ~ R 1 O O H  + R 1. 
with rate constant K 11 

RIOO.  + R2H-+ R1OOH + R 2- 
with rate constant K12 

R2OO. + R2H ~ R20Oft  + R 2. 
with rate constant K22 

R2OO. + R I H - *  R2OOH + R 1. 
with rate constant K21 , 

where R 1 refers to oleate and R 2 to l inoleate.  
F ineman and Ross (11) have shown that  

[ (R2OOH/RIOOH) - 1] ( R I H / R 2 H ) = - ( K l l / K I 2  ) 
(R2OOH)/(R1OOH) (RIH/R2H)  z + K22/K21 

and linear plots  of  the data aUow K11/K12 
and K22/K21 to be evaluated f rom slope 
and intercept .  According to Russell (12), 
the various peroxy  radicals are usually equally 

~- 0.6 

c ~  

g '~ B 

,~ 0.4 
c ~  

0.2 
N 
ff j 

0.5 1N 
Mg HYDROPEROXIDE CALCULATED 

FROM THE PEROXIDE VALUE 

FIG. 4. The apparent recovery of TMS-hydroxy 
derivatives on the basis of GLC response compared 
with that calculated from the peroxide value. The 
slopes are a measure of the correction factors. A: 
methyl oleate; B: methyl linoleate; C: methyl lino- 
lenate. 

poten t  in abstracting hydrogen from RH and 
the rates of  propagat ion are determined by the 
ease of abstract ion of hydrogen from the 
various alkenes. If this is so K l l  ~ K21 and 
K22 ~ Kj~  and ( K l l / K 1 2 )  (K22/K21)  ~ I. 
It fol lows also that, in trinary mixtures  of  
oleate, l inoleate and l inolenate,  data for oleate 
and l inoleate should fall on the same line as the 
binary mixtures  because it will be immaterial  
whether  the peroxy  radical is oleate,  l inoleate 
or l inolenate,  and all the hydroperox ide  will 
accumula te  according to the ease of  hydro-  
gen abstract ion f rom the 3 alkenes. Such a plot  
for all the data in Table I is shown in Figure 5. 
The data f rom the tr inary mixtures  fall on 
about  the same line as the binary data. K22 / 
K21 = 8 .38 -+ 0 .54  and K l l / K I ;  = 0.0791 -+ 
0.0070.  The p roduc t  of  the ratios is 0.66. 

Not  all of  the points  are equally reliable. 
When the amount  of  methyl  oleate in the 
mixture  is small, the amount  of  oleate hydro-  
peroxide  is very small and analytical error 
increases. This is part icularly true because of  a 
minor  side p roduc t  f rom linoleate oxida t ion  
that  has the same re tent ion  t ime in the gas 
chromatograph  as T M S - h y d r o x y o l e a t e .  This 
material  is partly removed by TLC of the 
hydroxyesters ,  but  when the TMS-hdyroxy-  
oleate is small, this con taminan t  can cause 
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s i g n i f i c a n t  e r ro r .  In  F i g u r e  5, t he se  are t he  
p o i n t s  in  w h i c h  t h e  p e r c e n t a g e  of  o l e a t e  h y d r o -  

p e r o x i d e  was  less t h a n  10%, m a n y  of  w h i c h  fal l  

we l l  b e l o w  t h e  s t r a i g h t  l i ne  p lo t s .  I f  we  o m i t  

t he se  va lues ,  t h e  d a t a  are  f i t  b e s t  b y  a l i ne  w i t h  

K 2 2 / K 2 1  = 10.15 + 0 .66  a nd  K 1 1 / K 1 2  = 
0 . 0 9 4 4  -+ 0 . 0 0 6 9 .  T h e  p r o d u c t  o f  t he  r a t i o s  is 
0 .96 .  

I t  is n o t  c e r t a i n ,  h o w e v e r ,  t h a t  all  t h e  
d e v i a t i o n  s h o w n  in Fig  5 is c a u s e d  by  e x p e r i -  

m e n t a l  e r ro r .  F r a n k e l  e t  al. (6 )  r e p o r t e d  d a t a  

fo r  o l e a t e - l i n o l e a t e  m i x t u r e s  t h a t  a lso have  

r e l a t i v e l y  la rge  p r o p o r t i o n s  o f  o t e a t e  h y d r o -  
p e r o x i d e  in  m i x t u r e s  c o n t a i n i n g  l o w  p r o p o r -  
t i o n s  o f  m e t h y l  o l e a t e .  T h e i r  a n a l y s i s ,  b a s e d  o n  
m a s s  s p e c t r o m e t r y ,  s h o u l d  n o t  be  s u b j e c t  to  
t h e  e r r o r  we  e n c o u n t e r e d .  M o r e o v e r ,  t o  o m i t  

t h e  m i x t u r e s  t h a t  c o n t a i n e d  less  t h a n  10% 

o l e a t e  h y d r o p e r o x i d e ,  w e  h a d  to  o m i t  al l  

m i x t u r e s  c o n t a i n i n g  less  t h a n  6 0 %  m e t h y l  

o l e a t e .  
I f  t h e  p e r o x y  r a d i c a l s  are  al l  e s s e n t i a l l y  e q u a l  

in  t h e i r  a b i l i t y  t o  e x t r a c t  h y d r o g e n  f r o m  t h e  
a l k e n e  cha ins ,  t h e n  t h e  b e s t  e s t i m a t e  of  t h e  

r e l a t i v e  ease  of  a b s t r a c t i o n  o f  h y d r o g e n  f r o m  

l i n o l e a t e  c o m p a r e d  w i t h  o l e a t e  w o u l d  be t h e  

ave rage  o f  K 2 2 / K 2 1  and  K 1 2 / K l l  w h i c h  is 
10 .37 .  T h i s  ag rees  w i t h  t he  ave r age  r e l a t i v e  

o x i d a t i o n  r a t e s  c a l c u l a t e d  in T a b l e  I f r o m  t h e  
o l e a t e - l i n o l e a t e  m i x t u r e s  w i t h  la rge  p r o p o r t i o n s  
o f  m e t h y l  o l ea t e .  

A F i n e m a n - R o s s  p l o t  o f  t h e  l i n o l e a t e - l i n o -  

l e n a t e  d a t a  of  T a b l e  I is g iven  in  F i g u r e  6. T h e  

d a t a  fo r  t he  b i n a r y  and  t r i n a r y  m i x t u r e s  a g a i n  

fal l  on  a s ing le  l i ne ,  K 3 3 / K 3 2  is 1 .623  -+ 0 . 0 9 8  
a nd  K 2 2 / K 2 3  is 0 . 3 9 2 7  -+ 0 . 0 1 1 0 ,  w h e r e  3 
r e f e r s  t o  l i n o l e n a t e .  T h e  p r o d u c t  o f  t he  2 r a t i o s  

is 0 .64 .  I f  we  ave rage  K 3 3 / K 3 2  and  K 2 3 / K 2 2  , 
we  f ind  t h a t  t he  r e l a t i v e  ease of  l i n o l e n a t e  

o x i d a t i o n  c o m p a r e d  w i t h  l i n o l e a t e  is 2 .08 .  T h i s  

TABLE I 

GLC Analysis of the Formation of Peroxide Types in Autoxidized Oleate, Linoleate and Linolenate Mixtures 

Composition of 
methyl ester mixture  Peroxide % Relative oxidat ion rate a 

18:1 18:2 18:3 P.V. Recovery %b Monoene Diene Triene 18:2/18:1 18:3/18:2 

87.1 12.9 
77.31 22.69 
68.51 31.49 
57.98 42.02 
38.65 61.35 
19.73 80.27 

89.66 
69.77 
49.16 
17.97 

89.37 5.54 
89.33 7.31 
89.23 3.75 
79.48 10.42 
79.38 13.79 

79.22 

69,17 

69.11 

69.23 

%14 

15.54 

20.70 

10.63 

5.33 88.9 
13.27 70.84 
22.60 52.12 
33.67 30.17 
44.01 12.32 
14.92 15.11 
22.80 25.75 
33.26 36.12 
42.44 46.42 

25.3 92.1 38.15 61.84 
33.3 91.2 25.64 74.36 
34.4 86.04 19.57 80.43 
41.5 93.6 13.04 86.98 
47.4 88.5 8.42 91.57 
57.4 103.7 5.55 94.48 

10.34 55.8 89.3 80.14 19.86 
30.23 41.9 90.4 51.73 48.27 
50.84 34.5 89.4 30.98 69.02 
82.03 44.2 102.3 9.52 90.48 

5.09 42.3 94.3 34.54 21.82 43.64 
3.35 44.2 102.1 36.62 32.39 30.99 
7.02 41.2 96.7 35.23 14.77 50.00 

10.2 56.8 91.9 23.3 29.13 47.57 
6.83 40.3 94.5 22.98 41.92 35.09 

55.3 89.7 21.9 43.81 34.29 
13.64 49_8 87.1 20.2 18.31 61.48 

59.9 85.9 18.48 19.18 62.33 
15.29 45.2 90.8 13.92 27.84 58.23 

64.5 89.7 11.54 30.12 58.33 
10.19 39.9 86.4 14.35 42.58 43.06 

69.7 87.7 12.10 44.37 43.57 
20.14 8.6 91.5 13.14 17.81 69.05 

53.9 87.6 11.91 20.30 63.69 
5.77 52.6 105.2 --- 86.03 13.97 

15.89 36.5 104.4 1.97 67.83 30.19 
25.28 65.9 92.4 2.39 52.56 45.05 
36.16 41.6 88.3 3.09 27.99 68.92 
43.67 40.4 91.4 4.26 12.52 83.22 
69.97 51.7 89.4 1.56 10.16 88.28 
51.45 35.5 93.4 2.41 17.91 79.68 
30.61 35.9 86.2 4.53 30.74 64.72 
11.14 37.9 90.2 6.06 62.88 31.06 

10.94 
9.9 
8.95 
9.2 
6.04 
4.2 

2,14 
2,15 
2,15 
2,08 

10.2 1,83 
10.8 2.08 

9.97 1.8 
9.54 1.7 

10.5 1,7 
11,5  1.6 
10.05 1,75 
11.5  1,7 

8.9 2,1 
11 .6 1~96 

9.9 2.05 
12.2 2 

8.8 2,05 
11.1 1.8 

--- 2.5 
6.5 1.98 
9.5 1.8 

10.1 2.05 
10.5 1.9 

6.4 1.9 
6.6 2.23 

11.2 1.8 
9.5 2.06 

a% R2OO H x % R1H/% RIOOH x % R 2 H o r  % R3OOH 
R 2 linoleate and R 3 linolenate, 

bBy GLC after applying correction factors. 

x %R2H/% R 2 O O H x  % R 3 H  ,where  R 1 is oleate, 
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agrees wi th  the  relat ive ox ida t i on  rate of  2 .09 
calculated f rom Table  I. 

A plot  of  the  o lea te - l ino lena te  data  f rom the  
t r inary  mix tu re s  of Table  | is given in Figure 7. 
These  data  show cons iderab ly  more  scatter .  Fo r  
all the  points ,  K 3 3 / K 3 1  is 16.503 -+ 0 .918 and  
K l l / K 1 3  is 0 . 3 3 7  -+ 0 .0049 .  If the  po in t s  
represen t ing  low percen tages  of oleate h y d r o -  
pe rox ide  are omi t t ed ,  the  values are 17.357 -+ 
1.438 and 0 .0368  -+ 0 .0061 ,  respect ively.  The  

383 

p r o d u c t s  of  the  sets of  ra t ios  are 0 .56 and 0.64,  
respect ively.  The  averages of Kaa /K31  and  
KI 3/K11 ind ica te  the  l ino lena te  oxidizes  23.09 
and 22.23 t imes  faster  than  oleate.  If we 
mul t ip ly  the  e s t ima ted  rates  for  ( l ino lea te /  
o leate)  x ( l i no lena te / l ino lea te ) ,  th is  should  also 
give the  l i no l ena t e /o l ea t e  ra te  and  is 10.37 x 
2.08 = 21.57.  

For  l ino lea te - l ino lena te  and o lea te - l ino lena te  
mix tures ,  the  p r o d u c t  of  slope and  i n t e r c e p t  are 12!. 

"""-t ,  .?  

"2, 

-9 - 

-12 - ~"~-... 

-15 -- I I I I I 1 I I I I I I I I I I I 1 I I 
0 16 32 48 64 80 96 112 128 144 160 176 192 208 224 240 256 272 288 304 

r ~ / \ R 2 H  / 

FIG. 5. A Fineman-Ross plot of the data for oleate and linoleate mixtures. The points with circles are from 
binary mixtures. The solid line is the best fit of all the points. The dashed line is the best fit of all points with 
more than 10% oleate hydroperoxide. The points with less than 10% oleate hydroperoxide are enclosed in 
rec tangles .  R 1 is oleate, R 2 linoleate. 
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FIG. 6. A Fineman-Ross plot of the data for linoleate-linolenate mixtures. The circled points are from binary 
mixtures. R 2 is linoleate, R 3 linolenate. 
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FIG. 7. A Fineman-Ross plot of the data for oleate-linolenate mixtures. The solid lines is the best fit for all 
the points with more than 10% oleate hydroperoxide. The points with less than 10% oleate hydroperoxide are 
enclosed in rectangles. R 1 is oleate, R 3 linolenate. 

s o m e w h a t  be low 1. This  m ay  mean  the  pe roxy  
radicals are no t  exact ly  equiva lent  or it may  
reflect  some bias in the  expe r i m en t a l  data.  

The  relative ox ida t i on  ra tes  we have f o u n d  
are very close to those  ob t a ined  by the  relat ive 
rates  of ox ida t i on  of  pure  esters (1,2) .  This  
indicates  tha t ,  in the  ox ida t i on  of these pure  
esters, the  ra tes  of in i t i a t ion  mus t  have been  
very similar. The  relat ive ra tes  of ox ida t i on  of  
these esters do no t  change  appre ic iab ly  wi th  
e x t e n t  of  o x i d a t i o n  up to perox ide  values of 70 
meq/kg.  Ox ida t ions  carried ou t  at 21 C did not  
give results  apprec iab ly  d i f fe rent  f rom those  at 
28 C. The  ac tual  p r o p o r t i o n s  of oleate and 
l inoleate  h y d r o p e r o x i d e s  we found  are qu i te  
d i f fe ren t  f rom those  r epo r t ed  by Franke l  et al. 
(5,6) .  bu t  this  may be caused by the  h igh 
t e m p e r a t u r e s  and  m u c h  h igher  pe rox ide  values 
in the i r  exper imen t s .  Such cond i t ions  are no t  
conducive  to quan t i t a t ive  recovery of h y d r o -  
peroxides.  Our  results  are m u c h  closer to those  
F ranke l  and Neff  ob t a ined  for  soybean  oil (7) ,  
wh ich  were ob t a ined  u n d e r  cond i t ions  more  
like the  ones  we used. But  F ranke l  and Neff  
found  in m e t h y l  ester  mix tu re s  p repared  f rom 
soybean  oil t ha t  at  low pe rox ide  values there  
was a relat ively large p r o p o r t i o n  of 12-hydroxy-  
oc t adecanoa te .  The  p r o p o r t i o n  of this  i somer  
decreased as ox ida t ion  proceeded.  We have 
n o t e d  no  change  wi th  e x t e n t  of  ox ida t i on  in 
the  p r o p o r t i o n s  of p roduc t s  we isolated,  bu t  it 
is unce r t a in  how a 1 2 - h y d r o x y d i e n o a t e  or 
t r i enoa te  would  behave in our  separat ions .  

Raghuveer  and  H a m m o n d  (13)  suggested 

tha t  glyceride s t ruc tu re  can af fec t  the  relat ive 
rates of  ox ida t i on  of  acyl groups  in a trigly- 
ceride. They  suggested t ha t  acyl groups  at the  
sn-1 and 3 pos i t ions  should  oxidize fas ter  t han  
those  at sn-2. To s tudy this, na tu ra l  and 
r a n d o m i z e d  oils were ox id ized  and  the  analysis 
of  the  peroxides  is given in Table  I | .  The  
d i f ference  in the  analysis of the  r a n d o m i z e d  
and u n r a n d o m i z e d  oils are the  same wi th in  
expe r imen ta l  e r ror  and  similar to resul ts  ex- 
pec ted  on  the  basis of the  m e t h y l  ester  mix- 
tures. However ,  th is  is no t  a very good test  of 
Raghuveer  and H a m m o n d ' s  theory .  For  ex- 
ample,  we can calculate  f rom the  F a t e m i  and  
H a m m o n d  equa t ions  (14)  t ha t  the  un-  
r a n d o m i z e d  soybean  oil used in this  s tudy  
should  have an average c o m p o s i t i o n  on the  
sn-1, 3-posi t ions  of 26.60% oleate,  44 .36% 
l inoleate  and 7.75% l inolenate .  Let  us assume 
tha t  the  mos t  ex t r eme ,  and  mos t  easily de- 
t ec t ib le  version of  Raguhuvee r  and Ham- 
m o n d ' s  p roposa l  is t ha t  all the  ox ida t i on  occurs  
on  the  sn-1, 3 pos i t ions  and  also tha t  the  
relative rates of  o x i d a t i o n  are those  found  here  
( 1 : 1 0 . 3 . 2 1 . 6 ) .  Under  these  assumpt ions ,  the  
h y d r o p e r o x i d e s  should  be f o u n d  in the  p ropor -  
t ions  4 .09% oleate ,  70.20% l inoleate  and 
25.72% l inolenate .  A similar ca lcula t ion,  
assuming the  soybean  oil is comple te ly  ran- 
domized ,  yields values of  3.53%, 74.45% and 
22.02%. The  d i f ferences  are no t  m u c h  greater  
t han  the  expe r imen t a l  er ror  of our  m e t h o d .  
Even so, the  r a n d o m i z e d  oils oxid ized  a b o u t  
3-4 t imes  fas ter  t han  the  na tu ra l  oils. 
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METHODS 

Separation of Conjugated Bile Acids by Reverse Phase 
Thin Layer Chromatography 

3.C. TOUCHSTONE, R.E. LEVITT, S.S. LEVIN and R.D. SOLOWAY, 
Departments of Obstetrics and Gynecology, Medicine and Surgery, 
School of Medicine, University of Pennsylvania, Philadelphia, PA 

ABSTRACT 

Seven conjugated bile acids were separated by 1-dimensional reverse phase thin layer chromatog- 
raphy using ethanol/0.3 M calcium chloride/dimethylsulfoxide (25:25:2) as mobile phase. 

INTRODUCTION 

This report describes the complete separa- 
tion of 7 major conjugated bile acids by reverse 
phase thin layer chromatography (RPTLC) 
in I dimension. Bile acids are present largely 
as conjugates with taurine or glycine. Thus, 
studies of bile acids and their metabolism 
should involve analysis of these without hy- 
drolysis. Classical techniques used hydrolysis 
and derivatization for analysis by gas chro- 
matography (1). This methodology is lengthy 
and results in loss of  material and production 
of artifacts (2,3). Other methods such as paper, 
ion exchange and column chromatography, as 
well as electrophoresis, give inadequate separa- 
tions. In recent years, a number of publications 
describing the use of thin layer chromato- 
graphic (TLC) separation of conjugated bile 
acids have appeared (4-7). These do not give 
complete resolution of all the individual conju- 
gated bile acids with 1-dimensional develop- 
ment. The methods either used 2-dimensional 
development or did not completely resolve the 
dihydroxy conjugated bile acids. More recently, 
high performance liquid chromatography 
(HPLC) has been successful in separating the 
conjugated bile acids (8,9). Attempts to use the 
mobile phases reported for HPLC with reverse 
phase columns were unsuccessful when applied 
to RPTLC. Although the separations occurred, 
the resolution was such that scanning by 
densitometry was not possible. The Shaw and 
Elliott binary system (8) consisted of a 160: 
340 mixture of  2-propanol-8.8 mM potassium 
phosphate buffer (pH 2.5). This was modified 
to use the following: ethanol/0.3 M calcium 
chloride (pH 3)/dimethylsulfoxide (25:25:2).  
This new mobile phase gave separation of 7 
conjugated bile acids as listed in Table I. 

MATERIALS AND METHODS 

All solvents were redistilled in glass. Ethanol 
(absolute) was obtained from Publicker Indus- 
tries, Philadelphia, PA. Dimethyl sulfoxide was 
obtained from Aldrich Chemical Co., Mil- 
waukee, WI. Calcium chloride was Baker 
reagent grade and was made up as 0.3 M in 
deionized distilled water and adjusted to pH 3 
with hydrochloric acid. This was kept cold at 5 
C until used. Whatman (KC18 F) reverse phase 
C18 plates were used. The mobile phase con- 
sisted of ethanol/0.3 M calcium chloride/ 
dimethylsulfoxide (25:25:2). The bile acids, 
obtained from Steroloids, Wilton, NH, or 
Supelco, Bellefonte, PA, were made up as 100 
ng//ll solutions in methanol. These were stored 
at 5 C when not in use. Human gall bladder bile 
samples obtained at surgery were diluted 1 : 100 
in methanol. Bile sampies obtained from rat 
bile fistulas were diluted 1:50 in water. Two- 
to 5-//1 aliquots of these were applied directly 
to the origins of the reverse phase layers. These 
were developed in the mobile phase until the 
solvent front had moved to 5 mm from the 
upper edges, ca. 3 hr. 

After drying at room temperature to evapo- 

TABLE I 

Rf Values for Conjugated Bile Acids on 
Reverse  Phase Thin Layers 

Bile acid 
Taurocholic acid (TC) 
Olycocholic acid (GC) 
Taurochenodeoxycholic acid (TCDC) 
Taurodeoxycholic acid (TDC) 
Glycochenodeoxycholic acid (GCDC) 
Glycodeoxycholic acid (CDC) 
Glycolithocholic acid (GLC) 

Rf 
0.38 
0.31 
0.26 
0.23 
0.20 
0.17 
0.10 
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ra te  the  solvent ,  the  p la tes  were hea t ed  in an 
oven at 170 C to remove  res idual  solvent .  T h e n  
the  c h r o m a t o g r a m s  were sprayed l ight ly  wi th  
10% sulfuric acid in e t hano l  fo l lowed by 
hea t ing  in an  oven at 180 C for  2 min  for  
d e v e l o p m e n t  of  charac ter i s t ic  f luorescence  of  
the  separa ted  bile acids. 

The  c h r o m a t o g r a m s  were t h e n  scanned  o n  a 
Schoeffe l  Model  3000  s p e c t r o d e n s i t o m e t e r  in 
the  t r ansmiss ion  mode .  The  scanner  was oper-  
a ted  in t h e  f luorescence  m a n n e r  wi th  i nc iden t  
l ight  of  360  nm.  A n  A-74 Corning  f i l ter  wi th  
cu to f f  at 400  n m  was placed b e t w e e n  the  
chromatogram and  the  viewing p h o t o m u l t i p l i e r .  
This  f i l ter  r emoved  all l ight  be low 400  n m  and  
enhanced  t he  ra t io  b e t w e e n  emi t t ed  signal and  
the  noise.  

RESULTS A N D  DISCUSSION 

Table  I gives the  Rf values ob t a ined  for  the  6 
ma jo r  con juga ted  bile acids f o u n d  in h u m a n  gall 
b l adder  bile. Visua l iza t ion  by  eye u n d e r  " long-  
wave"  u l t ravio le t  l ight shows clearly separa ted  
zones  for  t he  indiv idual  con juga ted  bile acids. 
The  separa t ion  of  the  con juga ted  bile acids in 
rat  bile ob t a ined  b y  f is tula is s h o w n  a long wi th  
the  h u m a n  bile acid c h r o m a t o g r a m  in Figure 1. 
Free  bile acids did no t  migra te  in the  sys tem 
descr ibed.  

The  ma jo r  peaks  appear ing  in the  chro-  
m a t o g r a m  of  the  h u m a n  bile sample  coinc ide  in 
Rf wi th  those  of  the  s tandards .  The  chro- 
m a t o g r a m  of  the  rat  bile shows an ent i re ly  
d i f fe rent  pa t t e rn .  A p p a r e n t l y ,  2 of  the  ma jo r  
bile acids are t au rocho l i c  and  t a u r o c h e n o d e o x y -  
cholic  acids. This  is in ag reemen t  wi th  the  
resul ts  o f  Davis and El l iot t  (10)  w ho  used 
HPLC. 

The  m e t h o d  descr ibed here  represen t s  the  
first r epo r t ed  separa t ion  of  all 6 of  the  ma jo r  
bile acids f o u n d  in h u m a n  bile in a single TLC 
sys tem.  The  TLC m e t h o d  descr ibed differs  
f rom the  o t h e r  TLC sys tems so far r epo r t ed  in 
t ha t  reverse phase  c h r o m a t o g r a p h y  was used. 
Thus ,  it was possible  to  take  advantage  of 
mobi l e  phases  of  h igher  polar i ty .  However ,  use 
of  t he  usual  b ina ry  sys tems r epo r t ed  for  HPLC 
separa t ions  wi th  reverse phase  was n o t  success- 
ful in t h a t  the  con juga ted  d i h y d r o x y  bile acids 
(GDC, GCDC and  TDC, TCDC) did no t  sepa- 
ra te  well. The  add i t i on  of  d i m e t h y l s u l f o x i d e  to 
fo rm the  t e rna ry  sys tem descr ibed  changed  the  
select ivi ty so t h a t  these  2 pairs were separa ted .  

GDC 

GC 

TC 

Standard i 

Human Bile 

0 

15IG. 1. Separation of conjugated bile acids in rat 
and human bile by reverse phase thin layer chromatog- 
raphy. See Table 1 for key to abbreviations. O = origin. 
The amount of standard was 100 ng for each conju- 
gated bile acid. 
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The Metabolism of Polyunsaturated Fatty Acids in 
Rat Sertoli and Germinal Cells 
J.K. BECKMAN 1 and J.G. CONIGLIO, Department of Biochemistry, 
Vanderbilt University, Nashville, TN 37232 

ABSTRACT 

The metabolism of [1-14C]linoleic, [1-14C]arachidonic and [3-14C]docosa-4,7,10,13,16 - 
pentaenoic acids was investigated after intratesticular injection of the labeled compounds and isolation 
of rat Sertoli and germinal cells. Following injection of either 14C-linoleate or 14C-arachidonate, 
the specific activity (sp act) of docosa-4,7,10,13,16-pentaenoic acid of Sertoli cells was greater than 
that of the germinal cells. The data suggest that the Sertoli cells are more active in the biosynthesis 
of the 22-carbon pentaene than the germinal cells. Differences between these 2 cell types were also 
noted in the distribution of the incorporated 14C among the various lipid classes. Following intra- 
testicular injection of 14C.docosapentaenoic acid, a greater proportion of the recovered 14 C in Sertoli 
cells than in germinal cells was present in 20-carbon fatty acids, suggesting a greater activity in Sertoli 
cells in the metabolism of the pentaene. The major portion of the recovered 14C in both cell types was 
present in triacylglycerols during early time periods and in phospholipids after 24 hr. The possibility 
of transfer of biosynthesized docosapentaenoic acid from Sertoli to germinal cells is discussed. 

INTRODUCTION 

Testicular lipids contain a large concentra- 
tion of polyenoic acids which include, in 
addition to linoleic and arachidonic acids, 
members of the 22-carbon families (I).  In testes 
of many species, including the rat, docosa- 
4,7,10,13,16-pentaenoic acid is present in large 
concentrations, whereas in others, including the 
human, the predominant 22-carbon polyene 
is docosa-4,7 ,10,13,16,19-hexaenoic acid. The 
importance of 22-carbon polyenes in the testis 
is suggested in that numerous factors which 
adversely affect the amount of the polyene in 
the testis also result in impaired spermato- 
genesis (2). 

The association of 22-carbon polyenes with 
specific testicular cell types was suggested by 
Davis et al. (3). A decrease in the concentration 
of oleic acid and an increase in concentration of 
docosa-4,7,10,13,16-pentaenoic acid were ob- 
served in testes of rats at the time of appear- 
ance and maturation of spermatids. Agents or 
factors which depleted the testes of spermatids 
lowered the concentration of pentaene in the 
testis, whereas those affecting other cell types 
did not (4). 

The development in recent years of methods 
of rapid cell separation has permitted studies to 
be performed on enriched fractions of specific 
cell types. Of considerable interest has been the 
finding in testes of rats that spermatids con- 
tained large quantities of docosa-4,7,10,13,16- 
pentaenoic acid (5) whereas spermatocytes (5) 
and Sertoli cells (6) contained much lower 
concentrations of this polyene. Lipids of 

/Present address: Department of Biophysics, 
Medical College of Virginia, Richmond, VA 23298. 

isolated rat Leydig cells contain only small 
concentrations of 22-carbon polyenoic acids 
(A. Daniel, personal communication). Thus, it 
is evident that in rat testis docosapentaenoic 
acid is associated largely with the spermatids. 

The investigations reported in this manu- 
script were concerned with the metabolism of 
polyenes in Sertoli and in germinal cells of rat 
testis. Of major interest was the conversion 
of linoleic and of arachidonic acids to docosa- 
4,7,10,13,16-pentaenoic acid and the incor- 
poration of this polyene into the lipids of these 
cell types. In these studies, ~4C substrates 
were injected intratesticularly and the specific 
activities (sp act) of the metabolic products 
determined in isolated germinal and Sertoli cells 
after various time periods. The results indicated 
that the Sertoli cells were more active than the 
germinal cells in the conversion of linoleic and 
arachidonic acids to docosapentaenoic acid. 

EXPERIMENTAL PROCEDURES 

Sprague-Dawley rats were maintained on 
Purina laboratory chow from the time of 
weaning and were used for these studies when 
65-150 days of age. Cell preparations were 
made from testes of individual rats. [1-14C] - 
Linoleic acid (50 mCi/mmol) was obtained 
from New England Nuclear Corporation 
(Boston, MA), [1-14C]arachidonic acid (50 
mCi/mmol) was obtained from Amersham- 
Searle Corporation (Arlington Heights, IL) and 
[ 3_14 C ] docosa-4,7,10,13,16-pentaenoic acid 
(0.44 //Ci/mg) was biosynthesized from 
[1-14C]arachidonic acid using cultures of 
Euglena gracilis (7). Each rat was injected in 
both testes with an albumin complex of either 
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5 pC• of [1-14C]linoleic acid, 2.5 #Ci of 
[ 1-14C] arachidonic acid or 0.5/aCi of [3-14C] - 
docosapentaenoic acid. After specific intervals, 
the rats were killed, the testes quickly removed 
and immediately chilled in ice. Sertoli and 
germinal cells were prepared by the Steinberger 
et al. method (8), modified as described pre- 
viously (6). The purity of the cell fractions was 
determined by criteria given by Meistrich et al. 
(9). The Sertoli cell fraction was at least 80% 
pure (spermatids were the major contami- 
nant). Purity of the germinal cell fraction was 
at least 95%. The lipids of the cell fractions 
were extracted and hydrolyzed,  and the re- 
leased fat ty acids were extracted using proce- 
dures that have been described previously 
(10,11). Fa t ty  acids were methylated using the 
Metcalfe and Schmitz procedure (12). In some 
instances, fatty acid methyl esters were hydro- 
genated by the Farquhar et al. method (13). 
Classes of lipids were separated by thin layer 
chromatography (TLC) using the solvent 
system petroleum ether/diethyl ether/acetic 
acid (80:20: 1, v/v). The silicic acid containing 
each lipid class was scraped into counting vials 
containing scintillation fluor and the radio- 
activity determined in a scintillation spectro- 
meter. Methyl esters, separated by gas chroma- 
tography using a column packed with 10% 
SP-2340 on 100/120 mesh Supelcoport 
(Supelco, Inc., Bellefonte, PA), were collected 
using a fraction collector (Packard Instrument 
Co., Parnes Grove, IL), connected to the exit 

port of the thermal conductivity detector. The 
esters were trapped in glass cartridges packed 
with glass wool. The glass wool was subse- 
quently transferred to scintillation vials con- 
taining scintillation fluid and the radioactivity 
determined in a scintillation spectrometer. 

RESULTS 

The incorporation of radioactivity into 
individual fatty acids of Sertoli and germinal 
cells following intratesticular injections of 
[ 1-14C] linoleate is given in Table I. In both cell 
types, a considerable proport ion of the 14C 
recovered after 3 hr was still in linoleic acid. 
This amount decreased gradually with time with 
a concomitant increase in radioactivity in longer 
chain members of the linoleate family. A 
significant amount of the recovered radio- 
activity was in the palm• acid. This was 
derived from 14C-acetyl CoA produced by 
the/3-oxidation of 14C-linoleate. Small amounts 
of 14C were also present in stearic and o!eic 
acids (not included in Table I), For  each time 
period studied, the proport ion of 14C in 
linoleic acid was slightly higher in germinal than 
in the Sertoli cell fraction. The proport ion of 
14C in docosa-4,7,10,13,16-pentaenoic acid, on 
the other hand, was consistently higher in the 
Sertoli than in the germinal cell fraction. At all 
t ime periods, the sp act of lino!eic acid in the 
germinal cells was about twice that of the 
Sertoli cells whereas the sp act of docosapenta- 

T A B L E  I 

T h e  D i s t r i b u t i o n  o f  14C in F a t t y  A c i d s  o f  I s o l a t e d  R a t  S e r t o l i  a n d  G e r m i n a l  
Cel l s  a f t e r  I n t r a t e s t i c u l a r  I n j e c t i o n  o f  [ 1 - 1 4 C ]  L i n o l e a t e  

R e c o v e r e d  r a d i o a c t i v i t y  ( % ) a  

T i m e  Cel l  
( h r )  t y p e  1 6 : 0  b 1 8 : 2  2 0 : 3  2 0 : 4  2 2 : 4  2 2 ; 5  

3 S e r t o l i  7 . 8  -+ 0.1 c 6 7 . 6  -+ 0 .5  6 .5  • 0 .9  10.2  • 1.4 2.1 -+ 0 .5  2 .0  • 0 . 4  
3 G e r m i n a l  8 .0  -+ 1.7 7 4 . 3  +- 2 .3  d 5 .6  • 0 .7  8 .3  • 0 .5  d 0 .9  • 0 .1  0 .5  -+ 0 . !  e 
6 S e r t o l i  8 .0  + 1.9 52 .2  • 6 .6  7 .2  • 2 .9  16.9  • 2 .8  2 .9  + 1.4 4 . 5  • 0 ,3  
6 G e r m i n a l  10 .3  • 0 .5  6 3 . 6  • 1 .6  d 5 .4  -+ 1 .4  16 .0  • 0 .3  1.6 +- 0 .1  1.2 + 0 .2  e 

12 S e r t o l i  1 0 . 0  • 0 .1  4 5 . 7  _+ 0 .7  7 .9  • 0 .1  2 2 . 7  • 0 .7  5 .4  • 0 .2  4 .5  • 0 . 2  
12 G e r m i n a l  10.1 -+ 1 .3  6 3 . 3  • 1.3 e 7 .4  • 0.1 16 ,5  • 0,1 d 2 .6  + 0 .7  1 .9  • 0 .2  e 
24  S e r t o l i  8 .7  + 0 . 7  3 8 . 0  • 1.3 7 .4  • 1.7 3 1 . 6  + 0 , 9  4 ,5  +- 0 . 8  5 .8  + 0 . 8  
24  G e r m i n a l  7 . 0  -+ 0 . 4  5 3 . 8  • 0 . 8  e 7 .7  • 0 .2  2 3 . 9  • 0 . 7  d 2 .6  + 0 .2  2 .9  • 0 .2  e 
4 8  S e r t o l i  7 .7  • 0 .1  3 2 . 4  • 2 . 8  7 .3  • 2 .0  31 .2  • 4 . 6  6 .2  • 0 .7  7 .9  -+ 1 .7  
4 8  G e r m i n a l  12 .7  -+ 0 . 9  e 3 7 . 5  • 2 . 8  6.1 +_ 0 . 8  31 .2  • 2 .1  3 .8  • 0 .3  5.1 + 0 . 4  d 

a S m a l l  a m o u n t s  o f  r a d i o a c t i v i t y  r e c o v e r e d  in 1 8 - c a r b o n  f a t t y  ac id s  a re  n o t  s h o w n .  

b N u m b e r  o f  c a r b o n s : n u m b e r  o f  d o u b l e  b o n d s .  

C M e a n  + s t a n d a r d  e r r o r  o f  t h e  m e a n .  T h e r e  w e r e  2 s a m p l e s  at  3,  6 a n d  12 h r ,  3 a t  24  h r ,  a n d  4 a t  
4 8  h r .  

d S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell v a l u e ;  p < 0 . 0 5 .  

e S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell v a l u e ;  p < 0 . 0 1 ,  
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enoic acid in the Sertoli  exceeded that  of  the 
germinal cell f ract ion (Fig. 1). The ratio of  the 
sp act of  docosapentaenoic  acid in the Sertoli  
to that  in the germinal cells was greatest at 3 hr 
(~9 )  and decreased with t ime such that  at 48 hr 
after 14C-linoleate inject ion the ratio was ca. 3. 
No consistent  differences were seen be tween 
cell types in the sp act of  the intermediates ,  
eicosa-8,11,14-tr ienoic,  arachidonic and docosa- 
7 ,10,13,16-te t raenoic  acids. 

The incorpora t ion  of 14C into individual 
fa t ty  acids of Sertoli  and germinal cells fol- 
lowing intratesticular inject ions o f  [1-14C]-  
arachidonic acid is given in Table II. In both  
cell types, a greater p ropor t ion  of  the recovered 
14 C was found in arachidonic acid ( the injected 
substrate) than the p ropor t ion  of  14 C found in 
l inoleic acid after 14C_linoleate injections.  
Moreover,  less 14C was incorpora ted  into  
palmitic and 18-carbon fat ty  acids in bo th  cell 
types fol lowing 14C-arachidonic acid inject ion 
than occurred fol lowing 14C-linoleate injec- 
tions. Fol lowing 14C-arachidonic acid adminis- 
t rat ion,  the Sertoli  cells contained a greater 
p ropor t ion  of  14C in docosa-4,7,10,13,16- 
pentaenoic  acid than the germinal cells at all 
t ime periods except  24 hr. The Sertoli  cells also 
had a slightly greater p ropor t ion  of  14C in 
docosate t raenoic  acid than the germinal cells, 
whereas the germinal cells contained a slightly 
greater p ropor t ion  of 1 4 C  at most  t ime periods 
in arachidonic,  palmit ic  and stearic acids. The 
sp act of  the polyenoic  acids are shown in 
Figure 2. The sp act of  arachidonic acid was 

2 4  

2O 

"~ 12 

. . . .  

2 A" _ .... , . . . . . . .  
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FIG. 1. The relative specific activities (sp act) of 
linoleic and docosa-4,7,10,13,t6-pentaenoic acids 
in isolated rat Sertoli and germinal ceils after intra- 
testicular injection of [1-14C]linoleate. Rats (60-150 
days of age) were injected intratesticularly with 
[1-14C]linoleate. Following the indicated time 
intervals, Sertoli and germinal cells were isolated from 
the testes as described under Experimental Procedures. 
Lipids of these cells were extracted and treated as 
described in Table I. Relative sp act are expressed as a 
percentage of total counts divided by the percentage 
of total fatty acids of the fatty acid in question. 
,--o - linoleic acid, germinal cells; o--o - linoleic 
acid, Sertoli ceils; e----e docosa-4,7,10,13,16- 
pentaenoic acid, germinal cells; o----o - docosa- 
4,7,10,13,16-pentaenoic acid, Sertoli cells. 

somewhat  higher in the germinal than in the 
Sertoli  cells at all t ime periods (not  statistically 
significant at 1.5 hr). The sp act of  docosa- 
7 ,10,13,16-te t raenoic  acid was considerably 
greater in germinal than in Sertoli  cells at 1.5, 3 
and 6 hr but  not  at 24 hr. The greatest dif- 
ference be tween the cell types, however ,  was in 

T A B L E  II  

T h e  D i s t r i b u t i o n  o f  14 C in F a t t y  A c i d s  o f  I s o l a t e d  R a t  S e r t o l i  a n d  G e r m i n a l  C e i l s  
a f t e r  Intratesticular Injection o f  [ 1 -14C ] A r a c h i d o n a t e  

R e c o v e r e d  r a d i o a c t i v i t y  ( % ) a  

T i m e  Cell  
( h r )  t y p e  1 6 : 0  b 2 0 : 4  2 2 : 4  2 2 : 5  

1 .5  S e r t o l i  1.7 • 0 .3  c 9 1 . 4  • 0 .6  3 .7  + 0 . 4  2 .5  -+ 0 . 7  
1.5 G e r m i n a l  2.1 +- 0 .1  9 3 . 6  • 1.4 2 .7  • 0 .7  0 . 3  • 0 . 8  d 
3 S e r t o l i  2 .4  +- 0 .5  8 4 . 0  -+ 1.3 7 .6  + 0 . 7  4 . 5  -+ 0 . 4  
3 G e r m i n a l  2 .4  + 0 .2  89 .1  • 0 .4  e 5 .2  +- 0 . 7  d 1.1 -+ 0 .1  f 
6 S e r t o l i  2 .3  + 0 . 4  7 7 . 9  -+ 3 .3  7 . 8  • 1.1 7 . 8  + 1 .5  
6 G e r m i n a l  2 .7  -+ 0 .7  8 9 . 6  • 0 .7  d 5.1 -+ 0 .5  d 1.5 +- 0 .1  f 

24  S e r t o l i  2 .4  -+ 0 .3  7 6 . 4  • 2 .5  12 .6  • 2 .4  5 .7  + 0 . 4  
24  G e r m i n a l  3 .6  • 0.1 e 7 9 . 9  -+ 1.5 7 . 8  • 1.2 5.2 • 0 . 4  

a S m a l l  a m o u n t s  o f  r a d i o a c t i v i t y  r e c o v e r e d  in 1 8 - c a r b o n  f a t t y  a c i d s  a re  n o t  s h o w n .  

b N u m b e r  o f  c a r b o n s : n u m b e r  o f  d o u b l e  b o n d s .  

CMean  + s t a n d a r d  e r r o r  o f  t h e  m e a n .  T h e r e  w e r e  2 s a m p l e s  a t  1.5 h r ,  4 at  3 a n d  6 h r  a n d  
3 at  24  h r .  

d S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell  v a l u e ;  p < 0 . 0 5 .  

e S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell  v a l u e ;  p < 0 . 0 1 .  

f S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell  v a l u e ; p  < 0 . 0 0 1 .  

L I P I D S ,  V O L .  1S,  N O .  6 



392 J.K. BECKMAN AND J.G. CONIGLIO 

the sp act of docosa-4,7,10,13,16-pentaenoic 
acid, which was higher in the Sertoli than in the 
germinal cells for all time periods, The dif- 
ference decreased with time but did not disap- 
pear even at 24 hr. Portions of the fatty acid 
extracts obtained from the ceils of the 14C- 
arachidonic acid-injected rats were hydro- 
genated and subjected to radio gas chromato- 
graphic analysis. The results were generally 
consistent with the values obtained with 
samples which were not hydrogenated (i.e., a 
smaller proportion in Sertoli cells of 14C in the 
20-carbon fatty acid fractions [from arachi- 
donic acid] and a greater proportion in 22- 
carbon fatty acids). 

The incorporation of 14C into various lipid 
classes following injection of either 14C- 
linoleate or 14C_arachidonate is summarized in 
Table III. In both cell types, ]4C from either 

EICOSA-5,8,11, 14-TETRAENOIC AOD 
(ARACHIDONIC ACID) 
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FIG. 2. The relative specific activities (sp act) of 
arachidonic, docosa-7,10,13,16-tetraenoic and docosa- 
4,7,10,13,16-pentaenoic acids in isolated rat Sertoli 
and germinal cells after intratesticular injection of 
[1A4C l arachidonate. Rats (60-150 days of age) were 
injected intratesticularly with [1-14C]arachidonic 
acid. Following the indicated time intervals, Sertoli 
and germinal cells were isolated from the testes as 
described under Experimental Procedures. Lipids of 
these cells were extracted and treated as described in 
Table I. Relative sp act are expressed as a percentage 
of total counts divided by the percentage of total fatty 
acids of the fatty acid in question, e - - e  - germinal 
ceils; o----o - Sertoli cells. 

substrate was rapidly incorporated into com- 
plex lipids, and less than 10% of the recovered 
14C was in unesterified fatty acids. Following 
]4C-linoleate administration, more 14C was 
incorporated into phospholipids of germinal 
than of Sertoli cells at all time periods. The 
proportion of radioactivity recovered in triacyl- 
glycerols of Sertoli cells exceeded that in 
triaeylglycerols of germinal cells. At the early 
time periods following 14 C-arachidonate 
administration, the distribution of 14C in the 
various lipid classes was similar in the 2 cell 
types. After 24 hr, the germinal cells contained 
a greater proportion of 14C in phospholipids 
and a lower proportion in triacylglycerols than 
the Sertoli cells. 

Following 14C docosapentaenoate injection, 
the 14 C recovered in the fatty acids of both cell 
types was primarily in the 22-carbon fraction 
(Table IV). A significant amount of activity was 
present also in 16- and 18- and 20-carbon fatty 
acids. At all time periods, the Sertoli cells 
contained a greater portion of their ]4C 
activity in the 20-carbon fraction than did the 
germinal ceils. 

DISCUSSION 

Previous studies revealed that the highest 
concentration of docosapentaenoic acid in rat 
testis was in the spermatid fraction (5,6). 
Although it has been established that the 
pentaene could be synthesized by the testis 
from intratesticularly administered linoleate or 
arachidonate (14), the site of  biosynthesis in 
the testis is unknown. Following intratesticular 
injection of ]4C precursors of the pentaene in 
the experiments reported in this paper, the sp 
act of the pentaene in Sertoli cells was much 
higher than that of the pentaene in the germinal 
cells. The sp act of the injected substrate was 
higher, at all time intervals measured, in the 
germinal cells than in the Sertoli cells. It is 
therefore suggested that at least a portion of 
the synthesis is carried out by the Sertoli cells. 
From these data, it cannot be ascertained 
whether or not biosynthesis of the pentaene 
occurred also in germinal cells. It is possible 
that the polyene is synthesized largely in the 
Sertoli cells and then transported to the 
developing spermatid in some manner. Sertoli 
cells, although located primarily along the 
basement membrane, extend throughout the 
germinal epithelium, infiltrating between the 
germinal cells (15). Germinal cells are in close 
contact with Sertoli cells throughout this 
development, and during certain stages of their 
maturation they are embedded within Sertoli 
cell cytoplasm. It is during this time that Sertoli 
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T A B L E  I I I  

T h e  D i s t r i b u t i o n  o f  14C in L i p i d  F r a c t i o n s  o f  I s o l a t e d  R a t  S e r t o l i  a n d  G e r m i n a l  Cel ls  a f t e r  
l n t r a t e s t i c u l a r  I n j e c t i o n  o f  [ 1 - 1 4 C ]  L i n o l e a t e  o r  [ 1 - 1 4 C ]  A r a c h i d o n a t e  
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T o t a l  I 4 C  r e c o v e r e d  ( % ) a  

T i m e  Cel l  
(h r )  t y p e  [ 1 - 1 4 C ]  L i n o l e a t e  [ 1 -14C  ] A r a c h i d o n a t e  

P L  b U F A  T G  P L  U F A  T G  

1.5 S e r t o l i  . . . . . . . . .  4 7 . 4  ~ 1.4 c 8 .6  -+ 0 .3  3 5 . 7  • 1.3 
1.5 G e r m i n a l  . . . . . . . . .  5 5 . 8  s 2 .9  3.1 • 0 . 8  3 5 . 8  • 2 .6  
3 S e r t o l i  5 3 . 0  ~ 2 .9  5 .6  s 0.1 3 1 . 0  ~ 1.5 57 .4  • 2 .0  5 .3  ~ 2 .0  3 2 . 7  ~- 1.4 
3 G e r m i n a l  6 7 . 5  • 0 .7  d 2 .1  ~ 0.1 f 2 3 . 8  • 0 .3  e 6 0 . 8  ~- 2 .9  3 .2  t 0 . 6  3 0 . 8  + 1 .8  
6 S e r t o l i  56 .2  • 12 .0 .  8 .5  ! 6 .0  2 7 . 3  +- 4 .2  . . . . . . . . .  
6 G e r m i n a l  7 5 . 0  • 0 .7  2.1 _+ 0 .2  17 .8  • 0 .3  d . . . . . . . . .  

12 S e r t o l i  5 5 . 6  • 4 . 9  3 .5  t 0 . 4  2 9 . 5  • 2 .0  . . . . . . . . .  
12 G e r m i n a l  7 2 . 3  -+ 0 . 4  d 1.1 • 0.1 d 2 2 . 8  + 1.1 d . . . . . . . . .  
24  S e r t o l i  6 0 . 2  • 0 .2  3 .3  • 0 .3  2 7 . 4  • 0 . 8  58 .2  • 4 . 6  5.2 4 1.2 2 8 . 5  *- 2 .9  
24  G e r m i n a l  7 5 . 4  • 0 .4  f 1.5 • 0.1 e 1 7 . 8 " t  0 .2  f 7 1 . 4  s 1.3 d 0.1 • 0.1 e 23.1  + 1.9 
4 8  S e r t o l i  6 6 . 6  § 1.9 2 .3  +_ 0 . 9  2 0 . 3  ~ 2 .5  . . . . . . . . .  
4 8  G e r m i n a l  7 7 . 4  • 1.6 f 1 .8  +- 0 .2  15 .8  * 1.2 d . . . . . . . . .  

a S m a l l  a m o u n t s  o f  r a d i o a c t i v i t y  w e r e  r e c o v e r e d  a lso  in f r a c t i o n s  m i g r a t i n g  w i t h  m o n a c y l g l y c e r o l s ,  
c h o l e s t e r y l  e s t e r s  a n d  d i a c y l g l y c e r o l s .  

b p L  = p h o s p h o l i p i d s ;  U F A  = u n e s t e r i f i e d  f a t t y  a c i d s ;  T G  = t r i a c y l g l y c e r o l s .  

CMean  • s t a n d a r d  e r r o r  o f  t i le  m e a n .  T h e  n u m b e r  o f  s a m p l e s  at e a c h  t i m e  p e r i o d  w a s  t h e  s a m e  as  
t h a t  in T a b l e  I f o r  [ l - 1 4 C ] l i n o l e a t e  a n d  T a b l e  II  f o r  1 - 1 4 C - a r a c h i d o n a t e .  

d S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell v a l u e ;  p < 0 . 0 5 .  

e S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell v a l u e ;  p < 0 .0  I .  

f S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell v a l u e :  p < 0 . 0 0 1 .  

T A B L F  IV 

T h e  D i s t r i b u t i o n  o f  14C in C h e m i c a l l y  H y d r o g e n a t e d  D e r i v a t i v e s  o f  F a t t y  A c i d s  o f  
I s o l a t e d  R a t  S e r t o l i  a n d  G e r m i n a l  Cel l s  a f t e r  l n t r a t e s t i c u l a r  I n j e c t i o n  

o f  [ 3 - 1 4  C ] D o c o s a p e n t a e n o i c  A c i d  

T o t a l  14C r e c o v e r e d  (%)  

T i m e  Cell  
( h r )  t y p e  1 6 : 0  a 1 8 : 0  2 0 : 0  2 2 : 0  2 4 : 0  

1.5 S e r t o l i  3,2 b 0 .5  9 .7  8 5 . 9  0 .7  
1.5 G e r m i n a l  2 .2  + 1.1 c 0 .6  • 0 . 6  3 .4  -+ 1.7 9 2 . 8  • 0 .1  1 .0  • 1 .0  
3 S e r t o l i  1.2 0 ,4  15 .0  8 2 . 4  1 ,0  
3 G e r m i n a l  0 . 8  --- 10 .0  8 7 . 9  1.3 
6 Se r t  o l i  0 .7  --- 17.1 8 0 . 0  2 .2  
6 G e r m i n a l  0 .9  -+ 0 .5  0 .3  • 0 . 3  9 .3  + 2 . 9  8 8 . 2  • 3 .8  1,2 • 0 . 2  

24  S e r t o l i  6 .7  • 2.1 2 .6  +- 1 .0  3 5 . 0  • 3 .0  5 2 . 4  -+ 0 . 5  2 .5  • 0 . 6  
24  G e r m i n a l  4 . 6  • 1,5 1.6 • 0 . 9  17 .5  • 3 .8  d 7 4 . 2  ~ 4 . 5  d 2.1 • 0 .5  

a N u m b e r  o f  c a r b o n s : n u m b e r  o f  d o u b l e  b o n d s .  

b A  s ing l e  n u m b e r  i n d i c a t e s  t h a t  t h e  a n a l y s i s  w a s  p e r f o r m e d  o n l y  o n c e  a t  t h a t  g i v e n  t i m e  
p e r i o d .  

CMean  • s t a n d a r d  e r r o r  o f  t h e  m e a n .  I n d i v i d u a l  a n a l y s e s  w e r e  p e r f o r m e d  o n  all g e r m i n a l  
cell p r e p a r a t i o n s  a n d  on  2 2 4 - h r  a n d  3 - h r S e r t o l i c e l l p r e p a r a t i o n s .  P o r t i o n s  o f  2 S e r t o l i c e l l  
e x t r a c t s  o b t a i n e d  at  1.5 h r  w e r e  p o o l e d  b e f o r e  a n a l y s i s ;  p o r t i o n s  o f  2 6 - h r  Se r t o l i  cell  
f r a c t i o n s  w e r e  l i k e w i s e  p o o l e d  b e f o r e  a n a l y s i s .  

d S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  f r o m  S e r t o l i  cell v a l u e :  p < 0 . 0 5 .  
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cell lipid droplets have been observed, 
apparently being absorbed into spermatids 
(16,17). These lipid droplets may be enriched 
in docosapentaenoic acid. Sertoli cells contain a 
significant concentration of triacylglycerols in 
which is esterified a considerable quantity of 
docosapentaenoic acid (6). Triacylglycerols of 
spermatids also contain a considerable quantity 
of docosapentaenoic acid, much more than the 
triacylglycerols of spermatocytes (5). Following 
injection of [3-14C] docosapentaenoic acid, 
most of the recovered 14C in the total lipids 
was in triacylglycerols at the early time periods, 
and only at later time periods did it accumulate 
in phospholipids (data not shown). It therefore 
seems possible that triacylglycerols might serve 
as a vehicle for transporting the pentaene from 
Sertoli to germinal cells. Alternatively, the 
higher sp act of the Sertoli cell pentaene after 
14C_linoleate and 14 C-arachidonate administra- 
tion might simply indicate a more active 
turnover rate of polyenoic acids than in the 
germinal cell. The experiment with injected 
labeled pentaene which resulted in more 14C 
appearing in the 20-carbon fatty acid fraction 
of Sertoli than in germinal suggests this may be 
so. The fraction most likely resulted from 
arachidonic acid formed by retroconversion 
(biohydrogenation of one double bond fol- 
lowed by a 2-carbon cleavage) of the injected 
pentaene, a process known to be active in 
testicular tissue (18). Some 14C-20-carbon 
fatty acids might have been synthesized from 
t4C-acetate units formed by/3-oxidation of the 
labeled pentaene. A considerable proportion of 
the radioactivity recovered 24 hr after 14C- 
pentaene administration was in 16- and 18- 
carbon fatty acids in both cell types. Whatever 
the source of the 14C in the 20-carbon fatty 
acids, it is apparent that the Sertoli cells were 
incorporating 14 C into this fraction at a rate far 
exceeding that of the germinal cells. 

The importance of the Sertoli cells in the 
normal functioning of the testis is well recog- 
nized. Ultrastructural studies (19) suggest that 
in essential fatty acid deficiency the Sertoli 
cells are the earliest affected cell type in the 
testis. The lipid biochemistry of these cell types 
in essential fatty acid deficiency as well as in 
vitro biosynthesis of docosapentaenoic acid in 

individual cell types are currently being investi- 
gated. 
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Effect of Plant Sterols, Fatty Acids and Lecithin on 

Cholesterol Absorption in vivo in the Rat 
DANIEL HOLLANDER 1 and DONNA MORGAN 2, University of California, Irvine, 
and the Veterans Administration Medical Center, Long Beach, CA 90822 

ABSTRACT 

The inhibitory effect of plant sterols, fatty acids and lecithin on cholesterol intestnal absorption 
was studied in the unanesthetized rat using a single pass perfusion technique, Bile was excluded from 
the perfused intestine. Cholesterol absorption did not change following the additions of cholestanol, 
cholestanone, lanosterol, stigmasterol and #-sitosterol. A 3-fold increase in the molarity of cholestanol 
and #-sitosterol or the separate additions of the saturated short and medium chain fatty acids, butyric 
and octanoic, also did not change cholesterol absorption. The unsaturated long chain fatty acids, oleic, 
linoleic, linolenic and arachidonic, inhibited cholesterol absorption. Lecithin additions at concentra- 
tions of 0.1-1.5 mM caused a progressive, dose-related inhibition of cholesterol absorption. The 
inhibitory effect of these agents on cholesterol absorption is likely to have been caused by changes in 
cholesterol solubility in the micelle and shifts in the partition coefficient of cholesterol away from the 
cell membrane to the micelle. 

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

Mammalian cholesterol  is derived f rom 
endogenous  synthesis or f rom dietary sources. 
Cholesterol  f rom both  sources undergoes 
extensive enterohepat ic  circulat ion and requires 
intestinal absorpt ion for maintaining and 
regulating its total  body pool.  

A t t empts  to diminish the total  body con ten t  
of  cholesterol  by l imiting dietary intake have 
failed (1) because the dietary cont r ibut ion  of 
cholesterol  is small when compared  to the 
amount  synthesized endogenously  (2). Inter- 
rup t ion  of  or  interference with the intestinal 
absorpt ion of  cholesterol  by the use of resins to 
bind bile salts and cholesterol  (3) or by the 
addi t ion of  cholesterol-l ike plant sterols to the 
diet (4) are possible approaches  to decreasing 
body cholesterol  content .  The addit ions of  
fa t ty  acids and lecithin to the intestinal con- 
tents have also been shown to be potent ia l  
inhibitors of cholesterol  absorpt ion in vitro 
(5-7). 

We studied the effect  of  plant sterols, fa t ty  
acids and lecithin in vivo on the absorpt ion rate 
of  cholesterol  in the unanesthet ized,  restrained 
rat. The isolated perfused small bowel prepara- 
t ion we used enabled us to regulate the con- 
st i tuents of the intestinal contents  and to 
measure the absorpt ion of  cholesterol  wi thout  
the interference of biliary secreted cholesterol .  

IRequests for reprints should be addressed to: 
Daniel Hollander, M.D., Department of Medicine, 
University of California, Irvine, Med Sci I, Room 
C360, Irvine, CA 92717. 

2present address: Division of Immunology, Wayne 
State University, Detroit, MI. 

M A T E R I A L S  

(3H la ,  2o~(n))Cholesterol with a specific 
activity (sp act) of  43 C i /mmol  (Amersham/  
Searle Co., Arl ington Heights, IL) was used as a 
tracer compound .  Nonradioact ive  cholesterol ,  
lot number  74C-7440 (Sigma Chemical  Co., St. 
Louis, MO), was of  greater than 99% puri ty as 
ascertained by thin layer chromatography  
(TLC) on silica gel developed in cyclohexane-  
e thyl  acetate  (6 :4)  (8). Recrystall ized sodium 
taurochola te  (Calbiochem,  Elk Grove, I L ) h a d  
less than 1% impuri t ies  (9) as obtained.  L-~- 
Lecithin,  cholestanol ,  choles tanone,  lanosterol,  
s t igmasterol  and /3-sitosterol with puri ty greater 
than 98% were purchased f rom Serdary Re- 
search Laboratories,  London,  Ontario.  Sodium 
dihydrogen phosphate  and disodium hydrogen 
phosphate  (J.T. Baker Chemical  Co., Phillips- 
burg, N J) were used as buffer components .  The 
standard micellar perfusate was prepared in a 
Krebs phosphate  buffer  (10) which contained 
bile salts, sterols, fat ty acids and cholesterol  in 
concent ra t ions  as specified. The solution was 
irradiated with ul trasound (Artek Corp.,  
Farmingdale,  NY) for 5 rain at 70 watts of  
power  in order to form micelles. The micellar 
solut ion remained stable and optical ly clear for 
24 hr at 20 C. The micellar solution containing 
3H-cholesterol  was passed through a UM-2 filter 
(Amicon  Corp., Lexington,  MA) in order to test 
the par t i t ion of cholesterol  between the 
micellar and the free monomer ic  forms. Since 
less than 3% of the radioact ivi ty passed through 
the filter, we concluded that 97% or more of 
the cholesterol  was dissolved within the 
micellar particles. The final osmolar i ty  (11) of 
the solut ion varied between 280-310 m0smol/~.  
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METHODS 

Male Sprague-Dawley rats (Spartan Research 
Animals, Inc., Haslett,  MI) weighing 150-200 g 
were fed Purina Chow number  5012 (Check-R- 
Board, Novi, MI) and tap water ad l ibi tum. The 
animals were kept  in our laboratory  for at least 
2 wk prior to exper imenta t ion .  Surgery and 
animal perfusion were per formed in the 
morning hours (12). The rat was anesthet ized 
with ether  and an inf low catheter  was intro- 
duced into the lumen of the small intestine 3 
cm distally to the c o m m o n  bile duct ' s  site of 
ent ry  into the duodenum and was secured by 
an encircling ligature. A glass, L-shaped, out- 
f low tube was then inserted into the distal 
i leum and secured by a ligature. The intestinal 
segment was re turned to the per i toneal  cavity 
which was closed surgically. The animal was 
allowed to awaken f rom the anesthetic and was 
placed in a Plexiglass restraining cage which 
allowed minimal  mobi l i ty  but prevented 
dis lodgement  of  the catheters.  A forced air 
heating device and a feed-back tempera ture  
control ler  moni to red  the animal 's  body 
tempera ture  via a rectal probe and maintained 
the animal 's  body  tempera ture  at 37 C. After  1 
hr of  recuperat ion,  the rats were infused with 
the micellar solut ion at a constant  rate of  1 
ml/min,  using a syringe pump (Sage No. 351 
Orion Research Inc., Cambridge, MA). The 
pumps were recalibrated f requent ly  to ensure a 
constant  infusion rate. The ou t f low through the 
glass cannula was col lected in glass vials in 
separate al iquots every 20 min for a 3-hr 
period. The vo lume of each 20-rain col lect ion 
was measured, and concent ra t ion  or di lut ion of  
each col lect ion was detected by the addi t ion of  
14C-inulin to the infusate. The final cholesterol  
concent ra t ion  in each sample was corrected for 
fluid shifts (13). Water absorpt ion in individual 
collections ranged from 1.9-6% with a mean 
value of  3%. The absorpt ion rate of cholesterol  
was calculated by subtracting the amount  of  
cholesterol  col lected out  of  the ou t f low tubing 
for each 20-min per iod f rom the total  amount  
known to have been delivered into the inf low 
cannula over the 20-min period. The initial 
20-rain col lect ion was always discarded. Choles- 
terol  absorpt ion rate during the 3-hr period of  
perfusion remained constant ;  the coeff ic ient  of  
variat ion be tween individual al iquots ranged 
f rom 8-13%. Absorpt ion values were pooled 
f rom all the animals in each exper imenta l  series 
and a final mean -+ S.E. value for absorpt ion 
was calculated for each specific set of  experi-  
menta l  condit ions.  

At the end of  the exper iment ,  the rats were 
killed by an overdose of  ether  and the intestinal  

segments were removed.  Af ter  hanging over- 
night to dry with the glass cannula acting as a 
constant  weight (4-5 g), the lengths of  the 
segments were measured under  condi t ions  of  
constant  stretch. 

Radioactivity Determinations 

1 0 0 ~  l aliquots of  intestinal  perfusate were 
p ipet ted  into combusto-cones  R (Packard 
Ins t rument  Co., Downers Grove,  IL) containing 
filter paper. The samples were oxidized with a 
sample oxidizer  (Tri-Carb Packard, Downers  
Grove,  IL) to recover and separate the 3H- 
cholesterol  and 14C_inulin" Radioact ivi ty  was 
assayed in a Beckman LS 250 liquid scintilla- 
t ion counter  with automat ic  quench  calibration 
at ambient  tempera ture .  Radioact ive counts  
were carried to a count ing error  of -+ 1%. 

R ESU LTS 

Adsorption of Cholesterol to Reservoir and Tubing 

A perfusate solut ion consisting of the 
standard Krebs phosphate  buffer  at pH 7.2, 10 
/~M cholesterol  and 10 mM sodium taurochola te  
was perfused through the tubing and glass 
cannula only to assess the  degree of  cholesterol  
adsorpt ion (14). Less than 1% adsorpt ion of 
cholesterol  to the tubing and glass cannula was 
found.  

Effect of Fatty Acid Addition to the Perfusete 
on Cholesterol Absorption 

Short,  medium and long chain fat ty  acids ( l  
raM) were added separately to the perfusate of 
several groups of  animals. The standard perfu- 
sate contained constant  amounts  of  cholesterol  
(10 ~uM) and sodium taurochola te  (10 mM) and 
its pH was 7.2. The absorpt ion rate of choles- 
terol  in the presence of  the various fat ty acids 
was compared to its absorpt ion rate in the 
absence of  fat ty acids. No difference in the 
absorpt ion rate of cholesterol  was noted 
fol lowing the addit ions of the saturated short 
and medium chain fat ty acids, butyric and 
octanoic.  All of the long chain unsaturated 
fa t ty  acids decreased cholesterol  absorpt ion but 
the differences be tween  the inhibi tory  effects  
of  these fatty acids were not  statistically 
significant (Table I). 

Influence of Lecithin on Cholesterol Absorption 

Solut ions containing 10 /IM cholesterol ,  10 
mM taurochola te  in the Krebs phosphate  buffer  
and progressively higher concent ra t ions  of  
leci thin were infused into groups of  rats to 
ascertain the influence of lecithin on choles- 
terol  absorption.  Fa t ty  acids or  monoglycer ides  
were not  added to the perfusate in this series of 
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experiments. Lecithin addition at 0.1 mM 
concentration did not change the absorption 
rate of cholesterol when compared to baseline 
experiments. Lecithin additions at concentra- 
tions from 0.5 to 1.5 mM caused a progressive 
inhibition of cholesterol absorption (Table II). 

Effect of Other Sterols on Cholesterol Absorption 

The effect of various sterols on cholesterol 
absorption was studied using equimolar concen- 
trations of cholesterol and a variety of sterols. 
The concentration of cholesterol was reduced 
to 1 /aM because of its insolubility in the 
micellar solution at higher concentrations 
following the additions of the other sterots. 

None of the compounds studied had any effect 
on cholesterol absorption (Table III). Tripling 
the concentration of the 2 sterols, cholestanol 
and /3-sitosterol, also had no inhibitory effect 
on cholesterol absorption (Table IV). 

DISCUSSION 

Studies in man have demonstrated that some 
of the plant sterols diminish intestinal absorp- 
tion of cholesterol (4,15). However, assessment 
of cholesterol absorption in man is imprecise 
because of the large amount of endogenously 
synthesized cholesterol which is secreted into 
the small bowel. The multiplicity of methods 

T A B L E  I 

Effec t  o f  F a t t y  Acids Add i t ion  on 10 /.dVl Choles terol  Abso rp t i on  

Fa t ty  No.  Water  Choles terol  
acid animals  absorp t ion  a absorp t ion  b pC 

(1.0 m M )  (%) (nmol/hr]lO0 c m )  

None  6 1.9 -+ .47 238 +- 23 --- 
Butyric  4 1 .9 -+ .13  231 -+ 3 > 0 . 0 5  

Oc tano ic  3 1.6 -+ .65 242 • 16 > 0,05 
Oleic 6 1.7 +- .20 163 • 8 < 0.01 

Linoleic 5 1.6 -+ .30 128 -+ 12 < 0.01 
Linolenic  6 2.8 +- .45 140 -+ 8 < 0.01 

Arach idon ic  4 2.5 -+'.34 154 -+ 7 < 0.01 

aValues  are m e a n  -+ SE o f  w a t e r  absorp t ion  as ca lcu la ted  f r o m  14C-inulin c o n c e n t r a t i o n  
changes.  

bValues  are m e a n  -+ SE of  choles tero l  abso rp t ion  ra te  f r o m  all animals  at each set of  
e x p e r i m e n t a l  condi t ions .  Eight  separa te  values  were  ob t a ined  f r o m  each animal ,  

CComparison b e t w e e n  abso rp t ion  ra te  in the absence  o f  f a t ty  acids to choles tero l  absorp-  
t ion  fo l lowing their  addi t ion .  Analysis  o f  var iance  and t-test were  used for  stat ist ical  com-  
par ison.  

T A B L E  II 

Effect  o f  Leci th in  Add i t i on  on  10 /aM Choles tero l  Abso rp t i on  

No. Water  Choles terol  
Leci th in  animals  absorp t ion  a absorp t ion  b pC 

(mM)  (%) ( n m o l / h r / 1 0 0  cm)  

None 6 1.9 -+ .47 2 3 8 - + 2 3  --- 
0.1 4 6.0 + 1.2 214 -+ 22 > 0.05 
0.5 4 4.2 + 1.l  134 -+ 12 < 0.01 
1.0 7 3 . 6 -  + .90 115-+ 10 < 0 . 0 1  
1.5 3 6.0-+ 1.7 109-+ 6 < 0 . 0 l  

aValues are m e a n  -+ SE o f  wa t e r  abso rp t ion  as ca lcula ted  f r o m  14C-inulin c o n c e n t r a t i o n  
changes.  

bValues  are m e a n  -+ SE of  choles te ro l  absorp t ion  ra te  f r o m  all an imals  at each  set o f  
e x p e r i m e n t a l  condi t ions .  Eight separa te  va lues  were  o b t a i n e d  f r o m  each an imal .  

CComparison b e t w e e n  abso rp t ion  ra te  in the absence  o f  leci thin to choles tero l  absorp-  
t ion fol lowing the  add i t ion  o f  leci thin.  Analysis  o f  var iance  and t- test  we re  used for  
statist ical  compa r i s on .  
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which have been proposed for the assessment of 
cholesterol absorption in man attests to the fact 
that none are unequivocally effective in over- 
coming the methodological problems involved 
(2, 16-19). 

We studied the effects of a variety of sterols, 
fatty acids and lecithin on the intestinal absorp- 
tion of cholesterol in vivo in the rat. By ex- 
cluding biliary secretions from th'e perfused 
intestinal segment, we ensured that biliary 
cholesterol did not interfere with the measure- 
ment of cholesterol absorption. 

We performed separate cholesterol absorp- 
tion experiments following the additions of 

cholestanol, cholestanone, lanosterol, stig- 
masterol and /3-sitosterol to the infusate. The 
basal rate of cholesterol absorption by the small 
bowel (20.9 + 1,0 nmol/hr/100 cm) did not 
change following the equimolar additions of the 
sterols already discussed (Table III). Since no 
change in the rate of cholesterol absorption 
occurred in this series of experiments, we 
measured cholesterol absorption following the 
additions of cholestanol and /3-sitosterol in 3 
times the molar concentration of cholesterol. 
No change in cholesterol absorption rates was 
seen in these experiments, either (Table IV). 
When attempts were made to add other sterols 

T A B L E  I I I  

Effect  of  Other  Sterols on l #M Choles terol  Absorp t ion  

A d d e d  No. Water  Cholesterol  
sterol  animals  absorp t ion  a absorp t ion  b pC 

(1 /sM) (%) ( n m o l / h r / 1 0 0  cm)  

None  6 4.5 +- 1.0 20.9 +- 1.0 --- 
Choles tanol  4 5.9 -+ .99 21.3 +, 1.0 > 0.05 

Choles tanone  4 2.4 -+ .98 22.5 +, 1.6 > 0.05 
Lanos te ro l  4 5.0 +, 1.8 20.2 +, 1.8 > 0.05 

S t igmas tero l  4 3.5 + 1.7 23.2 +, 1.7 > 0.05 
f3-Sitosterol 4 3.8 +- .53 21.7 +, 1.0 > 0.05 

aValues are m e a n  -+ SE o f  wa te r  absorp t ion  as ca lcula ted f r o m  14C-inulin c o n c e n t r a t i o n  
changes.  

bValues  are m e a n  -+ SE of  choles terol  absorp t ion  rate  f r o m  all animals  at each  set o f  
e x p e r i m e n t a l  condi t ions .  Eight  separa te  values  were  ob ta ined  f r o m  each animal .  

CComparison b e t w e e n  absorp t ion  ra te  in the absence o f  sterols to choles tero l  absorp t ion  
fo l lowing their  addi t ion .  Analysis  o f  var iance  and t- test  were  used for  stat ist ical  co mp a r i so n .  

T A B L E  IV 

Inf luence  of  Othe r  Sterol  Concen t r a t i on  on 1 ~r Choles terol  Abso rp t i on  

A d d e d  No. Water  Choles terol  
sterol  animals  absorp t ion  a absorp t ion  b pC 

(tiM) (%) ( n m o l / h r / 1 0 0  cm)  

None  6 4.5 + 1.0 20.9 + 1.0 --- 
Choles tanol  

(1) 4 5.9 + .99 21.3 _+ 1.0 > 0.05 
Choles tanol  

(3) 4 2.3 + .33 20.3 + 0.4 > 0.05 
fl-Sitosterol 

(1) 4 3.8 -+ .53 21.7 + 1.0 > 0.05 
fl-Sitosterol 

(3) 3 4.7 + 1.9 23.4 _+ 1.1 > 0.05 

aValues  are m e a n  - SE of  wa t e r  absorp t ion  as ca lcula ted  f rom 14C-inulin c o n c e n t r a t i o n  
changes.  

bValues  are m e a n  +- SE o f  choles tero l  absorp t ion  rate  f r o m  all animals  at each set of  
e x p e r i m e n t a l  condi t ions .  Eight separa te  values  were  ob ta ined  f rom each animal .  

CComparison b e t w e e n  absorp t ion  ra te  in the absence  of  sterols to choles terol  abso rp t ion  
fo l lowing the i r  add i t ion  in 1 or 3 pM concen t r a t ions .  Analysis  of  var iance  and t- test  were  
used for  statist ical  compar i son .  
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in higher concentrations to the perfusate, 
micellar solubilization of cholesterol was 
disrupted and both cholesterol and the other 
sterols precipitated out of the perfusate 

Lees et al. used a cholesterol balance method 
to measure cholesterol absorption in patients 
with hypercholesterolemia and found that 
~-sitosterol inhibited cholesterol absorption 
(15). The discrepancy between our results and 
theirs may simply reflect species differences in 
cholesterol absorption On the other hand, the 
differences may have resulted from the tech- 
nique used in our experimental preparation 
which enabled us to measure cholesterol 
absorption without the interference of endo- 
genous cholesterol secreted into the intestinal 
lumen. 

In the next series of experiments, we tested 
the influence of fatty acids on the absorption 
of cholesterol. The additions of short and 
medium chain fatty acids to the perfusate 
did not change the rate of cholesterol absorp- 
t ion (Table I). Since the short and medium 
chain fatty acids are known to have solubility 
characteristics and absorptive patterns which 
are different from those of cholesterol-like 
compounds (20), these experimental findings 
were not unexpected. On the other hand, the 
additions of the long chain monounsaturated 
fatty acid, oleic, and the polyunsaturated fat ty 
acids, linoleic, linolenic and arachidonic, 
resulted in a significant decrease in the amount 
of cholesterol absorbed (Table I). Lecithin 
was found to be the most effective inhibitor of 
cholesterol absorption. As the lecithin concen- 
tration in the perfusgtte was increased from 0.5 
to 1.5 raM, a dose-dependent inhibition in 
cholesterol absorPtion was observed (Table !!). 
Lecithin addition to the perfusate in 1.5 mM 
concentration resulted in more than 50% 
inhibition in cholesterol absorption rate when 
compared to baseline values (Table II). 

Multiple mechanisms could be responsible 
for the inhibitory effect of the unsaturated 
fat ty acids and lecithin on cholesterol absorp, 
tion. The rate of transfer of cholesterol from 
the micelles to the cell membrane would 
depend on the partit ioning of cholesterol 
between the micelle and the cell membrane 
(21,22). The addition of the unsaturated fat ty 
acids or lecithin to the micellar incubation 
medium would enhance the solubility of 
cholesterol in the micelles and shift the parti- 
tion coefficient of cholesterol away from the 
cell membrane to the micelle (23). This shift in 
Partitioning of cholesterol would slow its 
absorption from the micellar perfusate and 
would result in the observed decrease in the 
absorption rate of cholesterol by the small 

bowel (Tables I and II). Lecithin has been 
recently shown to diminish the intestinal 
absorption of oleic acid from a mixed micellar 
solution in vivo by decreasing its monomer 
concentration at the absorptive cell membrane 
(24). This observation supports our proposed 
mechanism of lecithin inhibition of cholesterol 
absorption by increasing its micellar solubility 
and decreasing its monomer concentration. 
Additionally,  the fatty acids and lecithin 
would increase the physical size of the micellar 
particles (25). The larger-sized micelles would 
diffuse towards the absorptive cell membrane 
of the enterocytes at a rate lower than that of 
the smaller mice!!es containing cholesterol only. 
The lower diffusion rate of the larger-sized 
micelles would also add to the decrease in the 
absorption rate of cholesterol observed in this 
series of experiments (Tables I and II). 

The unstirred water layer is a known barrier 
to diffusion of micellar particles towards the 
absorptive cell membrane. It has been demon- 
strated to be a rate-limiting step in the uptake 
of cholesterol in vitro in the small intestine 
(22). Therefore, the inhibitory effect of the 
unsaturated fat ty acids and lecithin on choles- 
terol absorption (Tables I and II) is 
undoubtedly accentuated by the resistance of 
the unsfirred layer to diffusion of the larger- 
sized mice!lar particles 

Finally, lecithin and the unsaturated fatty 
acids may decrease cholesterol absorption by 
increasing the negative surface charge of the 
micel!ar Particles. Both the micellar surface 
(26) and the luminal surface of the enterocytes 
(27) are negatively charged. The resistance to 
the diffusion of the micellar particles increases 
as the particles approach the absorptive cell 
membrane (28); thus, the absorption of sub- 
stances dissolved within the mice!!es is retarded 
if the negative surface charge of the micelles is 
increased. Since the pKa of long chain fatty 
acids in sodium taurocho!ate micelles is 6.5 
(29), a substantial port ion of the fatty acids or 
lecithin would be in the charged state at the pH 
range used in this series of experiments. The 
additions of fatty acids or lecithin to the 
perfusion solution would increase the negative 
charge of the micellar surface-an increase 
which would interfere with diffusion of the 
micellar particles towards the negatively 
charged absorptive cell membranes. It is most 
probable that a combination of all of these 
factors described plays a role in decreasing the 
absorption rate of cholesterol following the 
additions of unsaturated fatty acids or lecithin 
(Tables I and II). 

This series of experiments was performed in 
the absence of monoglycerides in the perfusate 
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s o l u t i o n .  M o n o g l y c e r i d e s  were  d e l e t e d  f r o m  t h e  
p e r f u s a t e  in o r d e r  to  d e l i n e a t e  t h e  i n f l u e n c e  o f  
f a t t y  a c id s  o n  c h o l e s t e r o l  a b s o r p t i o n  w i t h o u t  
i n t e r a c t i o n  w i t h  m o n o g l y c e r i d e s .  M o n o -  
g l y c e r i d e s  h a v e  b e e n  d e m o n s t r a t e d  to  i n c r e a s e  
t h e  a b s o r p t i o n  o f  c h o l e s t e r o l  b y  e n h a n c i n g  i ts  
s o l u b i l i t y  in t h e  m i c e l l e s  a n d  p r e v e n t i n g  i ts  
p r e c i p i t a t i o n  o u t  o f  t h e  p e r f u s a t e  ( 3 0 , 3 1 ) .  
N o r m a l l y , "  m o n o g l y c e r i d e s  a re  p r e s e n t  w i t h i n  
t h e  mice l l a r  p a r t i c l e s  f o l l o w i n g  l ip id  mea l s .  
T h e r e f o r e ,  t h e  i n f l u e n c e  o f  f a t t y  ac ids ,  s t e r o l s  
a n d  l e c i t h i n  o n  c h o l e s t e r o l  a b s o r p t i o n  will  h a v e  
to  be  e v a l u a t e d  in t h e  p r e s e n c e  o f  m o n o -  
g l y c e r i d e s  as well  b e f o r e  t h e s e  d a t a  c an  be  
e x t r a p o l a t e d  to  c h o l e s t e r o l  a b s o r p t i o n  u n d e r  
p o s t p r a n d i a l  c o n d i t i o n s .  

I f  t h e  m e t h o d o l o g i c a l  p r o b l e m s  o f  s t u d y i n g  
h u m a n  c h o l e s t e r o l  a b s o r p t i o n  c a n  be  r e s o l v e d ,  
f u r t h e r  e x p e r i m e n t s  u s i n g  va r i ed  c o n c e n t r a t i o n s  
o f  u n s a t u r a t e d  f a t t y  ac ids  o r  l e c i t h i n  as d i e t a r y  
a d d i t i v e s  s h o u l d  be  t r i ed  in an  a t t e m p t  to  
d i s r u p t  i n t e s t i n a l  C h o l e s t e r o l  a b s o r p t i o n .  I t  
m u s t  be  e m p h a s i z e d ,  h o w e v e r ,  t h a t  u n s a t u r a t e d  
f a t t y  ac ids  a n d  l e c i t h i n  h a v e  b e e n  d e m o n s t r a t e d  
to  i n h i b i t  t h e  i n t e s t i n a l  a b s o r p t i o n  o f  fa t -  
s o l u b l e  v i t a m i n s  in t h e  ra t  ( 3 2 - 3 4 ) .  T h e r e f o r e ,  
t h e i r  t h e r a p e u t i c  t r ia ls  in m a n  s h o u l d  be  care-  
f u l l y  m o n i t o r e d  fo r  p o s s i b l e  i n d u c t i o n  o f  
f a t - s o l u b l e  v i t a m i n  d e f i c i e n c i e s .  
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Regulation of Lung Surfactant Cholesterol Metabolism 
by Serum Lipoproteins 
MICHAEL A. HASS and WILLIAM J. LONGMORE, Edward A. Doisy Department of Biochemistry, 
St. Louis University School of Medicine, St. Louis, MO 63104 

ABSTRACT 

The isolated perfused rat lung was used as an experimental model in the study of the lipoprotein 
regulation of surfactant cholesterol metabolism. Addition of low density lipoproteins (LDL) to the 
perfusion medium at a cholesterol concentration of 0.5 mM had no inhibitory effect on [1-14C]- 
acetate incorporation into cholesterol of either the surfactant or residual fractions. Increasing the con- 
centration of cholesterol in the medium to 2.5 mM resulted in significant inhibition of incorporation 
into cholesterol of both fractions. A similar inhibition resulted when lungs were perfused with 2.5 mM 
cholesterol in the form of high density lipoproteins (HDL). No inhibition of fatty acid synthesis, 
measured as incorporation into cholesteryl esters, was observed. The rate of uptake by perfused lung 
of cholesterol from both high and low density lipoproteins was similar. Competitive binding studies 
with 12SI-labeled lipoproteins indicated the existence of lung receptors for both classes of lipoprotein. 
The rate of uptake of the apoprotein moiety of low density lipoproteins was significantly greater than 
that of high density lipoproteins. These data suggest that lung cholesterol metabolism may be subject 
to regulation by both low and high density serum lipoproteins. 

INTRODUCTION 

The surface tension constancy of lung alveoli 
is maintained by a lipoprotein complex termed 
pulmonary surfactant, of which dipalmitoyl- 
phosphatidylcholine is the principal lipid 
component (1-3). Cholesterol is next most 
abundant, comprising 8-14% of the total 
surfactant lipid (3-5). The lung has been shown 
capable of endogenous cholesterol synthesis 
(6,7); elevated levels of dietary cholesterol 
cause partial inhibition of that synthesis (8). 

In vivo studies concerning possible regula- 
tion of lung cholesterol metabolism by serum 
lipoproteins have demonstrated uptake by rat 
lung of very low density lipoproteins (VLDL) 
and high density lipoproteins (HDL) (9,10), 
whereas in vitro experiments have shown both 
uptake and proteolysis of VLDL by perfused 
rat lung (11,12). Intravenous injection of 
unfractionated rat or human lipoproteins into 
rats made hypocholesterolemic by treatment 
with 4-aminopyrazolo [3,4-d]pyrimidine pro- 
duced significant inhibition of cholesterol 
synthesis (13). 

Results of experiments from our laboratory 
indicate that, while the isolated perfused rat 
lung is capable of endogenous cholesterol 
synthesis, use of exogenous lipoprotein choles- 
terol is the principal mechanism employed in 
the production of surfactant cholesterol (14). 
These studies investigate further the regulation 
of surfactant cholesterol production by specific 
serum lipoprotein classes. 

METHODS 

Normal-fed male Wistar strain rats (150-250 

g) were used in these experiments. Rat l ungs  
were perfused as previously described by 
Godinez and Longmore (15) except that 
perfusate vol was 40 ml. A 90% O2/10% CO z 
gas mixture was used both for ventilation of the 
lung and oxygenation of the circulating perfu- 
sion medium, which consisted of Krebs Ringer 
bicarbonate buffer (pH 7.35) containing 3% 
bovine serum albumin and 5.6 mM glucose. 

Water soluble isotopes were dried under N2, 
redissolved in an aliquot of perfusion medium 
and then added to the recirculating perfusion 
medium. [ 1,2-3H] Cholesterol was dried under 
N 2 and then adsorbed to serum lipoproteins by 
incubation at room temperature for 30-60 min 
prior to addition to the perfusion medium. 
Centrifugation of the incubated lipoproteins on 
sucrose density gradients indicated that greater 
than 90% of the radioactive cholesterol was 
bound to lipoproteins by this procedure. 
Following each perfusion, the lung was post- 
perfused using a 3-way valve with ca. 15 ml of 
unlabeled medium in order to remove the 
majority of labeled medium from the lung 
vasculature. 

Endogenous cholesterol synthesis was 
measured by lung perfusions with medium 
containing 0.1 mM sodium acetate, [I-14C] - 
acetate (30 pCi) and varying concentrations of 
seum lipoproteins. In these experiments, the 
lung was preperfused with lipoproteins for 10 
min prior to the addition of the radioactively 
labeled acetate. Uptake of lipoprotein choles- 
terol was measured by lung perfusions with 
medium containing 1.0 mM lipoprotein choles- 
terol and [ 1,2-3H] cholesterol (25/2Ci). Specific 
activities of [1-14C]acetate and [ 1 , 2 - 3 H ]  - 
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cholesterol were determined from samples of 
perfusion medium at zero time. For these 
substrates, incorporation data from all experi- 
ments were normalized to 1 x 106 dpm/~tmol 
substrate to correct for differences in initial 
medium activity. Binding and uptake of lipo- 
protein protein was measured by perfusion with 
medium containing 12Si.labeled lipoproteins 
(minimum of 15,000 cpm/mg), with dextran 
substituted for bovine serum albumin. 

In measuring competitive lipoprotein 
binding, the lung was perfused with 125 I- 
labeled lipoproteins for 5 min and then with 
unlabeled, unrecirculated medium for an 
additional 5 min to remove unbound lipopro- 
teins. At this point, a tissue sample was taken, 
representative of bound lipoproteins. 

Lipoprotein fractions were isolated by 
manganese chloride-dextran sulfate precipita- 
tion from pooled normal human serum 
according to the Burstein et al. method (16), 
with a minor modification. Instead of floating 
or pelleting the lipoproteins to either the top or 
bot tom of the ultracentrifuge tube, LDL were 
cushioned above a layer of potassium bromide 
of density 1.074, and HDL floated beneath a 
layer of similar density. This aided in subse- 
quent dispersion of the isolated lipoproteins 
into aqueous solution. Contaminating salts were 
removed by dialysis against 20 mM Tris-C1 (pH 
7.7). The purity of the lipoprotein fractions 
was judged by electrophoresis on agarose gels. 
The LDL fraction appeared essentially h o m o -  
g e n e o u s  whereas the HDL fraction at times 
showed 5-10% contamination by LDL. Similar 
results were obtained whether the gels were 
stained for lipid (Fat Red 7B) or protein 
(Coomassie Brilliant Blue). 

Radioiodination of LDL and HDL fractions 
was by the iodine monochloride me,thod of 
McFarlane (17). Unreacted Na125I twas re- 
moved by extensive dialysis vs 20 mM Tris-C1 
buffer (pH 7.7). Agarose gel electrophoresis of 
the iodinated lipoproteins indicated no signifi- 
cant change in migration; the radioactivi'ty was 
associated only with the respective lipoprotein 
bands. About 91% of the LDL radioactivity and 
98% of the HDL radioactivity was trichloro- 
acetic acid precipitable, of which 9% and 2%, 
respectively, were extractable by chloroform/ 
methanol (2: 1). 

The surfactant and residual fractions of rat 
lung were separated according to the Frosolono 
et al. method (2) as modified by Sanders and 
Longmore (18). The residual fraction obtained 
is comprised of all lung tissue fractions with the 
exception of the surfactant fraction. Total lung 
protein was determined by the Lowry et al. 
method (19). Lung fractions were extracted 

according to the Folch et al. method (20) as 
adapted by Radin (21). Lipid fractions were 
separated by silicic acid column chromatog- 
raphy, neutral lipids being eluted with 50 ml of 
chloroform. The various neutral lipids were 
further separated by thin layer chromatography 
(TLC) on plates of Silica Gel G using the 
solvent system described by Hass and Long- 
more (14). Following the visualization with 
iodine vapors, the areas of the gel containing 
cholesterol and cholesteryl esters were scraped 
into test tubes and extracted 3 times with 
chloroform/methanol (2: 1). Aliquots were 
dried under N2, then assayed for cholesterol by 
t h e  Allain et al. enzymatic method (22), using a 
commercially available kit. 

Quantitation of 3H and 14C radioactivity 
was obtained by liquid scintillation counting of 
aliquots of perfusion medium and lipid samples; 
the channels ratio method was employed to  
determine the efficiency of counting. 1251 was 
measured on a Packard Tri-Carb ")'-counter. 
Results of experiments measuring cholesterol 
synthesis and uptake of lipoprotein cholesterol 
are expressed as the mean plus or minus the 
standard error of the mean, with the Student 
t-test used in determination of p values. Each 
point on the y-axis of figures illustrating 
competitive lipoprotein binding represents the 
mean of at least 3 samples, whereas all other 
points in figures are representative of single 
samples. Radioactive isotopes were purchased 
from New England Nuclear Corp. (Boston, 
MA). Materials for cholesterol assays were 
purchased from Boehringer-Mannheim Corp. 
(Indianapolis, IN). 

R ESU LTS 

Endogenous Cholesterol Synthesis 

Initially, it was determined that the normal 
serum cholesterol concentration of rats used in 
this study was 1.7 mM. Since an occasional 
5-10% contamination of the HDL fraction with 
LDL had been observed, experiments were 
performed in order to determine whether such 
low levels of LDL might inhibit endogenous 
cholesterol synthesis from acetate (Table I). 
Compared to control experiments in which 
lungs were perfused with lipoprotein-free 
medium, perfusion with medium containing 0.5 
mM LDL cholesterol resulted in no inhibition 
of acetate incorporation into cholesterol of 
either the surfactant or residual fractions. 
However, increasing the medium concentration 
of LDL cholesterol to 2.5 mM resulted in 
significant inhibition of cholesterol synthesis. 
Likewise, perfusion with 2.5 mM HDL choles- 
terol produced a similar inhibition. 
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While it seemed highly unlikely,  it was 
possible that  the addi t ion  of  l ipopro te ins  to the 
perfus ion med ium may have resulted in suffi- 
cient pe r tu rba t ion  of  the  intracellular acetyl- 
CoA pool  to cause the decreased incorpora t ion  
of  [1 -14C]ace ta te  into lung cholesterol .  In 
prel iminary con t ro l  exper iments ,  it was found  
that  greater than 80% of  the radioactivi ty 
incorpora ted  in to  cholesteryl  esters was found  
in the fa t ty  acyl moie ty .  Since others  have 
repor ted  that  wi thin  a few hours  of  cholesterol  
adminis t ra t ion  [ 1-14C] acetate  is incorpora ted  
principally in to  the fa t ty  acyl moiet ies  of  lipids 
(23) and since modu la t ion  of  acyl coenzyme  
A:choles te ro l  acyl t ransferase activity has been 
repor ted  only after ex tended  cholesterol  
exposure  (24,25) ,  incorpora t ion  into choles- 
teryl  esters was used as a measure of  fa t ty  acid 
synthesis  by the lung. As shown in Table II, 
in no case did perfus ion wi th  l ipoprote ins  result  
in decreased incorpora t ion  into cholesteryl  
esters. Hence,  the observed inhibi t ion of  acetate  
incorpora t ion  into unester i f ied cholesterol  is 

no t  likely caused by al terat ions of  the intra- 
cellular acetyl-CoA pool.  

Uptake of Lipoprotein Cholesterol 

That  per fus ion  w i t h  bo th  LDL and HDL 
inhibi ted  endogenous  cholesterol  synthesis  
suggested choles terol  o f  bo th  classes of  l ipopro-  
rein were taken up by the perfused lung at 
relatively similar rates. The results of  experi-  
men ts  test ing this possibil i ty are found  in Table 
III. As ant ic ipated,  up take  of  3H-cholesterol  
f rom bo th  LDL and HDL into the surfactant  
and residual f ract ions  of the lung was quite  
similar and only somewha t  higher than that  
found  earlier for  a mixed  L D L / V L D L  fract ion 
(14). 

Competitive Lipoprotein Binding 

Uptake  processes specific for  LDL and HDL 
would  require that  the lung have specific 
receptors  for bo th  classes of  l ipoproteins .  
Compet i t ive  binding studies were carried out  to 
investigate whe the r  this was the case. In Figure 

TABLE I 

Effect of Lipoproteins on [ 1-14C] Acetate Incorporation 
into Cholesterol of Surfactant and Residual Fractions 

Rate of acetate incorporation into cholesterol 

Medium concentration Surfactant Residual 

Control (0) 
0.5 mM LDL cholesterol 
2.5 mM LDL cholesterol 
2.5 mM HDL cholesterol 

pmol/mg protein/hr t SEM a 

1.06 -+ 0.16 (7) b 7.72 • 1 .17  (7) 
1.31 -+ 0.20 (4) 6.78 +- 1.39 (4) 
0.55 +- 0.07 (3) e 3.20 + 0.71 (3) d 
0.52 + 0.10 (3) d 3.63 + 0.76 (3) d 

aDuration of perfusion was 2 hr. 
bNumbers in parentheses indicate the number of perfusions done. 
Cp < 0.1 (vs control). 
dp < 0.05. 

TABLE II 

Effect of Lipoproteins on [ 1-14C] Acetate Incorporation 
into Cholesteryl Esters of Surfactant and Residual Fractions 

Rate of acetate incorporation 
into cholesteryl esters 

Medium concentration Surfactant Residual 

Control (0) 
0.5 mM LDL cholesterol 
2.5 mM LDL cholesterol 
2.5 mM HDL cholesterol 

pmol/mg protein/hr +- SEM a 

0.23 • 0.08 ( 5 )  b 1.82 -+ 0.28 (5) 
0.27 • 0.04 (4) 3.10 +- 0.34 (4) 
0.58 -+ 0.26 (3) 2.46 -+ 0.03 (3) 
0.16 -+ 0.03 (3) 2,02 -+ 0.06 (3) 

aDuration of perfusion was 2 hr. 
bNumbers in parentheses indicate the number of perfusions done. 
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TABLE IIl 

U p t a k e  o f  L ipopro te in  [ 1 ,2-3H ] Choles tero l  in to  
Surfac tant  and Residual  Fract ions  

Rate o f  cho les tero l  uptake  

M e d i u m  c o n c e n t r a t i o n  Surfactant  Residual  

1.0 mM LDL cho les tero l  
1.0 mM HDL cholesterol 
1.0 mM LDL/VLDL cho l e s t ero l  c 

pmol/mg protein/hr -+ SEM a 
1.95 • 0.14 (4) b 13.2 • 1.7 (4) 
3.14 • 1.26 (4) 10.9 • 2.0 (4) 
0.94 • 0.10 9.65 • 2.52 

a D u r a t i o n  o f  per fus ion  was  1 hr. 
bNumbers in parentheses  indicate  the  number of perfusions done. 
cArter  Hass and  L o n g m o r e  (14). 

1, it is shown that unlabeled LDL readily 
competed with 125 I-LDL for binding, whereas 
addition of unlabeled HDL resulted in no 
competition or possibly some increase in 
125I_LDL binding. Subsequent perfusion with 
medium containing 10 mg/ml heparin resulted 
in the release of bound 125I-LDL from lung 
receptors (data not shown). Figure 2 shows the 
results of competitive binding studies using 
125I-HDL. Unlabeled medium HDL strongly 
competed with 125I_HDL, whereas unlabeled 
LDL exhibited some competition only at very 
high concentrations. Thus, the lung appears to 
have receptors for the binding of both LDL and 
HDL. Experiments were also undertaken in 
which the uptake of 125I-LDL and 125I-HDL 
by the perfused lung was measured. As shown 
in Figure 3, 125I-LDL were taken up by the 
lung at a nearly linear rate after a 5-10 min lag. 
In contrast, 125I-HDL were taken up by the 
lung at a much reduced rate, similar to that for 
125I_LDL during the initial 10 rain of perfu- 
sion. Calculations indicated that this difference 
could not be explained on the basis of 125 I_ 
lipid uptake, but reflected differing rates of 
uptake of the apoprotein moieties. 

DISCUSSION 

The finding that lung cholesterol metabolism 
is under the regulatory control of serum lipo- 
proteins is consistent with previous results 
which showed that endogenous cholesterol 
synthesis accounted for less than 1% of the 
total cholesterol of both the surfactant and 
residual fractions (14). That acetate incorpora- 
tion into cholesterol of the surfactant and 
residual fractions was inhibited to a similar 
degree by both LDL (48% and 59%, respec- 
tively) and HDL (51% and 53%, respectively) is 
further indication that endogenous synthesis 
of surfactant cholesterol is subject to the same 

type of regulation as that of the residual 
fraction. Similarly, incorporation of 3H- 
cholesterol from both LDL and HDL into the 
surfactant and residual fractions must result at 
least in part from uptake, rather than simple 
exchange, of cholesterol, since exchange would 
not be expected to result in inhibition of 
endogenous synthesis. 

Lipoprotein inhibition of lung cholesterol 
synthesis, combined with the demonstration of 
lung lipoprotein receptors indicates that regula- 
tion of cholesterol metabolism in the lung 
parallels that reported for other tissues (13,26). 
That some competition between LDL and HDL 
for binding was observed at high lipoprotein 
concentrations likely results from the 5-10% 

1600 L ~ ~ qo 
~ 1 2 0 0 1  0 0 ~  @ 

z 0 
m 800  q 

400 

I 

20 40 60 
UNLABELED PROTEIN ADDED (rag) 

FIG. 1. Competitive binding of lipoproteins by 
~erfused lung. Perfusion medium contained 6.5 mg 

251-LDL plus varying amounts of unlabeled LDL 
(-o-), unlabeled HDL (-o-) or no competing lipoprotein 
(-o-). As described in Methods, lungs were perfused 
with 125I-LDL for 5 rain. Data points represent 
12SI-LDL bound to lung following 5 rain perfusion 
with unlabeled medium. 
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contamination of the HDL fraction by LDL. It 
is also possible that some common binding sites 
exist for both LDL and HDL, or that the much 
larger LDL molecules exert some steric hin- 
drance in preventing HDL binding. Similar low 
level competition has been reported by Miller et 
al. (27) for human fibroblasts. The small 
increase in ]2SI-LDL binding caused by addi- 
tion of HDL (Fig. 1) is also similar to that seen 
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FIG. 2. Competitive binding of lipoproteins by 
~erfused lung. Perfusion medium contained 6.5 mg 

2SI-HDL plus varying amounts of unlabeled LDL 
(-o-), unlabeled HDL (.o-) or no competing lipoprotein 
(-o-). As described in Methods, lungs were perfused 
with 125I-HDL for 5 min. Data points represent 
125I-HDL bound to lung following 5-rain perfusion 
with unlabeled medium. 
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FIG. 3. Uptake of lipoproteins by perfused lung. 
Perfusion medium contained 25 rag/m1 12SI.LDL 
(.a.) or 12Sl.HDL (-o.). 

in similar experiments using certain HDL 
fractions with human fibroblasts (28). 

While the rate of uptake of lipoprotein 
cholesterol by the perfused lung is similar for 
both LDL and HDL, the rates of uptake of the 
protein portion of the molecule are signifi- 
cantly different. Calculation of the ratio of 
125i_labeled lipoproteins taken up during a 
60-min perfusion to those which were bound 
yields a value of 535 for L D L  and 13.4 for 
HDL This would suggest that the LDL may be 
taken up by the lung as an intact particle, 
whereas HDL cholesterol is transferred without 
mandatory uptake of the apoprotein moiety. 
Similar findings have been reported for L cells 
and for human fibroblasts (29,30). 

Pietra et al. (11) reported uptake by the 
perfused rat lung of t25I-VLDL but not of 
125I-LDL. However, their methods entailed 
monitoring the disappearance of labeled lipo- 
proteins from the perfusion medium. In this 
study, tissue radioactivity was measured. At no 
time did this tissue radioactivity represent more 
than 2.5% of the total medium radioactivity. 
Hence, the results of this study are not neces- 
sarily at odds with those reported by these 
authors. 

Andersen and Dietschy (13) reported 
inhibition of endogenous cholesterol synthesis 
by rat lung slices after intravenous infusion of 
LDL to a serum cholesterol concentration 
of 4.4 raM. Infusion of LDL to a serum cho- 
lesterol concentration of only 1.3 mM caused a 
slight inhibition; similar results were reported 
for a comparable infusion of HDL. However, no 
parallel experiments with higher HDL concen- 
trations were reported. 

The dual regulation of lung cholesterol 
metabolism by LDL and HDL is similar to that 
reported by Andersen and Dietschy for the 
adrenal gland (13). It is interesting that the 
adrenal gland secretes a significant portion of 
its cholesterol in the form of corticosteroids. 
Similarly, the lung secretes up to 20% of its 
total cholesterol in the form of pulmonary 
surfactant. It is conceivable that tissues which 
metabolize cholesterol via multiple pathways 
require multiple forms of regulatory mecha- 
nisms to govern those pathways. Whether 
similar systems of dual regulation exist in other 
steroid.secreting tissues remains to be deter- 
mined. 
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Characterization of Triterpene Alcohols of Seed Oils from 
Some Species of Theaceae, Ph olaccaceae and Sapotaceae 1 
TOSHIHIRO ITOH, TOSHIMITSU UETSUKI, TOSHITAKE TAMURA and 
TARO MATSUMOTO, College of Science and Technology, Nihon University, 
1-8, Kanda Surugadai, Chiyoda-ku, Tokyo, 101 Japan 

ABSTRACT 

Triterpene alcohol constituents of the unsaponifiable lipids separated from tea seed oil from Thea 
sinensis L. (Theaceae), camellia seed oil from Camellia japonica L. (Theaceae), pokeweed seed oil 
from Phytolacca americana L. (Phytolaccaceae) and shea butter from the seed kernels of Butyro- 
spermum parkii (Sapotaceae) were studied. Among a number of triterpene alcohols present in these 
oils, 19 components were identified as eycloartenol, 24-methylenecycloartanol, parkeol, 24- 
methylene-24-dihydroparkeol, lanosterol, euphol, butyrospermol, tirucallol, timcalla-7,24-dienot, 
dammaradienol, 24-methylenedammarenol, a-amyrin, #-amyrin, lupeol, germanicol, taraxasterol, 

-taraxasterol, taraxerol and myricadiol. Tirucalla-7,24-dienol and butyrospermol are the predominant 
components of the 2 Theaceae and pokeweed seed oils. Shea butter, on the other hand, contains 
a-amyrin followed by butyrospermol and lupeol as the major triterpene constituents. 

NOMENCLATURE 

Cycloa r t eno l  = 9fl,19-cyclo-5a-tanost-24-en- 
3/3-ol (I), 24-methylenecycloartanol = 24- 
methylene-9/3,19-cyclo-5ot-lanostan-313-ol (II), 
parkeol -- 5(~-lanosta-9(1 t),24-dien-3/3-ol (III), 
24-methylene-24-dihydroparkeol = 24-meth- 
ylene-5~-lanost-9(11)-en-3/3-ol (IV), lanosterol = 
5~-lanosta-8,24-dien-3/%ol (V), euphol = 5a- 
eupha-8,24-dien-3~-ol (VI), butyrospermol = 
5a-eupha-7,24-dien-3/3-ol (VII), tirucallol = 5a- 
tirucalla-8,24-dien-3/3-ol (VIII), tirucalla-7,24- 
dienol = 5ot-tirucalla-7,24-dien-3/3-ol (IX), dam- 
maradienol = 5a-dammara-20,24-dien-3/3-ol (X), 
24-methylenedammarenol = 24-methylene-5a- 
dammar-20-en-3/3-ol (XI), a-amyrin = 5c~-urs-12- 
en-3/3-ol (XII), /3-amyrin = 50t-olean-12-en-3/3-ol 
(XIII), lupeol = 5c~-lup-20(29)-en-3/3-ol (XIV), 
germanicol = 5c~-olean-18-en-3~-ol (XV), tarax- 
asterol -- 5~-taraxast-20(29)-en-3~-ol (XVI), 
~-taraxasterol = 5c~-taraxast-20-en-3/3-ol (XVII), 
taraxerol = 5c~-taraxer-14-en-3/3-ol (XVIII), 
myricadiol = 5o~-taraxer- 14-ene-3/3,28-diol 
(XIX), erythrodiol = 5a-olean-12-ene-3fl,28-diol 
(XX). 

INTRODUCTION 

In a previous study on the triterpene alcohol 
constituents of Theaceae and some other seed 
oils, butyrospermol (VII), fl-amyrin (XIII) 
and lupeol (XIV) from tea seed oil, and parkeol 
(II), VII, ot-amyrin (XII) and XIV from shea 
butter, were isolated and identified (1). More- 
over, continued studies on these oils resulted in 
our finding 3 new triterpene alcohols: 24- 
methylene-24-dilaydroparkeol (IV) (2) and 24- 

1presented at the AOCS Annual Meeting, San 
Francisco, April/May i979. 

methylenedammarenol (XI) (3) in shea butter 
and tirucatla-7,24-dienol (IX) in tea seed oil (4). 
However, the compositions of triterpene 
alcohol mixtures of these oils are much more 
complicated and a number of minor compo- 
nents remain to be identified. Therefore, the 
work reported here was undertaken to gain 
further information on the triterpene alcohol 
constituents of 2 Theaceae seed oils from tea 
(Thea sinensis L.) and camellia (Camellia 
japonica L.), pokeweed seed oil from Phyto- 
lacca americana L. (Phytolaccaceae) and shea 
butter from the seed kernels of Butyrospermum 
parkii (Sapotaceae). 

EXPERIMENTAL 

Crystallizations were performed in acetone/ 
methanol. Melting points (mp) taken on a heat 
block were uncorrected. Infrared (IR) spectra 
were recorded in KBr on a Type IRA-2, IR 
spectrophotometer (Japan Spectroscopic Co., 
Tokyo). Proton nuclear magnetic resonance 
(IH_NMR) spectra were obtained with a JNM- 
FX I00 instrument (Japan Electron Optics 
Laboratory Co., Tokyo) at 100 MHz in 
deuteriochloroform. Mass spectra (MS, 70 eV) 
of the isolated and unisolated compounds were 
taken on a Hitachi RMU-7M mass spectrometer 
with a direct inlet system (Hitachi Ltd., Tokyo) 
or on a Shimadzu LKB-9000 gas chromato- 
graph-mass spectrometer (Shimadzu Seisakusho 
Ltd., Kyoto; 2% OV-17, 2 m x 3 m m i d  glass 
column). Gas liquid chromatography (GLC) 
was performed with a Shimadzu GC-4CM 
instrument equipped with a hydrogen flame 
ionization detector. Either Poly I-110 (column 
270 C, injection 285 C, carrier gas N2, 80 ml/ 
min, split ratio 50: 1, scavenge gas 80 ml/min) 
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or OV-17 (column 260 C, injection 280 C, 
carrier gas N2, 60 ml/min, split ratio 50:1, 
scavenge gas 80 ml/min) with SCOT glass capil- 
lary column (30 m x 0.3 mm id, Wako Pure 
Chemical Industries Ltd., Osaka) was used. 
Argentation (silver nitrate/silica gel, 1:4, w/w) 
preparative thin layer (0.5 mm thick) chroma- 
tography (TLC) was developed 4-6 times with 
methylene chloride/carbon tetrachloride (1:5, 
v/v). Extraction and saponification of seed oil 
and fractionation by TLC on silica gel of the 
unsaponifiable lipid using n-hexane/ethyl  ether 
(7:3, v/v) as developer were performed similar 
to methods described previously (1). The 
triterpene alcohol (3/3-monohydroxy triterpene) 
fraction was acetylated by acetic anhydride/  
pyridine and the resulting acetate fraction 
was further fractionated by argentation TLC. 
The resulting separate bands and fractions 
were numbered in the order of polarity,  be- 
ginning with the least polar. Identification of 
the unisolated compounds was carried out by 
argentation TLC and GLC of the 2 columns 
in all cases and further by combined GC-MS in 
some cases, if necessary. The identity of each 
isolated compound was confirmed by com- 
parison of its IR, 1H.NMR and mass spectra 
and mp to those of an authentic specimen with 
the exceptions of ~-taraxasterol (XVII) and 
erythrodiol  (XX), the authentic specimens of 
which were unavailable. 

Materials 

Tea seed oil from Izome Oil Chemical 
Industries Co., Shizuoka, pokeweed seeds from 
Prof. T. Mitsuhashi, Tokyo Gakugei University, 
Tokyo,  and shea butter  from Fuji Oil Manufac- 
turing Co., Osaka, were courteously supplied 
as gifts. Camellia seeds were collected in 1977 
at a local camellia grove. 

The following authentic specimens were 
used in this study: cycloartenol (I), 24-methyl- 
enecycloartanol (II), parkeol (III) and 24- 
methylene-24-dihydroparkeol (IV) (2); lano- 
sterol (V) (5); euphot (Vl) and tirucallol (VIII) 
(T. Itoh, T. Tamura and T. Matsumoto, unpub- 
lished results); butyrospermol (VII), ot-amyrin 
(XII), ~-amyrin (XIII) and lupeol (XIV) (I); 
tirucalla.7,24-dienol (IX) (4); and dammara- 
dienol (X) and 24-methylenedammarenol (XI) 
(3) were prepared in this laboratory; and 
germanicol (XV) from Dr. W.-H. llui, Univer- 
sity of Hong Kong (Hong Kong) and Dr. A.G. 

t 
Gonzalez, Instltuto de Productos Naturales 
Organicos del CSIC (IPNO), La Laguna (Spain); 
taraxasterol (XVl) and myricadiol (XIX) from 
Dr. W.-H. Hui; and taraxerol (XVIII) from 
Prof. T. Ohmoto, Toho University, Chiba, 
were generously supplied as gifts. 

T. ITOH, T. IJETSUKI, T. TAMURA AND T. MATSUMOTO 

RESULTS 

Triterpene Alcohols of Tea Seed Oil 

Saponification of tea seed oil (100 g) gave 
unsaponifiable lipid (820 mg), which afforded 
a triterpene alcohol fraction (420 rag) upon 
TLC. A port ion of the fraction (120 rag), upon 
acetylation, yielded the acetate fraction (128 
rag), which was then separated into 6 major 
bands upon argentation TLC. Fraction 1 (9.4 
rag) was a mixture of the acetates of a-amyrin 
(XII) and 2 unidentified components.  Fraction 
2 gave 13-amyrin (XIII) acetate (7.6 rag), mp 
243-245 C. Fraction 3 (6.8 mg) was composed 
of the acetates of germanicol (XV) and several 
unidentified components,  which upon further 
argentation TLC afforded XV-acetate (2.5 
rag), mp 279-281 C (lit. [6] mp 281-282 C). 
Hydrolysis of the acetate afforded free XV, 
mp 171-181 C (lit. [7] mp 181-182 C). Frac- 
tion 4 (7.4 mg) was a mixture of the acetates 
of XV and taraxerol (XVIII),  which upon 
further argentation TLC afforded XVIII-acetate 
(2 rag), mp 286-288 C. Fract ion 5 (52 mg) 
comprised the acetates of euphol (VI), buty- 
rospermol (VII), tirucallol (VIII),  tirucalla-7,24- 
dienol (IX), lupeol (XIV), ff-taraxasterol 
(XVII) and 3 unidentified components.  Frac- 
tion 6 (9.4 mg) upon further argentation TLC 
gave dammaradienol (X) acetate (3 mg) accom- 
panied by a trace amount of 24-methylene- 
dammarenol (XI) acetate, mp 153-154 C. 

Triterpene Alcohols of Camellia Seed Oil 

The oil (1080 g) extracted from the dried 
and ground cammellia seeds (1860 g) gave 
unsaponifiable lipid (3.6 g). A port ion of the 
unsaponifiable lipid (1.9 g) upon TLC afforded 
a triterpene alcohol fraction (658 rag), and the 
acetate fraction (600 mg) derived from this 
was separated into 6 major bands upon argen- 
tat ion TLC. Fract ion 1 (67 rag) was a mixture 
of the acetates of XII and XIII, and its further 
argentation TLC gave XIII-acetate (36 mg), mp 
245-247 C. Fraction 2 (13 rag) comprised the 
acetates of VI, VII, VIII, IX, taraxasterol 
(XVI), XVII and XVIII. XVIII-Acetate was 
then isolated by further argentation TLC, mp 
286-289 C. Fraction 4 (132 mg) was composed 
of the acetates of VII, IX, XIV and 2 unidenti- 
fied components; and upon further argentation, 
TLC afforded XIV-acetate (15 rag), mp 209- 
213 C. Fraction 5 (151 rag) from the most 
polar band was a mixture of X-acetate and 
XI.acetate and further argentation TLC gave 
X-acetate (24 rag), mp 149-152 C. 

Trlterpene Alr of Pokewud Seed 011 

The oil (I 50 8) extracted from the dried and 
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ground pokeweed seeds (1600 g) afforded 
unsaponifiable lipid (3.1 g). The lipid yielded 
a triterpene alcohol fraction (230 mg) and 4- 
desmethylsterol fraction (520 mg) on TLC. The 
triterpene alcohol fraction, after acetylation 
(240 rag), was separated into 7 major bands 
upon argentation TLC. Fraction 1 (12 mg) was 
a mixture of the acetates of XII and XIII. 
Fraction 2 (8 rag) upon further argentation 
TLC gave XVIII-acetate (2 rag), mp 251-252 C. 
Fraction 3 (7 rag) was composed of cyclo- 
artenol (I) acetate and VI-acetate. Repeated 
argentation TLC of the fraction gave I-acetate 
(2 mg), mp 120-123 C. Fraction 4 (13 rag)was 
a mixture of the acetates of VIII, IX, XIV and 
XVII. Fraction 5 (60 rag) was a mixture of the 
acetates of VII, IX and 24-methylenecyc10- 
artanol (II). Fraction 6 (22 mg) comprised the 
acetates of parkeol (1II), 24-methylene-24- 
dihydroparkeol (IV) and 2 unidentified com- 
ponents, and further argentation TLC afforded 
IV-acetate (2 rag), mp 156.5-157.5 C. Fraction 
7 (30 rag) upon further argentation TLC 
yielded X-acetate (3 rag) accompanied by a 
trace amount of XI-acetate, mp 151.5-152.5 C. 

Crystallization of the 4-desmethylsterol 
fraction (already described) after acetylation 
(530 mg) gave a filtrate (250 mg). The fraction 
(60 rag) from the most polar band on argenta- 
tion TLC of the filtrate gave myricadiol (XIX) 
diacetate (36 rag), mp 261-263 C. XIX-Diace- 
tate (20 mg) in acetic acid (5 ml) was heated 
for 10 rain on a hot plate in the presence of 
conc. hydrochloric acid (0.5 ml). Usual work- 
up of the reaction mixture followed by purifi- 
cation on TLC yielded erythrodiol (XX) diace- 
tate (16 mg), mp 191-194 C (lit. [7] mp 185- 
186 C). The MS of the diacetate agreed well 
with that reported for XX-diacetate (8). 
Hydrolysis of the acetate gave free XX, mp 
236-238 C (lit. [7] mp 239-240 C). 

Triterpene Alcohols of Shea Butter 

Shea butter (100 g) yielded unsaponifiable 
lipid (4.2 g). The triterpene alcohol fraction 
(l .  13 g) separated from the unsaponifiable lipid 
(1.96 g) by TLC was acetylated and the acetate 
fraction (1.04 g) was first subjected to crystal- 
lization. The crystallization portion (400 rag) 
was a mixture consisting mainly of XII and 
XIV-acetates. The filtrate (600 mg) upon 
argentation TLC was separated into 6 major 
bands. Fraction 1 (49 rag) was a mixture of 
XII and XIII-acetates. Fraction 2 (14 mg) 
upon repeated argentation TLC afforded 
XV-acetate (3 mg), mp 279-281 C. Fraction 
3 (53 rag) was further fractionated into 4 
fractions by argentation TLC. Fraction 3-1 
was a mixture of the acetates of lanosterol (V) 

and XVII, which upon further crystallization 
gave XVII-acetate (2 mg), mp 240.5-243 C 
(lit. [61 mp 243-244 C, [91 mp 238-240). 
The MS of the acetate was identical to that 
reported for XVII-acetate (9). Fraction 3-2 
was a mixture of the acetates of V, VI, XVI, 
XVII and XVIII. Fraction 3-3 comprised the 
acetates of V, XIV and XVI. Fraction 3-4 
was a mixture of the acetates of VII, IX, XIV 
and several other components. Fraction 4 (305 
rag) consisted of VlI and XIV-acetates. The 
acetates of Ill-IV and X-XI were the major 
constituents of fraction 5 (25 mg) and fraction 
6 (20 mg), respectively. 

DISCUSSION 

The combined use of GLC on 2 SCOT glass 
capillary columns, the more polar Poly I-110 
column and the less polar OV-17 column, and 
argentation TLC in this study was very effective 
in detecting and identifying a number of minor 
components, most of which were undetermined 
previously (1), present in the triterpene alcohol 
mixtures of the seed oils investigated. Table I 
shows the approximate Re-values (Rf-values 
relative to cholesterol acetate) on argentation 
TLC and the methylene indices on the 2 
columns in GLC of the acetates of 20 triterpene 
alcohols. 

Nineteen triterpene alcohols were identified 
in this study. Approximate quantitative compo- 
sitions of the triterpene alcohol fractions from 
the 4 oils shown in Table II were determined 
mainly based on the GLC data on Poly I-110 
column. The triterpene alcohol mixtures of the 
seed oils from 2 Theaceae and pokeweed are 
found alike in their compositions, characterized 
by the predominance of the 2 AT-tirucallane/ 
euphane compounds, tirucalla-7,24-dienol (IX) 
and butyrospermol (VII). Shea butter, on the 
other hand, contains c~-amyrin (XII) as the pre- 
dominant component. IX was first isolated as a 
uniform component from the triterpene frac- 
tion of tea seed oil (1) and its structure was 
recently determined (4). Since the chromato- 
graphic mobility on argentation TLC and on 
OV-17 column in GLC of this Compound (IX) 
is closely approximated to that of lupeoi (XIV) 
(see Table I), a common pentacyclic triterpene, 
the separation and quantification of the com- 
pound (IX) by means of GLC on the packed 
OV-17 column alone were unsuccessful in the 
previous study (1). However, a Poly 1-110 
SCOT glass capillary column in GLC, the 2 
components IX and XIV were fully resolved. 

The vegetable oils investigated here are dis- 
tinguished by their triterpene composition from 
a number of vegetable oils which contain 
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TABLE I 

A p p r o x i m a t e  Rc-Values on A r g e n t a t i o n  TLC and Methy lene  Indices  
on GLC of  Tr i te rpene  Ace ta te s  

Methy lene  indices  

A p p r o x i m a t e  
Tr i t e rpene  ace ta te  Rc-value a Poly I- 110 OV-17 

I Cyc loa r t eno l  0 .68 37.78 36.85 
II  24 -Methy lenecyc loa r t  anol  0 .38 38.12 37.22 
III  Parkeol  0 .20  37.30 36.65 
IV 2 4 - M e t h y l e n e - 2 4 - d i h y d r o p a r k e o l  0.13 37.76 37.07 
V Lanos te ro l  0.83 36.85 - 36 .20 
VI Eupho l  0 .84 36.10 35.43 
VII  B u t y r o s p e r m o l  0.31 37.13 36.46 
VII I  Ti ruca l lo l  0 .64 36.55 35.98 
IX Ti ruca l la -7 ,24-d ienol  0.41 37.61 36.98 
X D a m m a r a d i e n o l  0.11 36 .90  36 .38  
XI 2 4 - M e t h y l e n e d a m m a r e n o l  0.09 37.25 36.65 
XII  c~-Amyrin 1.49 37.96 36.78 
XIII  ~-Amyrin  1.46 37 .38  36.38 
XIV Lupeol  0.42 37 .83  36.97 
XV Germanico l  1.03 37.38 36.38 
XVI Taraxas te ro l  0 .60 39.11 37.92 
XVII  ~ -Ta raxas t e ro l  0 .64 39.01 37.82 
XVII I  Taraxero l  0 .76 37.28 36.16 
XIX Myr icad io l  0 .34  40 .47  39.95 
XX E r y t h r o d i o l  --- 40 .47  40 .10  

a A p p r o x i m a t e  re la t ive  m o b i l i t y  to  choles te ro l  ace ta te  (R f  = 0 .46)  on a rgen ta t i on  TLC 
(5 deve lopmen t s ) .  

T A B L E  II 

A p p r o x i m a t e  C o m p o s i t i o n  (%) of  Tr i te rpene  Alcoho l  Frac t ions  f rom the  
Unsaponi f i ab le  Lipids  of Theaceae  and Some Other  Vegetable  Seed Oils a 

Percent  c o m p o s i t i o n  

Tr i te rpene  a lcohol  Tea Camel l ia  Pokeweed  b Shea 

Eupho l  (VI)  0.4 0.4 0.3 0.3 
Tirucal lo l  (VIII )  Trace 0.4 Trace --- 
D a m m a r a d i e n o l  (X) 7.9 7.4 3.2 
Lanos te ro l  (V) . . . . . . . . .  �9 0.5 
B u t y r o s p e r m o l  (VII)  27.7 19.4 27.4 12.3 
Taraxero l  (XVII I )  
2 4 - M e t h y l e n e d a m m a r e n o l ( X I )  } 4"5c I 2"8c } 3.9 } 0"3c 
Parkeol  ( I I I )  . . . . . .  1.5 
~ -Amyr in  (X l l I )  }15.3 d }27.3 d 2.4 7.1 d 
German ico l  (XV) --- 
Ti rucal la-7 ,24-dienol  ( IX) 31.4 28.1 , 0.8 
2 4 - M e t h y l e n e - 2 4 - d i h y d r o p a r k e o l  ( IV)  . . . . . .  [40 .3  e 0.4 
Cyc loa r t eno l  (I) . . . . . . . . .  �9 
Lupeol  (XIV) 5.0 6.3 4.7 17.0 
~ -Amyr in  (XII)  Trace 0.5 0.7 54.6 
2 4 - M e t h y l e n e c y e l o a r t a n o l  ( I I )  . . . . . .  11.3 --- 
@-Taraxasterol  (XVII)  0.1 1.6 1.0 2.6 
Taraxas te ro l  (XVI)  --- Trace --- 1.0 
Others ,  un iden t i f i ed  7.7 5.8 4.8 1.6 

a R o u g h l y  d e t e r m i n e d  values  based ma in ly  on the GLC da ta  on Poly 1-110 co lumn .  
bMyr icad io l  (XIX)  also is con ta ined .  
cXVII I  > >  XI. 
d x I I I  > XV. 
e lX > I, IV. 
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cycloartane (9/3,19-cyclolanostane) triterpenes, 
cycloartenol (I) and 24-methylenecycloartanot 
(II), as the major triterpene constituents (5,10- 
13). These 2 cycloartane compounds were 
detected here only in pokeweed seed oil as the 
minor components accompanied with their 
A9 (11 )-isomers, parkeol (III) and 24-methylene- 
24-dihydroparkeol (IV). In shea butter,  minute 
amounts of  the 2 A9( l l ) - compounds  and 
lanosterol (V), a Aa-isomer of  I were present, 
but neither of the 2 cycloartane triterpenes 
could be identified. 

Recently, a trite rpene alcohol found in 
shea butter was reported to be germanicol 
(XV) (14), but an inspection of the GLC data 
cited therein seems to indicate that it might be 
~-taraxasterol (XVII) or taraxasterol (XVIII) 
rather than XV. 

A triterpene diol, isolated from the 4-des- 
methylsterot fraction of pokeweed seeds, was 
identified as myricadiol  (XIX). The ident i ty  of 
XIX was confirmed further by its acid isomeri- 
zation to erythrodiol  (XX) (15,16). The triter- 
pene (XIX) was first isolated from the bark of 
Myrica gale L. (Myricaceae) and its structure 
was indicated as taraxer-14-en-3/3,28-diol (15). 
The compound was later detected in the bark 
of Luvunga scandens Ham. (Rutaceae) (16) and 
the stems of Lithocarpus cornea (Lour.) Rhed. 
(Fagaceae) (17). The seeds of pokeweed were 
recently shown to contain also 3-acetylaleuri- 
tolic acid (3fl-acetyltaraxer-14-en-28-oic acid), 
the corresponding mono-acid of XIX (18). 
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Utilization of Polyunsaturated Fatty Acids 
by Human Diploid Cells Aging in vitro 
ROBERT D. LYNCH, Department of Biological Sciences, 
University of Lowell, Lowell, MA 01854 

ABSTRACT 

Cultures of human diploid cell strain IMR-90 were supplemented with -r-linolenic acid, 18:3to6, 
by constant infusion over 72 hr. Cell growth was twice that observed when the same amount of fatty 
acid was supplied as a single dose at the start of a 72-hr incubation. Using the infusion method, growth 
of cells receiving monoenoic or polyenoic fatty acids was compared. The age of these ceils in vitro was 
measured in terms of the culture mean population doubling level (PDL). Population doubling level 
refers to the mean number of doublings elapsed since establishment of a primary culture. At PDL 
from 24-53, the growth of ceils from cultures supplemented with oleic acid was similar to that of 
noninfused cultures. Gamma linolenic acid, 18:3to6, and to greater extent arachidonic acid, 20:4~o6, 
however, caused suppression of ceil multiplication at PDL ~< 32, but not at PDL ~> 44. The polyun- 
saturated fatty acid (PUFA) levels in ceil phospholipids were reduced by exogenous oleic acid to half 
that of nonsupplemented ceils at all PDL tested. Conversely, the PUFA levels in phospholipids were 
elevated by a factor of 1.6 at all PDL when cultures were infused with 18: 3to6. Triglyceride levels at 
the end of 72 hr were similar, but much higher than the controls, regardless of the fatty acid supplied. 
Growth inhibition, modification of phosphotipid acyl group content and triglyceride levels were not 
appreciably affected when the amount of monoenoic or polyenoic fatty acid infused into the cultures 
was doubled. The elongation of 18:3, as well as the distribution of 18:3 and its elongation products, 
between triglyceride and phospholipid, was dependent on whether the 18:3 was of the co3 or co6 
family. 

INTRODUCTION 

Only  recen t ly  have there  been  a t t e m p t s  to  
mod i fy  the  phospho l i p i d  acyl group compos i -  
t ion  of n o r m a l  diploid cells having a f ini te  life 
span in v i t ro  (1,2) .  The  g r o w t h  of  these  cells is 
appa ren t ly  more  sensi t ive to  t he  add i t i on  of 
exogenous  f a t t y  acid salts t han  is t h a t  of  
t r a n s f o r m e d  cell l ines (1,  and  Lynch ,  u n p u b -  
l ished observat ions) .  A l t h o u g h  the  reason  
for  this  d i f ference  is unclear ,  the  add i t i on  of 
f a t t y  acid salts as a single dose to  t r a n s f o r m e d  
or n o n t r a n s f o r m e d  cells resul ts  in the  rapid 
f o r m a t i o n  of cy top lasmic  t r iacylglycerol  (1-4).  
This  a c c u m u l a t i o n  may  be great  enough  to 
d is rupt  cells or, at the  very least,  cause shape 
changes  (3).  A l t h o u g h  this  m ay  be of  l i t t le  
consequence  to t r a n s f o r m e d  cells, the  shape of  
n o n t r a n s f o r m e d  cells m ay  play an i m p o r t a n t  
role in regula t ing  the i r  passage t h r o u g h  the  cell 
cycle (4) .  In earlier s tudies,  to  r educe  tri- 
g lycer ide a c c u m u l a t i o n  in s t ra in  L-f ibroblas ts ,  a 
t r a n s f o r m e d  cell line, the  f a t t y  acid salt solu- 
t ion  was infused  in to  suspens ion  cu l tures  over  a 
48-hr  per iod  (5).  This  resul ted  in m od i f i c a t i on  
of the  phosphog lyce r ide  f a t t y  acid c o m p o s i t i o n  
to at least  as great  an e x t e n t  as t h a t  observed  
af te r  the  a d m i n i s t r a t i o n  of the  same a m o u n t  of  
f a t ty  acid as a single dose at the  s tar t  of  the  
48-hr  per iod  while ma in t a in ing  cellular trigly- 
ceride at  m u c h  lower  levels. 

The  purpose  of  this  s tudy  was 3-fold: (a) to  
d e t e r m i n e  w h e t h e r  the  previously  r epo r t ed  

i n h i b i t i o n  of g r o w t h  of  n o r m a l  h u m a n  diploid 
lung f ibroblas ts  ( IMR-90)  by  oleic acid (1)  or 
p o l y u n s a t u r a t e d  f a t t y  acids ( P U F A )  could  be 
e l imina ted  or r educed  by  infus ing  fa t ty  acids 
in to  the  cu l tu re ;  (b)  to  def ine cond i t ions  which  
max imal ly  depress  or enhance  p h o s p h o -  
glyceride P U F A  c o m p o s i t i o n  of diploid cells 
while min imiz ing  tr iglyceride a c c u m u l a t i o n ;  
and  (c) to  de t e rmine  whe the r ,  as has been  
s h o w n  for  e n d o g e n o u s  b iosyn thes i s  of fa t ty  
acid (6) ,  the  age in v i t ro  of  the  cu l ture  affects  
the  use of  exogenous  f a t ty  acids by IMR-90 
cells. 

MATERIALS AND METHODS 

Cell Culture 

H u m a n  female  fetal  lung f ibroblas ts ,  s t ra in  
IMR-90,  at  p o p u l a t i o n  doub l ing  level 10 (PDL 
10) were pu rchased  f rom the  H u m a n  Aging Cell 
Repos i to ry  of  the  Ins t i t u t e  for  Medical  Re- 
search (Camden ,  N J). P o p u l a t i o n  doub l ing  level 
refers to  the  m e a n  n u m b e r  of cell doubl ings  
elapsed since e s t ab l i shmen t  of  a p r imary  
cul ture .  This  cell s t ra in  has  been  charac te r ized  
t h o r o u g h l y  and is similar to  the  s t ra in  WI-38 
e m p l o y e d  in o t h e r  s tudies  of  aging in vi t ro  (7). 
In  this  l abo ra to ry ,  these  cul tures  no rma l ly  cease 
mul t ip ly ing  af te r  55 p o p u l a t i o n  doubl ings .  

S tock  cul tures  of cells were rou t ine ly  
p ropaga ted  as mono laye r s  in plastic tissue 
cu l ture  flasks wi th  a 75-cm 2 g rowth  area. 

412  



LIPIDS OF CELLS AGING IN VITRO 413 

Monolayers were covered with 12 ml of Eagles 
Minimum Essential Medium (MEM) (Grand 
Island Biologicals, Inc., Grand Island, NY) 
supplemented to a level of 10% with nonheat- 
inactivated fetal calf serum (Grand Island 
Biologicals, Inc., Grand Island, NY). For 
buffering, the medium contained 5 mM N-2 

�9 . t 

h y d r o x e t h y l - p l p e r a z m e - N  -2-ethane-sulfonlc 
acid (HEPES), pH 7.3. All stock cultures were 
antibiotic-free and were maintained at 36.5 C in 
a humidified atmosphere of 5% CO 2 (New 
Brunswick CO-20 Incubator, New Brunswick, 
N J). Cultures were periodically monitored 
for mycoplasma contamination (8). 

When confluent, cells were detached using a 
releasing medium of 0.005% trypsin TRL 
(Worthington Biochemical Corp., Freehold, N J) 
in an isotonic solution containing 0.5 mM 
NaEDTA, buffered with 5 mM HEPES. Sodium 
bicarbonate was added to the trypsin solution 
to a concentration of 7 mM just prior to use; 
the final pH was 7.2-7.3. Briefly, the growth 
medium was replaced with trypsin solution (4.5 
ml) and the culture was incubated for 5 min at 
37 C. The action of the trypsin was lessened by 
addition of fresh medium (8.5 ml) and the cells 
then detached by gentle tapping. Clumps of 
cells were disrupted by passing the cell suspen- 
sion up and down 3 or 4 times using a 10-ml 
pipet with a narrow orifice. The suspension (3 
ml) was transferred to fresh medium (9 ml, 1:4 
split ratio) and 0.5 ml diluted with saline to 
obtain a cell count using a Coulter counter 
model ZBI (Coulter Electronic, Hialeah, FL). 
The remaining cell suspension was used to seed 
flasks (25 cm 2 growth area) for experimental 
purposes. Stock cultures at PDL ~ 40 attained 
confluency within 7 days of a 1:4 split, whereas 
those at higher passage levels required 10-14 
days. Between subculture, the medium was 
changed every 3 or 4 days. The yield from 
confluent cultures under these conditions was 
between 20-30 x 106 cells/flask. 

Preparation of Fatty Acid Salt Solution 

Oleic (18:16~9), a-linolenic (18:36o3), q,- 
linolenic (18:36o6) and arachidonic (20:4co6) 
acids were purchased from Applied Science, 
Inc. (State College, PA) and used without 
further purification. Based on gas chromatog- 
raphy (GC) of their methyl esters, the purity of 
these fatty acids was judged to be at least 99%. 
(All fatty acids are denoted by number of 
carbon:number of double bonds; the figure 
following the 6o symbol indicates the first 
C-atom, starting from the CH 3 end of the 
chain, at which a double bond is encountered). 
Sealed ampoules of these fatty acids were 
opened in a nitrogen atmosphere and the 

contents quickly diluted with sufficient hep- 
tane to yield a final concentration of ca. 50 
mg/ml. An accurately measured volume was 
dried under N 2 in a clean tared vial to deter- 
mine the fatty acid concentration more pre- 
cisely. The stock so lu t ions  were then stored in 
liquid N 2. Before use, the required amount of 
stock solution was washed routinely with 2 vol 
of a mixture containing methanol /H20 (3:1, 
v/v) to remove any trace quantities of lipid 
hydroperoxides which might be present (9). 
The washed heptane phase was then dried 
under N 2 and the fatty acid solution imme- 
diately dissolved in 0.12% NaOH; the salt was 
frozen in liquid N 2 . 

Preparation of M EM-fatty Acid 
Salt-albumin Complex 

Fatty acid-free bovine serum albumin 
purchased from Miles Laboratory, Inc. 
(Elkhart, IN) was dissolved in Eagles MEM. The 
mixture was warmed rapidly to 56 C, the fatty 
acid salt added while stirring and the resulting 
solution chilled quickly to 4 C in an ice bath 
(6). Amounts of albumin and fatty acid were 
adjusted so that the molar ratio of fatty acid: 
albumin was equal to 4: l. These solutions were 
either stored overnight in liquid N 2 or used 
immediately. Just prior to use, the solution was 
passed through a sterile 0.22-ktm millipore filter 
(Millipore Corp., Bedford, MA). Samples of the 
infusate were tested for malonaldehyde, a 
product of lipid peroxidation, at the start and 
finish of the 72-hr incubation period (I 0). The 
amounts measured were at the lower limit of 
detection with the method used. Furthermore, 
the amount of PUFA recovered by extraction 
from the infusate was determined by GC after 
methylation in the presence of heptadecanoic 
acid and agreed, within experimental error, 
with the expected value. 

Addition of Fatty Acid-albumin Solution to 
Monolayer Culture 

For experiments, ceil suspensions from 
freshly trypsinized cultures were diluted with 
fresh medium and seeded into plastic flasks (25 
/~m 2 growth area), at an initial density of 
ca. 3.2 x 104/cm 2 and left undisturbed for 3 
days. At this time, when cells had increased to 
4.8 x 104/cm 2 and were in log phase, the 
m e d i u m  was removed and fresh medium 
(2.0 ml) containing penicillin (10,000 units) 
and streptomycin (.013 g) was added. The 
MEM solution of fatty acid-albumin complex 
was then added to the system by one of 2 
methods: (a) the total amount of fatty acid- 
albumin in a vol of 3.0 ml was added as a single 
dose at the start of a 72-hr incubation; or (b) 
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the same vol of complex was infused into 
the culture at a constant rate throughout the 72 
hr. This was done using a constant infusion 
pump (Sage Instruments, Orion Research, Inc., 
Cambridge, MA) fitted with a 5.0-rnl syringe 
which was connected by No. 22 teflon tubing 
to the experimental flask. Control cultures 
received the same vol of additional medium 
with the appropriate amount of albumin, but 
without fatty acid. All experimental flasks were 
placed on a platform rocker (Bellco Glass, Inc., 
Vineland, N J) in the CO 2 incubator and gently 
rocked at 8 cycles/min for the duration of the 
experiment. 

Harvesting Procedures 

At the end of the infusion period, cells were 
trypsinized and shaken free of the plastic 
surface. The  osmolarity of suspending medium 
was increased to 375 m0sm/s by the addition 
of harvesting medium made hyperosmolar with 
sucrose. A hyperosmolar solution has been 
shown to increase the efficiency of recovery 
when small numbers of cells are harvested by 
centrifuging cell suspensions (11,12). The total 
vol of the suspension was adjusted to 7.0 ml 
and a 0.5-ml aliquot taken for cell count. The 
remainder was centrifuged for 5 min at 600 x g 
at 4 C; the pellet was washed once with trypsin- 
free releasing medium with an adjusted osmo- 
larity of 375m0sm/s the cells were sedi- 
mented a second time. 

Extraction and Separation of Lipids 

A 25-/ag aliquot of triheptadecanoin was 
added to the washed pellet, which was then 
extracted 3 times with CHC13/MeOH (2: 1, v/v) 
and washed as described previously (13,14). 
After removing one-fourth of the lipid extract 
for total lipid phosphorous determination (15), 
the remainder was dried in a stream of N z and 
concentrated for thin layer chromatography 
(TLC). 

Lipid samples were applied to a thin layer 
plate coated with a 0.4-mm-thick layer of silica 
gel impregnated with 0.11% ammonium sulfate 
(16). The solvent system, hexane/diethyl 
ether/acetic acid (60:39: 1, v/v) separated the 
total lipid into the following classes in order of 
increasing Rf: (a) phospholipid; (b) sterol; (c) 
diglyceride; (d) fatty acid; (e) triglyceride; and 
(f) sterol esters. After development, the various 
lipid classes were visualized under ultraviolet 
(UV) illumination after spraying the plate with 
0.1% aqueous solution of 8-anilino-l-nap- 
thalene sulfonic acid (ANS). Gel zones con- 
taining phospholipid and triglyceride were 
scraped into 15-ml screw-capped tubes and 
methylated in a solution of methanol/benzene 

(60:40, V/V) 1 N in NaOH (17). The resulting 
methyl esters were extracted into heptane, 
concentrated in a vol of 5-7/~1 and an aliquot of 
0.5-1.0/al injected onto the gas chromatograph 
column. 

Methyl esters of fatty acids were separated 
on a 6-ft glass column packed with 10% SP- 
2330-PS on 100/120 Chromosorb A AW 
(Supelco, Bellefonte, PA) mounted in a Varian 
Series 2440 gas chromatograph (Varian Asso- 
ciates, Waltham, MA). Areas under each peak 
were determined electronically by a Model 
3380A electronic integrator (Hewlett Packard, 
Corvallis, OR). With the exception of 22:3~o6 
and 20:4603, fatty acid methyl esters were 
identified by comparing their retention times 
with those of standards available commercially 
(Supelco). The 22:3606 and 20:4603 acids were 
only tentatively identified by comparing their 
retention times with those of either 18:36o6 
and 20:3606, or 20:3603 and 20:5603, respec- 
tively. Triglyceride levels were estimated by 
comparing the area under the methyl hepta- 
decanoate peak with the sum of areas from the 
sample. 

RESULTS 

Cells which received the entire quantity of 
fatty acid at the start of an experiment (single- 
dose method) were covered by 5 ml of medium 
throughout the 72-hr incubation period. Those 
from cultures receiving fatty acid by infusion 
over 72 hr (infusion method),  however, were 
initially covered by only 2.0 ml; the remaining 
3.0 ml was added slowly during the 72-hr 
infusion period. Control cells receiving MEM- 
albumin under both sets of conditions grew to 
the same extent and had similar lipid composi- 
tions. All control cultures in the following 
experiments were therefore incubated without 
added fatty acid in a 5 ml vol of medium for 
the duration of the experiment. This allowed 
the limited number of spaces for syringes on 
the infusion pumps to be used for infusion of 
experimental cultures with fatty acids. 

When added as a single dose at the start of a 
72-hr incubation, 0.4/~mol of 18:3606 reduced 
growth to 54% of control cultures (Table I). 
Infusing the same quantity of fatty acid into 
parallel cultures allowed cell growth to con- 
tinue at 77% of control values. Using either 
method, the PUFA content in phospholipid and 
the amount of triglyceride/cell were elevated to 
a similar extent. As in the case of transformed 
cells (18), most of the increase in PUFA was at 
the expense of the monoenoic fatty acid 
fraction. The relatively high percentage of 
PUFA in the phospholipid of control cells most 
likely resulted from use of serum lipids (19). In 
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an effort to reduce this high PUFA background, 
fetal calf serum was delipidized as previously 
described (13,20) and replaced whole fetal calf 
serum in the medium. After 72 hr of incubation 
under these conditions, the percentage of 
PUFA in the phospholipid was reduced by 26%; 
however, culture growth was depressed by 50%. 
In all subsequent experiments, whole fetal calf 
serum was added to the culture medium. 

Despite the use of the infusion method td 
reduce negative effects of fatty acid salts on 
culture multiplication, the growth of cells 
receiving PUFA was less than that of control 

cells or cells receiving oleic acid. Moreover, this 
residual effect on culture growth was apparent 
only at low PDL (Table II). At either high or 
low PDL, cells receiving 18:1 multiplied at the 
same rate as those from control cultures. The 
growth of cells from cultures infused with 
20: 4606, though, was markedly decreased when 
cells were at PDL <~ 32 but was not reduced at 
PDL ~> 44. The magnitude of the growth effect 
at low PDL was the same whether cells received 
0.4 or 0.8 /amol of fatty.acid. Similar, but less 
striking, effects were noted when 18:36o6 was 
supplied. 

T A B L E  I 

G r o w t h ,  Phosphol ip id  Acyl  Group  Compos i t i on  and Tr iglycer ide  Co n ten t  
of  IMR-90 Cells a S u p p l e m e n t e d  wi th  "y-Linolenic Acid by Two  Methods  b 

Phosphol ip id  acyl g roups  
A m o u n t  of  

Method  of  fa t ty  acid Cul ture  (wt  %) Triglycer ide 
addi t ion  c (/zmol) g rowth  d Sa tura ted  Monoenoic  Polyenoic  (/~g/106 cells) 

Control  --- 3.34 30.1 -+ 0.6 34.7 + 1.0 35.2 -+ 1.6 1.7 -+ 0.5 
Single dose 0.4 1.89 26.5 • 4.2 17.9 -+ 1.9 55.8 -+ 6.4 10.2 • 2.4 
Infusion 0.4 2.57 28.1 • 6.0 22.7 + 3.8 49.2 + 8.5 14.0 • 0.2 

aCells had  c o m p l e t e d  32 popu la t ion  doubl ings  and were  in log phase at the start  of  the  ex p e r imen t .  

bAll da ta  represen t  the  m e a n  -+ SD o f  3 separa te  expe r imen t s .  

CCultures received 0.4 t~nol of  1 8 : 3 w 6  e i ther  as a single dose at the  beginning o f a  72-hr incuba-  
t ion  per iod  or by infusion t h r o u g h o u t  tha t  t ime.  

dAt  the start  of  s u p p l e m e n t a t i o n ,  cell n u m b e r s / f l a s k  = 1.26 x 106. The n u m b e r  of  cells harves ted  
af ter  72 hr  + the  s tar t ing n u m b e r  = cul ture  g rowth .  

T A B L E  II 

G r o w t h  Inhib i t ion  of  IMR-90 Cells by Po lyunsa tu ra t ed  
Fa t ty  Acids As a Func t ion  of  Popula t ion  Doubl ing  Level a 

Increase  in cell n u m b e r  of  
s u p p l e m e n t e d  cul ture  as a f rac t ion  

of  con t ro l  cul tures  
A m o u n t  of  Init ial  

Popula t ion  fa t ty  acid cell n u m b e r  c Fa t ty  acid suppl ied 
doubl ing  level ( ,~nol b) (cells x 10 "6) 18:1co9 18:3co6 20:4co6 

24 0.8 0 ,84  --- 0 .70 d 0.55 e 
44 0,8 1.35 --- 1.07 d 0.98 e 
28 0.8 1.36 0.81 e --- 0 .50 e 
52 0.8 1.44 0.95 e --- 1.09 e 
32 0.4 1.23 --- 0.77 f 0.62 f 
53 0.4 1.13 1.15 e 1.18 e 1.32 e 

apopu la t ion  doubl ing  l e v e l  (PDL)  is a m e a s u r e  of  t h e  l ifespan o f  diploid cells in cul ture .  
In this l abo ra to ry ,  cells cease dividing and cell dea th  is appa ren t  af ter  52-55 popu la t ion  
doubl ings  in vi tro.  

bAll fa t ty  acids were  suppl ied over  a 72-hr per iod  by infusion as descr ibed in Materials 
and Methods .  

CThis is the cell n u m b e r  3 days  af ter  seeding the  flasks, a t ime  w h e n  the  cells are in log 
phase.  

dResul ts  f r o m  a single e x p e r i m e n t .  

eMean f r o m  2 separa te  expe r imen t s .  

fMean f r o m  3 separa te  expe r imen t s .  
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Four  different  P U F A  were infused into log 
phase cultures of  IMR-90 cells at an interme- 
diate PDL and the resulting modif ica t ion  of  
phospholipid fat ty  acid composi t ions  was 
compared  with that  produced when cells were 
incubated with 18:1 (Table III). In contrast  to 
the results of  a recent  s tudy (2) in which no 
change in phospholipid acyl group compos i t ion  
was reported after 18:1 supplementa t ion,  
exogenous 18:1 suppressed phospholipid P U F A  
content  of  IMR-90 cells to a level half that 
observed in nonsupplemented  control  cells, 
whereas the monoeno ic  fat ty acid con ten t  
increased by a factor  of  1.8. The mass of  the 
tr iglyceride fract ion increased above cont ro l  
values by a factor  of  4.5 with its fat ty acid 
composi t ion  reflecting closely that of the 
phospholipid (Table IV). Analysis of  the lipid 
extract  f rom fetal calf serum revealed the 
presence of 280 /~g/ml of  fa t ty  acid, nearly all 
of  which was in esterified form. The low level 
of triglyceride in control  cells suggests, how- 
ever, that this fa t ty  acid is used slowly by the 

cells and does not  affect  the results obta ined 
after fa t ty  acid supplementa t ion.  The 6o3 
family of  acids observed in the cells are present 
in the serum. No difference in fat ty acid 
composi t ion  or tr iglyceride conten t  was ob- 
served when cells were grown in the presence or 
absence of  albumin. 

Both the a and T isomers of 18:3 were 
incorpora ted  into cell glycerolipids (Tables III 
and IV); their fate within the cell, however ,  
differed in 2 respects: (a) large increases in 
20:3606 were observed in phosphol ipid  trigly- 
ceride fractions of  cells receiving 18:36o6. In 
contrast ,  most of the 18:36o3 was incorpora ted  
into cell lipids unchanged;  (b) the dis t r ibut ion 
of  20:4 be tween phosphol ipid  and triglyceride 
was dependent  on whether  it was of  the 6o3 or 
6o6 family,  the 6o6 being preferent ial ly incor- 
porated into phospholipid whereas the 6o3 was 
sequestered primarily in the triglyceride frac- 
tion. No increases in the more highly polyun- 
saturated fatty acid 22:4 were observed in 
ei ther the phosphol ipid  or triglyceride frac- 

T A B L E  II I  

C o n c e n t r a t i o n  a nd  A c y l  G r o u p  C o m p o s i t i o n  o f  P h o s p h o l i p i d s  f r o m  
I M R - 9 0  Cel l s  a S u p p l e m e n t e d  w i t h  M o n e n o i c  or  P o l y e n o i c  F a t t y  A c i d s  b 

P h o s p h o l i p i d  f a t t y  ac id  c o m p o s i t i o n  (wt  %) 

P h o s p h o l i p i d  F a t t y  ac id  i n f u s e d  c 

f a t t y  ac ids  0 d 18 :1  1 8 : 3 0 9 6  18 :3093  2 0 : 4 0 9 6  

Classes  

S a t u r a t e d  2 8 , 8  24 .2  + 0.1 31 .5  -+ 0 .3  32 .5  +- 2 .0  3 5 . 8  + 0 .8  
M o n o e n o i c  33 .0  57 .0  • 1.3 19 .0  +_ 0 .6  2 2 . 3  -+ 2 .0  2 3 . 4  +- 0 .2  
P o l y e n o i c  38 .2  18.9_+ 1.3 4 9 . 6  +_ 0 .9  4 5 . 3  • 3 .8  40 .8 -+  0 .6  

I n d i v i d u a l  ac ids  
1 6 : 0  9.2 11 .6  +_ 0 .4  15.2 _+ 0 .4  13.1 + 2.9 18 .4  -+ 0 .8  
16:1  1.7 2.2 _+ 0 .2  2 .0  + 0 .0  3 .6  -+ 2 .4  3.2 +- 0 .2  
1 8 : 0  19~6 12.3  + 0.1 17.1 • 0 .4  19 .4  +_ 1.0 17 .4  + 0.1 
18 :1  31 .3  5 4 . 8  _+ 1.1 17 .0  _+ 0 .6  19 .0  -+ 0 .3  2 0 . 2  +- 0 .4  
1 8 : 2  3 .4  2 .4  + 0 ,3  2 .9  + 0 .6  3.7 -+ 0 .4  3 .6  • 0 .2  
1 8 : 3 t o 6  0 .6  t r  e 8.6 + 0.1 --- t r  
2 0 : 3 0 9 6  3.1 1.0 _+ 0 .2  17.2 + 0.2 1.7 -+ 0.1 2 .0  -+ 0 .3  
2 0 : 4 o o 6  f 15 .6  7 .4  + 0.2 10.0 + 1.2 11 .4  + 1.2 2 1 . 3  + 0 .4  
2 0 : 5 o o 3  . . . . . . . . .  3 .9 + 0 .5  --- 
22:3~6 . . . . . .  2.2 _+ 0.l tr --- 
2 2 : 4 0 9 6  2 .5  2 .0  _+ 0.2 2 .9  + 0 .0  1.6 -+ 0.2 10.2 -+ 0 .2  
18 :3o~3  . . . . . . . . .  13.3 • 0.2 --- 
2 0 : 4 0 9 3  . . . . . . . . .  2 .3 +_ 0 .4  --- 
2 2 : 5 0 9 3  5.2 2 .8  + 0.3 3 .0  + 0.1 4 ,3  • 0 .9  2.2 • 0.1 
2 2 : 6 c ~ 3  7 .2  3.6 _+ 0.5 3 .0  + 0 .2  3.1 • 0 .7  1.1 +- 0 .3  

~g L i p i d  P 
pe r  10 6 cel ls  0.7 1.1 +_ 0 .0  1.1 • 0 .2  1.0 + 0.1 1.4 -+ 0 .0  

a A t  t he  s t a r t  o f  i n f u s i o n ,  c e l l s / f l a s k  - 1.2 X 106 ;  P D L  - 32.  

b U n l e s s  n o t e d  o t h e r w i s e ,  all  v a l u e s  are m e a n  +- SD o f  3 s epa ra t e  e x p e r i m e n t s .  

CA t o t a l  o f  0 ,4  ~unol o f  each  f a t t y  ac id  was  i n f u s e d  i n t o  c u l t u r e s  ove r  72 hr.  

d V a l u e s  are m e a n  o f  2 e x p e r i m e n t s .  

e t r -  t race .  

f 2 0 : 4 0 9 6  and  2 0 : 3 0 9 3  have  i d e n t i c a l  r e t e n t i o n  t i m e s  on  t h e  p a c k i n g  m a t e r i a l  used .  
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tions. Exogenous arachidonic acid also in- 
creased the PUFA content of phospholipid, but 
to a smaller extent than that observed when 
either of the 18:3 isomers was used. Most of 
the increase in PUFA was in the 22:4 fraction; 
the 20:4 levels in phospholipid did not exceed 
21% despite the presence of a triglyceride pool 
8 times that of control cells with a 20:4606 
content of 37%. Regardless of whether cells had 
completed 45% (PDL 24) or 95% (PDL 53) of 
their lifespan in vitro, the effects of fatty acid 
supplementation on the acyl group class distri- 
bution was similar in both the phospholipid and 
triglyceride fraction (Table V). Although not 
statistically significant, there was a trend 
toward a small increase in lipid phosphorous 
per 106 cells during supplementation with fatty 
acid. This may, in part, be related to a decrease 
in cell multiplication and an increase in cell 
size. 

Further increases in the amount of PUFA 
delivered to cultures had little effect on 
glycerolipid acyl group composition. Doubling 

the amount of exogenous 18:1 increased the 
monoenoic acid content only slightly and 
caused no further suppression of the PUFA 
content in phospholipid (Table V). At the 
lower dose, 0.4 /amol of 18: 1, the increase in 
18:1 was compensated for by a decrease in 
PUFA with no change in saturated fatty acid 
content of the phospholipid, whereas at higher 
levels (0 .8/ /mol) ,  both the saturated and PUFA 
fraction decreased in the phospholipid. Al- 
though there was no large increase in the 
amount of triglyceride per 106 cells at the 
higher level, the 18:1 content of that lipid class 
was elevated. There was little dose-dependent 
increase in phospholipid PUFA noted when the 
amount of exogenous PUFA was increased 
from 0.4 to 0.8 /~mol, and as was reported in 
an earlier study with skin fibroblasts (2), 
arachidonic acid was least effective in eliciting a 
change in glycerolipid PUFA content. Doubling 
the quantity of 20:4 infused into the cultures 
caused the smallest change in the PUFA con- 
tent of phospholipid despite the presence of 

T A B L E  IV  

C o n c e n t r a t i o n  and  A c y l  G r o u p  C o m p o s i t i o n  o f  T r i g l y c e r i d e  f r o m  
I M R - 9 0  Cel ls  a S u p p l e m e n t e d  w i t h  M o n o e n o i c  o r  P o l y e n o i c  F a t t y  A c i d s  b 

T r i g l y c e r i d e  f a t t y  ac id  c o m p o s i t i o n  (wt  %) 

T r i g l y c e r i d e  F a t t y  ac id  i n f u s e d  c 

f a t t y  ac ids  0 d 18 :1  1 8 : 3 c o 6  1 8 : 3 e o 3  2 0 : 4 t o 6  

Classes  
S a t u r a t e d  6 7 . 4  2 5 . 2  _+ 3 .8  17 .0  -+ 0 .5  23 .3  -+ 5.6 2 1 . 8  -+ 1.1 
M o n o e n o i c  7 .9  5 5 . 0  -+ 2 .8  5.2 -+ 0 .7  9 .9  +- 1.0 8.6 -+ 2 .8  
P o l y e n o i c  2 4 . 6  19 .8  -+ 6 .6  80 .6  -+ 2 .8  6 6 . 8  -+ 4 .9  6 9 . 6  -+ 3,9 

I n d i v i d u a l  ac id s  
1 6 : 0  35 .2  13 .6  _+ 0 .4  8 .8  -+ 1.5 14 .6  + 5.6 12 .2  -+ 2 .0  
16 :1  t r  e 1.4 _+ 0 .6  t r  t r  1.7 -+ 1.3 
1 8 : 0  32 .2  11 .6  -+ 3.4 8.2 + 1.0 8.5 -+ 0 .3  9 .8  + 1.8 
1 8 : 1  7 .9  54 .2  -+ 4 .0  5.2 ,+ 0 .7  9 .9  -+ 1.0 7 .4  -+ 0 .9  
1 8 : 2  2 .4  2 .2  ,+ 0 .3  1.8 -+ 0 .5  4 .2  ,+ 0 .6  2 .6  + 0 .3  
1 8 : 3 6 o 6  14.4  2 .0  -+ 1.5 16 .3  ,+ 2 .8  t r  3.9 ,+ 1.0 
2 0 : 3 ~ o 6  5.9 6 .4  -+ 3 .8  3 8 . 8  ,+ 1.6 2 .0  -+ 0 .3  5.2 -+ 0 .5  
20 :4o . )6  f t r  2 .8  ,+ 0 .2  6.7 ,+ 0.1 5.6 + 0.1 37 .4  + 3 .4  
2 0 : 5 t ~ 3  3.2 3 .2  ,+ 1.7 1.6 ,+ 1.1 7.5 -+ 4 .6  5.3 ,+ 4 .5  
2 2 : 3 6 0 6  . . . . . .  9 .4  ,+ 1.3 --- t r  
22 :4( ,06  --- 2 .0  + 0 .6  1.6 ,+ 0 .3  --- 13 .2  -+ 0 .7  
1 8 : 3 c o 3  . . . . . . . . .  32 .5  -+ 5.1 --- 
2 0 : 4 ~ o 3  . . . . . . . . .  10 .7  -+ 0 .7  - -  
2 2 : 5 6 0 3  --- 1.4 ,+ 0 .4  1.1 • 0 .4  4 . 5  ,+ 0 .7  1.2 ,+ 0 .0  
2 2 : 6 0 9 3  . . . . . .  0 .8  ,+ 0.1 . . . . . .  

/ag T r i g l y c e r i d e  
pe r  106  cel ls  1 .12  5 . 9 4  ,+ 1.0 7 .6  ,+ 0 .8  8.3 ,+ 0 .4  8.6 + 1.1 

a A t  t he  s t a r t  o f  i n f u s i o n ,  c e l l s / f l a s k  = 1.2 X 106 ;  P D L  = 32.  

b U n l e s s  n o t e d  o t h e r w i s e ,  all  v a l u e s  are m e a n  -+ S D  o f  3 s e p a r a t e  e x p e r i m e n t s .  

CA t o t a l  o f  0 .4  /maol o f  each  f a t t y  ac id  was  i n f u s e d  i n t o  c u l t u r e s  o v e r  72 hr .  

d V a l u e s  are m e a n  o f  2 e x p e r i m e n t s .  

err  = t race .  

f 2 0 : 4 t o 6  a n d  2 0 : 3 e o 3  h a v e  i d e n t i c a l  r e t e n t i o n  t i m e s  on  t h e  p a c k i n g  m a t e r i a l  u sed .  
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suff ic ient  exogenous  fa t ty  acid to elevate cell 
t r ig lycer ide levels by  a f ac to r  of 10, while 
increasing the  P U F A  c o m p o s i t i o n  of  t ha t  l ipid 
class to  twice  t ha t  of the  phosphol ip id .  The  
f a t t y  acid seques te red  in t r iglyceride dur ing  
in fus ion  was available for  p h o s p h o l i p i d  syn- 
thesis  as s h o w n  by changing  the  m e d i u m  at the  
end  of  the  in fus ion  per iod  and  al lowing the  
cells to  c o n t i n u e  in cul ture  for  an  add i t iona l  3 
days. At  the  end  of  the  in fus ion  per iod  and 3 
days later ,  the  pe rcen tage  of  P U F A  in phospho -  
l ipid was v i r tua l ly  ident ica l  despi te  an  increase 
in cell n u m b e r  by  a fac tor  of  2 (Table  VI).  The  
a m o u n t  of t r ig lycer ide/cel l  dur ing this  same 
3-day in terval  decreased by  a fac to r  of  5 as its 
P U F A  c o m p o s i t i o n  decreased f rom 75 to  35%. 

DISCUSSION 

The  add i t ion  of  oleic acid to f ibroblas ts  
f rom h u m a n  skin (GM-10)  adversely a f fec ted  
the i r  g r o w t h  in vi t ro  (1).  More recen t ly ,  using 
diploid  ceils derived f rom p r imary  cu l tu res  
of  h u m a n  foreskin ,  the  add i t i on  of  PUFA,  
especial ly 20:4606,  caused suppress ion  of  cell 
g r o w t h  which  was d e p e n d e n t  on  the  concen t ra -  
t ion  of  exogenous  f a t ty  acid (2).  In the  same 
s tudy ,  18:1609 was w i t h o u t  effect ,  and 18:3606 
had  an effect  i n t e r m ed i a t e  b e t w e e n  t ha t  of  
18:1 and 20:4.  In this  inves t igat ion,  using 
a m o u n t s  of  f a t ty  acid similar  to  those  in the  
s tudy  jus t  m e n t i o n e d  (2),  the  decrease in 
g r o w t h  a c c o m p a n y i n g  the  add i t ion  of  P U F A  as 
a single dose at the  s tar t  of  a 72-hr  i n c u b a t i o n  
per iod  was great ly  r educed  if, ins tead,  the  
P U F A  were admin i s t e red  at a cons t an t  ra te  
t h r o u g h o u t  the  72 hr. The  d i f fe rence  in tri- 
g lycer ide a c c u m u l a t i o n  at the  end of  the  
i n c u b a t i o n  was negligible;  obse rva t ions  by  
phase  mic roscopy ,  however ,  showed  t h a t  by  
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using the  in fus ion  t echn ique ,  the  early accumu-  
la t ion  of  t r ig lycer ide drople t s  in the  cy top la sm 
could  be great ly reduced.  The  tr iglyceride,  
wh ich  was accumula ted ,  served as a source of  
acyl groups,  some of  which  were used for  
phospho l i p id  synthes is  when  the  cells were 
r e tu rned  to the  con t ro l  m e d i u m  af ter  infus ion.  
These  resul ts  are in ag reement  wi th  those  
o b t a i n e d  wi th  a t r a n s f o r m e d  line of  f ibroblas ts  
(5). 

Providing 20:4606 to IMR-90 cells by  
in fus ion  resul ted  in i nh ib i t i on  of  growth .  
Unl ike  the  previous  s tudy  (2),  however ,  
doub l ing  the  a m o u n t  of  f a t t y  acid suppl ied  did 
no t  f u r t he r  depress cell g rowth .  These  data  
suggest tha t  the  g r o w t h  inh ib i t i on  observed 
dur ing  in fus ion  of  P U F A  in to  cul tures  of  low 
PDL was i n d e p e n d e n t  of  the  nonspec i f ic  effects  
of  the  exogenous  P U F A  or of  p r o d u c t s  arising 
f rom the i r  a u t o x i d a t i o n  in the  med ium.  In- 
stead,  the  exogenous  20:4606 or its pe rox ida-  
t ion  p r o d u c t s  in the  cell may  effec t  a depres- 
sion of  cell g r o w t h  t h r o u g h  the i r  role e i ther  as 
precursors  ( 2 0 ) o r  ac t iva tors  (21) ,  respect ively ,  
of  p ros tag land in  b iosynthes is .  No grea te r  
g rowth  inh ib i t i on  was observed w h e n  arachi-  
donic  acid levels were doub led ,  which  suggests 
t ha t  the  pa thways  of  p ros tag land in  b iosyn thes i s  
were sa tu ra ted  or max imal ly  act ive at  the  lower  
level of  20:4.  T h a t  18:36o6 is less effect ive in 
suppress ing g rowth  may  be expla ined  if the  ra te  
of conver t ing  18:36o6 or  20:4606 by  these  cells 
is s low e n o u g h  to l imi t  the  p r o d u c t i o n  of  the  
re levant  pros tag landin .  In fact ,  t he  ra t io  of  
1 8 : 3 / 2 0 : 4  increases as the  a m o u n t  of  18:3 
suppl ied is increased,  suggesting res t r ic ted  
convers ion  of  18:3 to  20:4 .  Regardless  of  the  
m e c h a n i s m ,  the  fac tors  respons ib le  for  
inh ib i t ing  g rowth  of  IMR-90 cells b e c o m e  
marked ly  less s ignif icant  at  high PDL. The  

TABLE VI 

Utilization of Triglyceride Acyl Groups for Phospholipid Synthesis after 
Transfer of Cells to Fresh Medium Following Infusion with 3, Linolenic Acid a 

Time of harvest c Fraction of acyl groups 
Fatty acid b End of 3 days as polyenoic acids (wt %) 

infused infusion post-infusion Ph ospholipid Triglyceride 

Triglyceride 

#g per 106 cells 

None + - 34.0 -+ 0.3 - 3.1 +- 0.2 
3,18:3 + -- 44.0 -+ 0.3 75.9 -+ 0.8 35.1 +- 3.5 
None -- + 34.2 +- 0.7 -- 2.9 +- 0.3 
3,18:3 -- + 44.4 • 3.0 35.3 -+ 4.4 7.2 -+ 0.9 

aAll values are mean -+ SD of 3 separate experiments. 
bCells at an initial density of 1.2 x 106/flask were infused for 72 hr with 3,18:3 or no fatty acid. 
CAt the end of infusion, half of the cultures were harvested for analysis. Medium was changed in 

the remaining half, and the cultures incubated an additional 3 days prior to harvest. 
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reasons for this  age-dependent  di f ference are 
unknown .  

Results f rom these studies suggest the 
opera t ion  of  mechanisms  which act to prevent  
P U F A  levels f rom decreasing below 15% or 
increasing above 50%. Similar limits have 
been repor ted  for  h u m a n  skin f ibroblasts  (2) 
and t r ans fo rmed  mouse  f ibroblasts  (18). 
Limi ta t ions  on  P U F A  c o n t e n t  may he d ic ta ted  
by the specificit ies of  t ransacylat ing enzymes  
which  de te rmine  the fa t ty  acid compos i t i on  in 
pos i t ions  1 and 2 of  phosphol ip id  (22). Even 
wi th  large amoun t s  of  e i ther  18:1 or P U F A  
available wi thin  the  cell, rapid exchange reac- 
t ions  may prevent  a net  change greater than  
that  observed in this s tudy.  It is u n k n o w n  
whe the r  adaptive changes in the  activity of 
t ransacylat ing enzymes  are necessary for resis- 
tance to ex t r eme  changes in the  P U F A  compo-  
si t ion of  cell membrane  phosphol ip ids .  The 
dif ference be tween  o33 and 606 isomers of  18:3 
wi th  respect  to their  e longat ion and incorpora-  
t ion in to  phosphol ip ids ,  as opposed  to trigly- 
ceride, was no t  r epor ted  in an earlier s tudy  (2) 
in which the  6o3 isomer was employed .  
Features  of  shape or packing densi ty may be 
impor t an t  in dictat ing the use of  these fa t ty  
acids and their  e longat ion p roduc t s  for  mem-  
brane phosphol ip id  synthesis.  

For  purposes  of compar ing  the ef fec ts  of 
phospho l ip id  P U F A  c o n t e n t  on the s t ructure  
and /o r  func t ion  of human  diploid cells in 
culture,  the best  contras t  is p roduced  when  
cells f rom cultures infused wi th  18:3606 are 
compared  with those f rom cultures infused 
wi th  18: 1. The P U F A  con t en t  of  m e m b r a n e  
lipids in these 2 groups of  cells differs by a 
fac tor  o f  3-4. Both  fa t ty  acids are incorpora ted  
to  the same ex ten t  in to  the glycerol ipid of  cells 
at high and low PDL and are there fore  suitable 
for  long-term studies on the effect  of  mem-  
brane unsa tura t ion  on diploid cell func t ion  
t h roughou t  their  l ifespans in vitro. 
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Changes in Host Animal Plasma Lipids during Hepatoma 
Growth 1 
MARTHA MATOCHA and RANDALL WOOD, Department of Biochemistry 
and Biophysics, Texas Agricultural Experiment Station, Texas A&M 
University System, College Station, TX 77843 

ABSTRACT 

The concentrations of the major neutral lipid and phospholipid classes in the plasma of rats bearing 
hepatoma 7288CTC were determined at various times after transplantation. The fatty acid compo- 
sition of each lipid class was also analyzed quantitatively as tumor growth progressed. Generally, most 
lipid classes exhibited a slight decrease between the third and sixth day after transplantation, returned 
to near normal levels by the 15th day, increased dramatically and peaked between the 24th and 27th 
days before plummeting sharply. At peak concentrations, triglycerides were increased 5 times the 
normal levels, whereas cholesterol, cholesteryl esters and phosphatidylcholines were increased 3-fold. 
The percentage of hexadecenoates decreased in all lipid classes as tumor growth progressed and gener- 
ally, stearate levels increased. In addition to monounsaturated fatty acids, lysophosphatidylcholines 
and phosphatidylcholines showed relatively large decreases in the percentages of polyunsaturated fatty 
acids with increased tumor growth. These results indicate that hepatoma 7288CTC can cause pertur- 
bation of host animal plasma lipids in the early stages of growth which precedes the massive hyper- 
lipidemia. The interpretation of these results suggests that the early changes in plasma lipids may result 
from alterations in the normal lipid metabolism of the host, and the hyperlipidemia that develops later 
may result from the mobilization of lipids to compensate for the altered metabolism. 

INTRODUCTION 

Hyper l ip idemia  is generally characterist ic of  
exper imenta l  animals bearing tumors ,  bu t  is less 
c o m m o n  in human cancer patients. Deple t ion  
of carcass lipids in the advanced stages of  t umor  
growth is, however ,  observed in bo th  humans  
and exper imenta l  animals. An extensive review 
of the subject prior to 1956 has been compi led  
by Haven and Bloor (1). Since then, the phe- 
n o m e n o n  of hyper l ip idemia or  loss of  carcass 
lipids, or  both,  has been well documented  in 
labora tory  animals (2-5) and humans  (6-8). 
Despite the well recognized effect  the t umor  
has on the lipids of  the host,  the  biochemical  
events responsible for lipid mobi l iza t ion  have 
not  been identif ied.  Further ,  few studies have 
been aimed at determining at what stage of  
tumor  growth hyper l ip idemia occurs. This 
s tudy was aimed at determining the concen- 
t rat ions of  individual plasma lipids with pro- 
gressive growth of  Morris minimal  deviat ion 
hepa toma  7288CTC. A prel iminary report  of  
the data has appeared (9). 

MATERIALS AND METHODS 

A group of  44 male Buffalo strain rats 
(225-250 g) were implanted  bilaterally in the 
hind l imbs with Morris minimal  deviat ion 

1This paper was given by M. Matocha as an Hon- 
ored Student Award presentation at the AOCS meet- 
ing, San Francisco, CA, April 29- May 31, 1979. This 
work has been submitted in partial fulfillment of the 
requirement for the M.S. degree. 

hepa toma  7288CTC and maintained on Wayne 
Lab Blox labora tory  animal chow, whose lipid 
composi t ion  has been repor ted  (10). Contro l  
animals were sacrificed directly after  trans- 
plantat ion.  Groups of  4 animals were sacrificed 
at 3-day intervals for 30 days. The tumor-  
bearing rats, hereaf ter  referred to as host  
animals, were anesthesized with ether  and the 
b lood wi thdrawn from the infer ior  vena cava 
with  a heparinized syringe. The blood was 
centr ifuged and the plasma stored at -70 C until  
analyzed. Except  where specifically indicated,  
each sample was analyzed individually.  

One ml  of  plasma was extracted twice using 
the Bligh and Dyer  procedure  ( l l )  and sepa- 
rated into neutral  lipid and phospholipid 
fract ions with silicic acid (12). The quanti t ies  
of  these lipid fractions were measured gravi- 
metrically.  Neutral  lipid classes were quanti- 
rated by high tempera ture  gas l iquid chro- 
matography (GLC) analysis of  the  intact  lipids 
as described previously (13). Al iquots  of  plasma 
phospholipids f rom individual samples were 
pooled for each t ime period for class quanti-  
fication. Phospliolipid classes were resolved by 
thin layer chromatography  (TLC) on adsorbent  
layers of  Silica Gel HR, developed in a solvent 
system of  ch loroform]methanol ]ace t i c  acid/ 
saline, 50 :25 :8 :4 ,  v/v. Individual classes were 
quant i ta ted  by the Rouser  et al. phosphorus  
analysis procedure  (14). Chromatopla tes  were 
sprayed with sulfuric acid and charred for 
visualization and documen ta t ion  by photog-  
raphy.  Individual  lipid classes to be used for 
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further analyses were visualized with rhodamine 
, ~ t  t . 

6G or ~ ,7 -dxchlorofluorescein, adsorbent 
scraped from the chromatoplate and the lipid 
eluted with solvent. 

Methyl esters were prepared from the lipid 
classes by sulfuric acid-catalyzed transesteri- 
fication (15) and analyzed quantitatively by 
analytical GLC using glass columns packed with 
10% SP2330 coated on 100-120 mesh chro- 
mosorb WAW (Supelco, Inc., Bellefonte, PA). 
Columns were programmed from 140-220 C at 
3 C/min using a Varian Model 3700 chro- 
matograph. Peaks were quantitated using a 
Spectra-Physics (Santa Clara, CA) digital 
integrator. Peak identities were based on 
cochromatography with commercially available 
standards analyzed on polar and nonpolar 
columns before and after hydrogenation and 
analysis of bands resolved according to degree 
of unsaturation by silver ion TLC. 

Glass distilled solvents used in the study 
were purchased from Burdick and Jackson 
Laboratories (Muskegon, MI). Lipid standards 
and chromatography supplies were from 
Supelco, Inc. (Bellefonte, PA) and Nu-Chek- 
Prep. Inc. (Elysian, MN). 

R ESU LTS 

The concentrations of the major neutral 
lipid classes found in the plasma of host animals 

at various times after hepatoma transplantation 
are given in- Table I. Except for cholesterol, the 
concentration of the lipid classes decreased 
slightly in the first few days after transplan- 
tation and then returned to near normal levels 
around the 15th day. Beginning around the 
15th to 18th day, concentrations increased 
rapidly and peaked between the 24th and 27th 
days, before dropping sharply. Cholesterol 
exhibited a steady increase in concentration 
that peaked at day 27, 3 times the normal level. 
Cholesteryl ester concentrations also tripled, 
but did not show the decrease at day 30 exhib- 
ited by the other plasma neutral lipid classes. 
Triglyceride concentrations peaked at 4-5 times 
control levels. Because some animals exhibited 
early hyperlipidemia whereas others were 
delayed by a day or 2, the variation of concen- 
trations on the 18th, 24th and 30th days was 
considerable in many instances. This reduced 
the number of days that the hyperlipidemia 
differed significantly from control values. The 
data, however, leave no doubt that hyper- 
lipidemia occurs and involves most neutral lipid 
classes. 

The concentrations of the major phospho- 
lipid classes in plasma of host animals at various 
times after hepatoma transplantation are given 
in Table II. The changes associated with pro- 
gressive tumor growth were less dramatic than 
in the neutral lipids. Most phospholipid classes 

T A B L E  I 

Conc e n t r a t i on  of  Plasma Neutra l  Lipids f r o m  Host Animals  at 
Various T imes  af ter  H e p a t o m a  Transp lan t a t i on  

Neutra l  lipid classes (~g/ml  p lasma)  a 

Tota l  
Days  a f te r  neu t ra l  
t ranspl t .  C H O L  b F F A  DG T G  CE lipid 

0 224 176 20 804 4 7 0  1781 
3 262 54 f 22 831 383 1566 
6 247 69g 14 558 e 411 1292 f 
9 306 d 190 18 663 d 570 d 1981 

12 268 118 d 22 700  469  1628 
15 301 c 286 d 13 d 835 4 8 4  1973 
18 374 f 408  c 56 f 2034  e 568 3370  e 
21 415 f 387 e 62g 2174  725 d 3445 d 
24 571g 318g 104g 3 0 1 l g  948g  4953g  
27 665g 227 c 165g 3996g  1047g 8095 f 
30 625g  80g 13 766 1229g 2713  d 

aC oncen t r a t i ons  represen t  the  m e a n  o f  3-4 animals,  excep t  day  30 which  consists of  2 animals.  

bAbbrev i a t i ons  are C H O L  = choles te ro l ;  F F A  = free f a t ty  acids;  DG = dig lycer ides ;  T G  = t r ig lycer ides ;  CE = 
choles tery l  esters. 

CSignificance /> 0.1 f r o m  day  zero.  

dSignif icance /> 0.05 f r o m  day  zero.  

eSignif icance >~ 0.025 f r o m  day zero. 

fSignif icance /> 0 .010  f r o m  day  zero.  

gSignificance ~> 0.005 f r o m  day zero.  
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showed increased concentrations in plasma 
after the 15th day and continuing until they 
peaked on the 24th to 27th day. Phosphatidyl- 
choline, sphingomyelin and lysophosphatidyl-  
choline, the major plasma phospholipid classes, 
approximately doubled in concentration over 
zero-day controls. 

The fat ty acid compositions of the free fat ty 
acids, triglycerides and cholesteryl esters 
obtained from host animals at various times 
after hepatoma transplantation are given 
in Tables III, IV and V, respectively. Generally, 
the percentage compositions of  the plasma free 
fat ty acids and triglycerides were similar and 
showed only minimal change in composit ion 
with progressive tumor  growth. The hexa- 
decenoates of both classes exhibited a gradual 
decrease over the 30-day period. The high 
percentage of palmitate and the low level of 
18:2 in the plasma triglycerides at the 15th day 
corresponded to parallel high and low per- 
centages of  these 2 acids in the free fatty acid 
fraction on the same day, suggesting a possible 
relationship. The high percentages of stearate in 
the free fatty acids at days 3, 6 and 30 also 
correspond to the days of  low concentrations 
of this class (Table I). Sterol esters (Table V) 
contained ca. one-half the percentage of pal- 
mitate and 20:4 was a major fatty acid, c o m -  

pared to the free fatty acid and triglyceride 
fractions (Tables III and IV). Sterol ester 
hexadecenoates decreased steadily with pro- 
gressive tumor  growth, as was observed for the 
free fatty acid and triglyceride fractions. 
Beginning at day 18, 22:6 fat ty acid appeared 
in the sterol esters and the percentage con- 
tinued to rise for the remainder of the growth 

period. At day 30, 18:1 and 20:4 percentages 
dropped to their lowest level and 18:2 incresed 
to its highest percentage. Day 30 was the time 
period that the plasma contained the highest 
concentration of sterol esters (Table I). 

The fatty acid compositions of  plasma 
lysophosphatidylcholines and phosphatidyl-  
cholines derived from host animals at various 
times after hepatoma transplantation are given 
in Tables VI and VII, respectively. Lyso- 
phosphatidylcholines showed the largest per- 
centage change during tumor  growth of any 
plasma lipid classes. Mono- and polyunsaturated 
fatty acids represented more than 30% of  the 
total  at the early time periods, but decreased as 
tumor  growth progressed and disappeared 
completely by day 30. Palmitate percentages 
remained relatively constant during tumor  
growth, whereas stearate percentages doubled 
by day 15 and remained high for the remainder 
of the experiment.  The saturated fat ty acids of  
plasma phosphatidylcholine exhibited a similar 
behavior to lysophosphatidylcholines: pal- 
mitate percentages remained relatively con- 
stant, whereas stearate percentage increased 
moderately until the 15th day and then re- 
mained mostly unchanged for the duration of 
tile growth period. The monounsaturated fat ty 
acids showed slight decreases, but  the poly- 
unsaturated fatty acids of the phosphatidyl- 
cholines showed more dramatic decreases as 
tumor growth progressed. 

DISCUSSION 

Analysis of plasma or serum, because of its 
convenience, is the primary source of  data used 

T A B L E  II 

C o n c e n t r a t i o n  o f  Plasma Phosphol ip id  Classes in Host  Rats 
at Var ious  T imes  a f te r  H e p a t o m a  Transp lan ta t ion  

Days af ter  Phosphol ip id  classes (#g /ml  p lasma)  a 

t ranspl t .  Lyso-PC b SPH PC PI PS+PE SF Total  

0 99 75 417 34 15 22 662 
3 157 75 512 43 31 22 840 
6 104 60 386 17 15 22 604  
9 110 75 543 43 23 22 816 

12 136 82 512 43 31 22 826 
15 104 lOS 543 34 8 15 809 
18 136 157 567 34 23 15 932 
21 120 112 732 51 38 7 1060 
24 172 165 788 34 54 0 1213 
27 151 142 1322 77 61 22 1775 
30 115 120 858 43 61 0 1197 

aValues  represent the m e a n  o f  dupl ica te  d e t e r m i n a t i o n s  of  a pooled  sample  f r o m  4 animals ,  excep t  days 24 
and 27 w h e r e  3 an imals  were  poo led  and  day 30 wh ic h  consis ted o f  2 animals.  

bAbbrev ia t i ons  are Lyso-PC = l y s ophos pha t i dy l c ho l i ne ;  SPH = s p h i n g o m y e l i n ;  PC = phospha t idy l cho l ine ;  
PI = phospha t idy l inos i to l ;  PS = phospha t idy l se r ine ;  PE = p h o s p h a t i d y l e t h a n o l a m i n e ;  S F = solvent  f ront .  
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T A B L E  I I I  

Fa t ty  Acid Compos i t i on  o f  Plasma Free Fa t t y  Acids  Derived f r o m  Animals  
at Var ious  T imes  a f te r  H e p a t o m a  Transp lan t a t i on  

Days  af ter  Fa t ty  acid percen tages  a 

t ranspl t .  16:0  16:1 18:0  18:1 18:2 20 :4  22 :6  

0 28.8 6.4 5.6 25 .8  22.2 1.6 0.8 
3 42.5 2.9 20.3 24 .9  8.6 
6 40.3 2.2 17.6 26 .0  12.3 
9 34.8 6.4 7.3 26.6 19.5 1.3 

12 39.6 5.5 8.8 26.6 15.8 0.7 
15 40 .9  4.9 8.B 28.3  9.6 0.8 0.6 
18 30.4 3.8 5.6 29.7 25 .4  1,1 0.5 
21 31.7 3.4 6.1 32.4 22.2 0.7 0.3 
24 30.2 3.2 7.8 32.4 21.7 0.9 0.4 
27 31.9 3.1 6.8 26.1 25.9 1.1 0.8 
30 31.9 1.8 17.6 19.9 18.2 

apercen tages  r ep resen t  the  m e a n  of  3 or  4 animals.  The  d i f ferences  b e t w e e n  the  sum of  the  pe rcen tages  and 
100% in any  r o w  represen ts  t he  s u m  of  o the r  f a t t y  acids presen t  in small  a m o u n t s  b u t  n o t  s h o w n  in the  table.  

T A B L E  IV 

Fa t ty  Acid Compos i t i on  o f  Plasma Tr iglycer ides  Derived f r o m  Animals  
at Var ious  Times  a f te r  H e p a t o m a  Transp lan ta t ion  

Days  af ter  F a t t y  acid pe rcen tages  a 

t ranspl t ,  16:0 16:1 18:0  18:1 18:2 20 :4  22:6  

0 25.2 7.0 2.2 29 .8  25.2 1.6 1.8 
3 29.2 6.4 3.7 27.8 22.8 1.6 0.8 
6 31.0 4.0 3.3 28.2 27.1 1.2 0.6 
9 27.7 3.6 3.4 28.2 30.0 1.6 1.0 

12 30.0 3.6 4.5 29.1 23.8 1.1 0.6 
15 39.6 2.8 4.8 31.9 18.3 1.1 
18 29.0 2.6 3.8 27.3 28.3 2.8 1.1 
21 27.2 2.3 3.6 28.3 28.6 3.2 1.8 
24 29.9 1.7 4.4 29.4 27.2 2.5 1.6 
27 28.9 2.2 3.6 26.2 30.2 2.0 1.6 
30 30.4 1.6 4.9 26.2 31.3 1.9 1.1 

ape rcen tages  represen t  the  m e a n  of  3 or 4 analyses.  The  d i f ferences  b e t w e e n  the  sum of  the  pe rcen tages  in 
any r o w  and 100% represen t  the  sum of  o the r  f a t t y  acids presen t  in small  a m o u n t s  but  not  s h o w n  in the  table. 

T A B L E  V 

Fa t ty  Acid Compos i t i on  o f  Plasma Sterol  Esters Derived f r o m  Animals  
at Various T imes  af ter  H e p a t o m a  Transp lan t a t i on  

Days af ter  F a t t y  acid percen tages  a 

t ranspl t .  16:0 16:1 18:0 18:1 18:2 20 :4  22:6  

0 15.5 7.0 0.3 13.6 32.3 29.6 
3 16.5 6.6 0.9 10.3 35.2 27.8 
6 15.5 1.9 0.8 8.9 37.8 33.5 
9 14.3 2.0 1.0 11.4 32.1 38.8 

12 16.0 2.6 1.2 13.2 28.4 38 .0  
15 19.8 2.9 1.8 17.2 25 .0  33.0 
18 17.8 2.1 1.9 15.9 26.1 35.3 
21 16.1 1.8 2.1 13.2 27.6 37.2 
24 14.4 1.1 1.9 14.8 28.6 35.1 
27 15.4 1.4 2.1 10.2 31.9 35.1 
30 15.2 0.9 0.8 8.6 43.3 26.5 

0.6 
1.0 
3.4 
2.6 
3.2 

ape rcen tages  r ep resen t  the  m e a n  of  3 or 4 analyses.  The  di f ferences  b e t w e e n  the  su m of  the  pe rcen tages  in 
any r o w  and  100% represen t  the  s um of  o the r  f a t ty  acids present  in small  a m o u n t s  but  no t  sh o wn  in the  table.  
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to monitor the nutritional and health status of 
an animal. The interpretation of the data from 
plasma is complicated because the data repre- 
sent the sum total of numerous metabolic 
processes. The analysis of plasma lipids from a 
tumor-bearing animal is no exception and even 
adds to the complexity. Plasma lipid class 
concentrations and compositions represent the 
sum total of lipids contributed by: (a) endoge- 
nous biosynthesis; (b) catabolism; (c) diet; (d) 
mobilization of stored fat; and (e) the tumor 
itself. At the early stages of tumor growth, diet, 
fat mobilization and the tumor probably have a 
negligible effect; but in the later stages of 
tumor growth, when diet consumption is 
reduced, adipose tissue is being depleted and 
tumor mass has increased significantly, these 
sources of plasma lipids probably play a major 
role. Despite multiple sources of plasma lipids 
that change as tumor growth progresses, lipid 
class concentration and composition profiles 
for the complete growth period may contain 
some useful information, especially at the early 
stages of tumor growth. 

Few studies have followed the changes in 
individual lipid classes of the plasma from the 
host animal during tumor development. Brenne- 
man et al. (2) have shown that host animals 
bearing Ehrlich ascites carcinoma cells devel- 
oped a pronounced hypertriglyceridemia and a 
slight hypercholesterolemia that peaked at 
mid-growth period and then declined to near 
normal levels at termination. Hypertriglycer- 
idemia occurred much sooner and fell more 
slowly than we observed for host animals of 
hepatoma 7288CTC. Cholesterol ester and 
triglyceride concentrations in whole blood from 
host animals bearing hepatoma 7777 have been 
reported at 4 time-periods between day 22 and 
58 after transplantation (16). A 3-fold increase 
in cholesterol esters occurred before the 50th 
day, but the increase was more gradual than we 
observed in our study. They concluded.that the 
rise in blood cholesterol and cliolesteryl esters 
was caused by the release of cholesterol by the 
tumor. Because of the magnitude of the abrupt 
rise in cholesteryl esters after the 18tli day 
(Table I), it would appear doubtful that the 
hepatoma 7288CTC was the major source of 
cholesterol in our study. In contrast to the 
hypertriglyceridemia we observed and for host 
animals of Ehrlich ascites cells (2), they re- 
ported a 50% decrease in blood triglyceride 
levels of hepatoma 7777-bearing animals 
between the 22nd and 35th days. These com- 
parisons make it clear that the hyperlipidemia 
which develops in tumor-bearing animals may 
depend on the elevation of one or more lipid 
classes and that the onset, duration, amplitude 

and decline of the hyperlipidemia depends on 
the type of tumor. The data also indicate the 
necessity of determining individual plasma lipid 
class profiles over the entire tumor growth 
period. Had we looked at host plasma lipid 
levels before day 18 and after day 27, hyper- 
lipidemia would not have been observed. 

A close look at the concentration and the 
fatty acid composition profiles of the major 
lipid classes in host plasma as hepatoma growth 
progressed is of interest. At the earliest time 
examined after tumor transplantation, free 
fatty acid concentrations were one-third 
zero-day values and by day 6 significant hypo- 
lipidemia of total neutral lipids was observed 
(]'able I). The hypolipidemia can very easily be 
overlooked because of the magnitude of the 
hyperlipidemia that develops later. The early 
hypolipidemia may result from first alteration, 
interruption, or inhibition of certain lipid 
metabolic steps in the host animal brought 
about by the hepatoma. One such metabolic 
step appears to be the inhibition of desatu- 
ration. We have shown in a cell-free system that 
the A9 desaturase system decreases abruptly in 
host liver after hepatoma transplantation (I 7). 
Mapes and Wood (18) have shown that oleate 
represented a higher percentage of the octa- 
decenoates isolated from host animal plasma 
phospholipids as early as 3 days after trans- 
plantation and that the changes were highly 
significant at 6 days. The increased proportion 
of oleate could have resulted from a decrease in 
the synthesis of vaccenate. Since it is known 
that palmitoleate is the precursor of vaccenate 
in liver (19) and the hepatoma (20), this view is 
supported by the observed decrease in the 
percentage of the hexadecenoates in all the 
lipid classes beginning at the earliest time and 
continuing for the duration of tumor growth 
(Table III-VII). The decreased hexadecenoate 
level probably resulted from the inhibition of 
the A9 desaturase system. The increased 
percentages of stearate and the decreased levels 
of the octadecenoates in the plasma phospho- 
lipids (Tables VI and VII) are consistent with 
this line of reasoning. The plasma neutral lipid 
classes showed slight increases in stearate, but 
tittle or no change in the octadecenoate per- 
centages. The lack of a decrease in the octa- 
decenoate percentages can be explained by the 
mobilization of adipose rich in oleate and by 
the apparent existence of an alternate route of 
oleate biosynthesis (2 t-23). The reason for the 
decreased desaturase activity is not  apparent at 
this time. One is tempted to speculate that a 
reduced level of NADPH might be responsible. 
However, a comparison of tissue level of 
NADPH (24) and desaturase activities (17,25) 
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i n d i c a t e s  a l ack  o f  c o r r e l a t i o n .  

I t  is p o s s i b l e  t h a t  t h e  i n h i b i t i o n  o f  d e s a t u -  
r a t i o n  i n c l u d e s  t h e  p o l y u n s a t u r a t e d  f a t t y  ac ids .  
N e a r l y  4 0  y e a r s  ago ,  S m e d l e y - M a c l e a n  a n d  
c o l l e a g u e s  ( 2 6 , 2 7 )  r e p o r t e d  t h a t  t h e  W a l k e r  
T u m o r  r e d u c e d  t h e  level  o f  p o l y u n s a t u r a t e d  
f a t t y  a c id s  in  t h e  s u r r o u n d i n g  t i s sue .  T h e  
o b s e r v e d  d e c r e a s e  o f  t h e  p o l y u n s a t u r a t e d  f a t t y  
a c id s  in  p l a s m a  p h o s p h o l i p i d s  ( T ~ b l e s  VI  a n d  
VI I )  w i t h  i n c r e a s e d  t u m o r  g r o w t h  is c o n s i s t e n t  
w i t h  t h e  p o s s i b l e  i n h i b i t i o n  o f  p o l y u n s a t u r a t e d  
f a t t y  acid b i o s y n t h e s i s ,  b u t  is a lso c o n s i s t e n t  
w i t h  t h e  p o s s i b l e  r e m o v a l  o f  t h e s e  ac i d s  b y  t h e  
t u m o r .  T h e  u n c h a n g e d  to  m a r g i n a l l y  h i g h e r  
p e r c e n t a g e s  o f  p o l y u n s a t u r a t e d  f a t t y  a c i d s  in 
t h e  n e u t r a l  l ip ids  ( T a b l e s  I I I -V)  m i g h t  a p p e a r  
c o n t r a d i c t o r y ,  b u t  it is p o s s i b l e  t h a t  t h e s e  
c lasses  m a y  r e p r e s e n t  ac t ive  f o r m s  o f  m o b i l -  
i z a t i o n .  

T h e  c h a n g e  f r o m  h y p o l i p i d e m i a  to  h y p e r -  
l i p i d e m i a  a f t e r  12-15 d a y s  o f  t u m o r  g r o w t h  
m a y  r e p r e s e n t  t h e  h o s t ' s  r e s p o n s e  t o  c o m p e n -  
sa t e  f o r  in i t i a l  e f f e c t s  o n  l ipid m e t a b o l i s m  
e x e r t e d  b y  t h e  h e p a t o m a .  T h i s  r e s p o n s e  m a y  
i n v o l v e  t h e  m o b i l i z a t i o n  o f  r e s e rve  fa t  s t o r e s  to  
s u p p l y  o n e  o r  m o r e  o f  t h e  f a t t y  a c id s  o r  c o m -  
p l e x  l ip ids  r e q u i r e d  b y  t h e  h o s t ,  b u t  w h o s e  
c o n c e n t r a t i o n s  h a v e  fa l l en  as a r e s u l t  o f  t h e  
t u m o r .  I t  is a lso p o s s i b l e  t h a t  t h e  t u m o r  p ro -  
d u c e s  a f a t  m o b i l i z a t i o n  s u b s t a n c e  d i r ec t l y .  
I f  t h i s  we re  t h e  case ,  o n e  m i g h t  e x p e c t  to  see  a 
g r a d u a l  i n c r e a s e  in  all t h e  l ipid c lass  c o n c e n -  
t r a t i o n s  m u c h  l ike t h a t  o b s e r v e d  fo r  f r ee  
c h o l e s t e r o l  ( T a b l e  I) a n d  h y p o l i p i d e m i a  w o u l d  
n o t  be  e x p e c t e d .  W h e t h e r  t h e  fa t  m o b i l i z a t i o n  
s u b s t a n c e ( s )  a re  p r o d u c e d  d i r e c t l y  b y  t h e  
t u m o r  o r  w h e t h e r  t h e  h o s t  is s t i m u l a t e d  t o  
p r o d u c e  s u c h  s u b s t a n c e s  b y  t h e  t u m o r  is n o t  

TABLE VI 

Fatty Acid Composi t ion of  Plasma Lysophosphat idylchol ine Derived from Animals 
at Various Times after Hepatoma Transplantat ion 

Days after Fatty acid percentages a 

transplt.  16:0 16:1 18:0 18:1 18:2 20:4 

0 38,1 1.4 24.1 16.1 16.6 
3 36.6 1.0 28.6 12.1 18.0 
6 37.8 1.0 30.0 11.0 12.5 
9 37,2 1.4 42.5 8.2 6.3 

12 37,4 0.9 43.8 7.5 5,9 
15 35.9 1.4 51.1 7.4 1.2 
18 36.3 1.0 53.8 2,6 0.3 
21 38,0 54.3 4.6 1.3 
24 33,0 59.4 4.1 0.3 
27 38.0 54.1 3.2 
30 32.8 56.6 

2.5 
2.3 
2.2 
1.6 
1,9 
0.2 
0.3 

apercentages represent the  mean of 2 or more analyses. The differences between the sum of  the percentages 
in any row and 100% represents the  sum of  other fa t ty  acids present in small amoun t s  but  not  shown in the  table. 

TABLE VII 

Fat ty  Acid Composi t ion of  Plasma Phosphatidylcholine Derived from Animals 
at Various Times after Hepatoma Transplantat ion 

Days after Fat ty  acid percentages a 
transplt. 16:0 16:1 18:0 18:1 18:2 20:4 22:6 

0 27.1 1.6 22.4 13.8 21.6 8.4 
3 26.6 1.0 22.8 10.6 26.3 8.2 0.9 
6 30.0 24.2 9.3 30.0 5.7 
9 24.7 0.6 26.1 9.6 26.2 10.2 0.8 

12 27.0 0.6 27,3 8.6 23.3 10.4 1.0 
15 35.6 0.5 35.0 10.2 12.6 4.1 0.4 
18 35.6 0.6 33.9 9.3 14.7 3.2 
21 31.7 0.4 33.6 I0.0 17.0 4.8 0.8 
24 31.1 28.0 16.6 19.9 2.7 0.6 
27 31.1 0.3 35.8 8.0 14.6 4.4 
30 39.8 0.4 32.8 8.2 13.3 1.1 

apercentages represent the  mean of  3 or 4 analyses. The differences between the sum of  the  percentages in 
any row and 100% represent the  sum of  other acids present in small amounts  but  not  shown in the table. 
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known at this time, but there appears to be 
ample evidence that one or more such com- 
pounds are produced. Bizzi et al. (28) have 
suggested that the Walker 256 carcinosarcoma 
produces a substance responsible for the 
mobilization of adipose tissue. More recent 
work with this tumor has shown that the rates 
of lipolysis in the adipose tissue of  host animals 
were 2-3 times higher than control animals, but 
these workers (4) were unable to detect any 
stimulatory factor in serum. Recently Kitada et 
al. (5) have shown, using a new approach, that 
serum from lymphoma-bearing AKR mice 
contains a factor that produces massive fat 
mobilization in normal animals. These pre- 
liminary data appear to demonstrate that the 
lymphoma, and perhaps other tumors as well, 
produce a substance or substances that are 
directly or indirectly involved in the mobil- 
ization of fat reserves in the host animal. We are 
suggesting on the basis of  the data presented in 
this paper and other reports that the fat mobil- 
ization may be a response by the host to 
compensate for the interruption of some 
normal lipid metabolic processes produced by 
the tumor. This is a working hypothesis that 
other investigators might find useful. 
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Lecithin Influence on Hyperlipemia in Rhesus Monkeys 
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ABSTRACT 

Previous studies in humans have shown that the ingestion of lecithin can alter plasma cholesterol 
and triglyceride concentrations by mechanism(s) that remain to be elucidated. To further explore this 
response to lecithin, hyperlipemic rhesus monkeys were selected from a group of animals fed a semi- 
purified diet containing corn oil, casein, sucrose and cholesterol (120 rag/100 Kcal) for 10 years. 
Soybean lecithin (92% phosphatidylcholine) was supplemented in the diet (0.5 g/100 Kcal) of these 
monkeys. Measurements of plasma cholesterol, triglycerides and phospholipid were made prior to, 
during and following 7 wk o}" lecithin supplementation. In addition, determinations of triglyceride 
secretion rates following administration of Triton WR1339, triglyceride clearance after intravenous 
infusion of lntralipid | and plasma lecithin:cholesterol acyl transferase enzyme (LCAT) activity were 
assessed at the same time intervals. As in other studies, manipulation of lecithin intake elicited a highly 
variable response, but significant changes were observed in plasma cholesterol and triglycerides as a 
consequence of supplementing or removing lecithin from the diet. Lecithin had no influence on the 
absolute plasma phospholipid level or LCAT activity. However, lecithin significantly reduced total 
lipids, increased the r~lative concentration of phospholipid and tended to increase the phospholipid/ 
free cholesterol (PL/FC) concentration. While lecithin did not significantly affect triglyceride secretion 
rates, all animals were able to clear Intrahpid | (triglyceride) more efficiently while fed lecithin. These 
data are interpreted to mean that the reduction in plasma lipids associated with lecithin ingestion may 
have been mediated via enhanced clearance of lipids transported in lipoproteins of lower density, 
whereas the rebound folllowing lecithin removal reflected reduced clearance of these lipids. 

INTRODUCTION 

Hypercho le s t e ro l emia  and  hyper t r ig lycer -  
idemia  are risk fac tors  for  a therosc leros is  (1) 
t h a t  r e spond  var iably to d ie ta ry  m o d i f i c a t i o n  
of fat  and  choles te ro l  (2 ,3) .  A l t h o u g h  poly-  
u n s a t u r a t e d  fat  is general ly  hypocho le s t e r -  
o lemic  in man ,  the  response  is var iable  a m o n g  
individuals.  Similarly,  p o l y u n s a t u r a t e d  d ie ta ry  
p h o s p h a t i d y l c h o l i n e  (PC), or s oybean  lec i th in ,  
o f t en  ehci ts  a h y p o c h o l e s t e r o l e m i c  effect ,  
a response  t h a t  has  been  r epo r t ed  to be b o t h  
separate  f rom its p o l y u n s a t u r a t e d  or  essential  
f a t t y  acids (4)  ye t  d e p e n d e n t  u p o n  the  fact  
t ha t  it is an  u n s a t u r a t e d  lec i th in  (5).  Investi-  
ga t ion  of  the  lec i th in  ef fec t  on  l ipemia and  
e x p e r i m e n t a l  a therosc leros is  have also gener- 
a ted  conf l ic t ing  resul ts  (6-8).  These  d i f ferences  
may  be  a t t r i b u t a b l e  to  va r ia t ions  in the  unsa tu -  
r a t i on  or  a m o u n t  o f  l ec i th in  used and  its m o d e  
of admin i s t r a t i on ,  the  cl inical  charac ter i s t ics  of  
tes t  pa t i en t s  or species of  an imal  and  the  
pa rame te r s  assessed. In an  a t t e m p t  to  resolve 
this  con fus ion  and  explore  the  m echan i s m ( s )  
of lec i th in  ac t ion ,  a g roup  of  hype r l i pemic  
rhesus  m o n k e y s  fed a sucrose,  p o l y u n s a t u r a t e d  
fa t ty  acid ( P U F A )  and  cho les t e ro l -con ta in ing  
diet  for  several years  was s tudied.  

E n h a n c e d  c learance of  c i rcula t ing lipid as a 
possible m o d e  of  ac t ion  for  l ec i th in  was sup- 
p o r t e d  by  the  r e d u c t i o n  in low dens i ty  l ipo- 
p o p r o t e i n  (LDL)  c o n c e n t r a t i o n  fo l lowing leci- 

t h i n  s u p p l e m e n t a t i o n  of  h u m a n s  (4,9).  Clark 
(10)  has  s h o w n  tha t  i n t r o d u o d e n a l  in fus ion  of  
l ec i th in  in rats  r educed  cho les te ro l  ester  t rans-  
por t  f r om the  gut,  possibly  via p h o s p h o h p i d  
changes  in the  c h y l o m i c r o n  surface  coat .  In  
add i t ion ,  Tall and  Small  (11) have pos tu l a t ed  a 
m e c h a n i s m  l inking c h y l o m i c r o n  c learance wi th  
high dens i ty  l i pop ro t e in  (HDL)  par t ic le  fo rma-  
t i on  t ha t  depends  o n  adequa te  phospho l ip id  
and  surface apop ro t e in s  associated wi th  the  
chy lomic ron .  

Thus,  on  the  a s s u m p t i o n  t h a t  the  diet-  
i nduced  hype r l i pemia  in these  rhesus  m o n k e y s  
anay have b e e n  associated w i th  impai red  l ipo- 
p ro t e in  c learance similar to  t ha t  observed in 
r abb i t s  (12)  and m o n k e y s  (13,14) and  f rom the  
data  on  h u m a n s  (7) wh ich  impl ica ted  the  
l ec i th in : cho le s t e ro l  acyl t ransferase  e n z y m e  
(LCAT)  (EC 2 .31 .43)  in l i pop ro t e in  cho les te ro l  
c learance,  we e x a m i n e d  the  possibi l i ty  t h a t  
l ec i th in  may  have b e e n  a l imi t ing  fac to r  for  
ef f ic ient  l i pop ro t e in  m e t a b o l i s m  in these  
monkeys .  

METHODS 

Seven female rhesus m o n k e y s  (Macaca 
mulatta) ca. 12 years  o f  age wh ich  had  been  fed 
a semipur i f ied  d ie t  con t a in ing  all c a r b o h y d r a t e  
as sucrose,  8% corn  oil and  ca. 0.5% cho les te ro l  
( 120  m g / 1 0 0  kcal)  (Table  I) for  10 years were 
chosen  for  th i s  s tudy .  The  m o n k e y s  were 
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characterized as hyperlipemic (average plasma 
cholesterol and triglyceride values were 296 and 
188 mg/dl, respectively) (Table II) and were 
considered useful models for study of lecithin 
supplementation since the corn oil diet mini- 
mized the possibility that any hypolipemic 
effect of lecithin would be attributed to its 
PUFA content. 

To test various plasma lipid parameters as 
a function of lecithin supplementation, analyses 
were performed before, 7 wk after initiation 
of lecithin and 16 wk following lecithin re- 
moval from the diet, which was fed ad libitum 
throughout the study. The level of purified 
soybean lecithin added (Phospholipon 100 | 
Natterman) (Table I) represented 0.5 g/100 
Kcal of diet or the equivalent of 10-12 g/day in 
humans consuming 2000-2400 calories. Blood 
collections and injections were made through 
a catheterized popliteal vein of fully conscious 

TABLE I 

Experimental Diet Fed to Rhesus Monkeys 

Dry ingredients a 
Ingredients g/100 g 

Casein 21.20 
Sucrose 49.10 
Corn oil 6.80 
Vitamin mix b 0.40 
Mineral mix c 3.60 
Choline chloride 0.40 
Inosit ol 0.10 
Cholesterol, USP 0.40 
Cellulose d 18.00 
Lecithin e (1.70 g added to i00 g diet during 

supplementation period) 

aAgar solution (1.25%) was mixed with solid 
ingredients at rate of 80 ml[100-g diet. 

bVitamin mix contained in g/kg of mix: thiamine 
hydrochloride, O. 8 ; riboflavin, 1.6 ; pyridoxine hydro- 
chloride, 0.8 ; calcium pantothenate, 5.0 ; niacinamide, 
8.0; folic acid, 0.8; biotin, 0.04; cyanocobalamine, 
0.03; menadione, 1.00; DL a-tocopheryl acid acetate 
(500 IU/gm), 20.00; vitamin A acetate (500,000 
IU/gm), 5.00; D 3 (Dura D Beadlets) (200,000 IU/gm), 
1.25 ; ascorbic acid, 122 ; dextrin, 833. 

CMineral mix contained in g/kg of mix: calcium 
carbonate, 290.12; potassium phosphate dibasic, 
311.88 ; calcium phosphate dibasic, 72.53 ; magnesium 
sulfate, 98.64; sodium chloride, 161.99; ferric citrate, 
26.59; potassium iodide, 0.77; manganese sulfate, 
4.84; zinc chloride, 0.24; cupric sulfate, 0.29; chro- 
mium acetate, 0.04; sodium selenite, .0043; mag- 
nesium oxide, 34.04. 

dAlphacel, Bio-Serv., Inc., Frenchtown, NY. 
eLecithin (Phospholipon | 100) was kindly sup- 

plied by the American Lecithin Co., and was obtained 
from Nattermann Chemie GmbH, Koln, West Ger- 
many. This processed soybean lecithin contained 92% 
phosphatidylcholine and 4% lysophosphatidylcholine. 
Analysis indicated that PUFA content exceeded 75% 
of the total fatty acids. 

monkeys trained to sit in primate restraining 
chairs. A single fasting blood sample from each 
animal was collected in EDTA (1 mg/ml) and 
plasma was separated by centfifugation at 4 C 
for measurement of total cholesterol (15) as 
well as the distribution of cholesterol between 
plasma LDL and HDL by heparin-manganese 
precipitation (16). The modifications adopted 
in the precipitation procedure include a final 
concentration of manganese of .  136 M, heparin 
at 3.2 mg/ml and 10-rain incubations of plasma 
at room temperature. Plasma triglycerides 
(Kit #320A, Sigma Chemical Co., St. Louis, 
MO) and total phospholipids (17) were also 
assayed. Free cholesterol and LCAT activity 
were measured (18), the LCAT by a modified 
Stokke-Norum method which measures the 
conversion of radiolabeled cholesterol to 
cholesteryl ester. This assay estimated both the 
percentage and molar rates of cholesterol 
esterification in total plasma. Measurements of 
fat clearance (19) were determined in fasted, 
chaired monkeys by intravenous injection of 
Intralipid| (Vitrium, Stockholm, Sweden) 
at a dose of 675 mg/kg body weight followed 
by measures of plasma triglyceride at 2, 5, 10, 
20, 30, 40, 60, 90, 120 and 150 min intervals. 
Twenty-four hr later, hepatic triglyceride secre- 
tion rates (TGSR) were obtained following 
administration of Triton WR1339 at a dose of 
250 mg/kg body weight (20). Data were ana- 
lyzed by the paired, 2-tailed "t"  test. 

RESULTS 
Body Weight 

Minor fluctuations in body weight were 
observed throughout the study, but mean 
values did not differ at any time, nor could 
individual weight loss or gain be correlated with 
any of the metabolic responses recorded 
(Table II). 

Plasma Cholesterol Values 

The initial plasma cholesterol concentration 
reflected the long-term supplementation of 
cholesterol and tended to be elevated with a 
mean of 295 mg/dl with the following distri- 
bution: 3 monkeys, 206-225 mg/dl; 3 monkeys, 
261-283 mg/dl and 1 monkey, 608 mg/dl. The 
data in Table H represent the response to 
lecithin supplementation and removal for all 
monkeys combined since the percentage 
change was usually similar except where noted. 
For instance, lecithin supplementation pro- 
duced an average reduction in plasma choles- 
terol concentration of 23% with the greatest 
absolute decrease (237 mg/dl) occurring in the 
most hyperlipemic monkey. One monkey 
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actually increased its plasma cholesterol 10%. 
After removal of lecithin, the average chol- 
esterol increased 38% above the mean value 
observed during supplementation, although 2 
monkeys had minimal increases of less than 5%. 

Lipoprotein Cholesterol Distribution 

Lecithin supplementation also affected chol- 
esterol distribution within lipoproteins. HDL 
cholesterol concentration, which increased 10% 
with lecithin supplementation, was significantly 
decreased (28%) following lecithin removal�9 
Lecithin lowered LDL cholesterol levels an 
average of 36%, the greatest absolute decline 
(243 mg/dl) again occurred in the most hyper- 
lipemic monkey. Upon removal of lecithin, 
LDL cholesterol rose significantly by an average 
of 86%, in which the greatest absolute increase 
was 194 mg/dl. 

The LDL/HDL ratio reflected the pre- 
dominance of LDL prior to lecithin supplemen- 
tation, but was subsequently reduced by 
lecithin feeding because of the large decline in 
LDL cholesterol. An initial.average ratio of 2.39 
declined 42%; the greatest drop was again 
observed in the most hyperlipemic monkey�9 
Removing dietary lecithin resulted in an exag- 
gerated rebound in the ratio of 158% resulting 
from the expected rise in LDL cholesterol and 
an unanticipated, exaggerated reduction in 
HDL cholesterol (Table II). 

Plasma Total Lipids, 
Phospholipids and Free Cholesterol 

Since individual lipid classes tended to be 
elevated, it was not surprising that total lipids 
values were high. There was no appreciable 
change in absolute concentrations of plasma 
phospholipids during the period of lecithin 
supplementation, whereas total lipids and free 
cholesterol were reduced. In relationship to 
the decrease in total lipids, the percentage 
phospholipid increased significantly; the phos- 
pholipid-to-free cholesterol ratio tended to 
improve (Table II). 

Plasma Triglycerides 

Initially, elevated triglyceride levels declined 
an average of 34% in all monkeys fed lecithin 
with wide variation in the response. Following 
removal of lecithin, values rose 64% (Table II). 

Triglyceride Clearance and T G S R  

Lecithin affected Intralipid| clearance by 
enhancing the removal rate of the infused 
lipid ca. 30% in most monkeys (Table Ill). 
However, fasting, and presumably hepatic, 
triglyceride secretion rates were unaffected by 
lecithin supplementation. Measurements of 
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T A B L E  III 

In t r a l i p id  | C lea rance ,  T r ig lyce r ide  S e c r e t i o n  Ra t e  ( T G S R )  a n d  
P lasma L C A T  A c t i v i t y  b e f o r e  a n d  d u r i n g  S u p p l e m e n t a t i o n  o f  

H y p e r l i p e m i c  R h e s u s  M o n k e y s  w i th  D ie t a ry  L e c i t h i n  

Lec i th in  s t a t u s  

D e t e r m i n a t i o n  Before  D u r i n g  % C h a n g e  

In t r a l ip id  | c l e a r a n c e  (tV2 m i n )  127  -+ 18 
T G S R  ( m g / k g / h r )  68  -+ 7 
L C A T  ac t iv i ty ,  Pe r cen t  e s t e r i f i c a t i on  (% hr )  8.5 -+ 1.7 
Molar  r a t e  o f  e s t e r i f i c a t i o n  ( ~ m o l / ~ / h r )  190  • 33 

81 -+ 13 a -36  
73  -+ 6 +9 

8.9 • 0 .9  +5 
176  + 27  -8 

Values  r e p r e s e n t  m e a n  • SE fo r  7 m o n k e y s .  

aS ign i f i c an t  c h a n g e  (P < 0 . 0 5 )  f r o m  p r e v i o u s  m e a n .  

triglyceride clearance and secretion were not 
performed following removal of lecithin from 
the diet. 

LCAT Activity 

LCAT activity of the entire group of mon- 
keys (Table III), measured in terms of the 
fractional rate of esterification and mass of 
cholesterol esterified, was unaffected by 
lecithin. However, the most lipemic monkey 
had an extraordinarily low fractional rate of 
esterification (2.0%) that increased to normal 
(8.8%) with lecithin treatment. In addition, the 
improved fractional rate of esterification for 
this monkey led to a marked increase in its 
molar rate of esterification, despite the sub- 
stantial decline in plasma free cholesterol 
substrate (Table lI). The relatively high initial 
mean free cholesterol concentration (103 
mg/dl) for all monkeys reflected the elevated 
total plasma cholesterol values, but represented 
the normal proportion (33%) of the total 
plasma cholesterol pool. Furthermore, this 
percentage of free cholesterol remained con- 
stant during lecithin supplementation. Accord- 
ingly, lecithin induced a significant drop in 
the absolute mass of circulating free choles- 
terol. 

DISCUSSION 

The purpose of this study was to determine 
whether a specific diet-induced hyperlipemia 
in rhesus monkeys might respond to dietary 
lecithin. One advantage of the study design was 
the opportunity to use each monkey as its own 
control twice. The positive, but variable, results 
raise several points concerning possible mech- 
anisms of lecithin involvement. 

Lecithin vs PUFA 

In this study, the hypolipemic effect of 
lecithin should not have reflected a limitation 

in dietary polyunsaturated fat since the dietary 
fat was corn oil. The fact that lecithin de- 
creased LDL and increased HDL cholesterol 
concentrations while decreasing triglycerides 
(presumably VLDL and chylomicron remnants) 
in monkeys with diverse plasma cholesterol 
levels implies that, as in human studies (4), the 
response was specific to lecithin and not 
necessarily dependent on the hypolipemic 
action of PUFA derived from the soybean 
lecithin as suggested elsewhere (21). The PUFA- 
induced depression in cholesterolemia is 
thought to correct altered lipoprotein fluidity 
and clearance because of the saturated fatty 
acids in cholesteryl esters and phospholipids 
(22,23) which should not have pertained with 
corn oil as the dietary fat. Furthermore, the 
response to polyunsaturated fat is typically 
associated with a decrease in HDL cholesterol 
(22,24). 

Lecithin and Lipoprotein Interconversions 

Lecithin resulted in a reduction of lipo- 
protein cholesterol similar to that observed in 
some humans (4), i.e., LDL cholesterol de- 
creased whereas the concentration in HDL 
cholesterol increased slightly. Since the abso- 
lute plasma phospholipid concentration was 
unchanged whereas total lipid and free chol- 
esterol tended to decline during lecithin supple- 
mentation, the relative status of phospholipid 
to other lipid fractions was enhanced. Follow- 
ing lecithin removal, a reverse shift in lipo- 
protein cholesterol was noted between ape 
B-containing lipoproteins and HDL. These 
shifts argue well for a lecithin-enhanced catab- 
olism and/or transfer of specific components 
of ape B lipoproteins (VLDL, chylomicrons) 
to ape A lipoproteins (HDL), a conversion 
which is presumably dependent upon proper 
phospholipid/free cholesterol ratios of the 
triglyceride-rich lipoprotein surface coat and 
lipoprotein lipase-LCAT interactions (25,26). 
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For example, Fielding (27) demonstrated that 
increased lipoprotein free cholesterol, pre- 
sumably as a surface component,  reduced the 
lipoprotein lipase-associated removal of lipo- 
protein triglyceride. Surface loading of free 
cholesterol and depressed lipoprotein lipase 
activity would follow from delayed remnant 
clearance that presumably occurs with chol- 
esterol feeding in monkeys (13,14) and rabbits 
(12). Tall and Small (11) have recently ex- 
panded this hypothesis to include a mechanism 
for the transfer of HDL precursors from surface 
components of triglyceride-rich lipoprotein 
during catabolism of the lipoproteins. The 
inverse relationship between plasma triglycer- 
ides and HDL cholesterol, especially following 
lecithin removal from the diet in this study, 
also supports this precursor-transfer concept. 
It is yet to be determined whether lecithin 
actually effected such a transfer and, if so, how 
the sucrose-cholesterol feeding induced a limi- 
tation in lecithin availability initially. 

It is conceivable that dietary cholesterol 
might alter lipoprotein surface coat. Clark (10) 
has demonstrated that duodenaUy infused 
lecithin in the rat increased the phospholipid/ 
free cholesterol ratio of chylomicrons and 
depressed the incorporation of cholesterol ester 
into this gut lipoprotein. On the other hand, 
cholesterol feeding in rhesus monkeys report- 
edly increased the free cholesterol concen- 
tration of lymph lipoproteins (28). Although 
we did not isolate and characterize specific 
lipoproteins in this study, the high level of 
dietary cholesterol without adequate synthesis 
or dietary availability of lecithin may have 
resulted in a decreased phospholipid/free 
cholesterol ratio of chylomicrons since that 
ratio tended to be depressed for total plasma 
lipids. Such a depression could adversely affect 
lipoprotein lipase clearance of triglyceride 
(26,27). Another possibility is that .dietary 
lecithin may have countered a deficit in hepatic 
(or intestinal) phospholipid synthesis brought 
about by sucrose feeding, a phenomenon which 
has been reported both in humans (29) and rats 
(30). Current studies are examining these 
possibilities. 

Lecithin and Triglyceride Removal 

The marked reduction in plasma triglyceride 
in response to lecithin suggested that catab- 
olism of VLDL and/or chylomicrons was en- 
hanced by lecithin or that secretion of trigly- 
ceride was reduced. The possibility of lecithin 
enhancement was strengthened by the increased 
Intralipid | clearance of lipoprotein lipid. The 
fact that the triglyceride secretion rate was 
slightly increased by lecithin implies that 

LOW, J.A. HERD AND K.C. HAYES 

altered clearance, and not synthesis or secre- 
tion, of triglyceride (presumably VLDL) was 
a major factor in this diet-induced hyper- 
lipemia. 

The pronounced reduction of circulating 
triglyceride by lecithin was similar to the res- 
ponse in chimpanzees fed lecithin (5). Lecithin 
supplementation in humans generally is without 
effect or even increases the plasma triglyceride 
concentration (6,7,21), except in the case of 
carbohydrateqnduced triglyceridemia where 
lecithin feeding reduced triglycerides (31). 
Our monkeys consumed a relatively low-fat 
(20% of calories), high carbohydrate (53% of 
calories from sucrose) diet, and the hyper- 
triglyceridemia may have reflected this dietary 
circumstance since sucrose is known to stimu- 
late fatty acid and triglyceride synthesis while 
suppressing synthesis of phospholipid (30). 
The beneficial effects of lecithin during carbo- 
hydrate feeding in man was ascribed to the 
essential fatty acids of lecithin (21,31), which 
should not have been a factor in this study 
since, as previously stated, the dietary fat was 
corn oil. On the other hand, studies of lecithin 
absorption have revealed that the greatest 
incorporation of lecithin into chylomicrons 
occurred when large amounts of corn oil were 
fed simultaneously (32). Lecithin feeding 
apparently does not alter the rate of cholesterol 
absorption in man (22). 

Lecithin and LCAT 

The failure of lecithin to influence LCAT 
activity was surprising, since one might expect 
LCAT activity would vary if clearance of VLDL 
was altered and/or the phospholipid profile 
of lipoproteins was enhanced (5,26). Activity 
of LCAT has been correlated with the serum 
triglyceride level (33) and the unsaturation of 
the dietary fat in cebus and squirrel monkeys, 
but not rhesus monkeys (34,35). With the 
exception of the hyper-responder monkey, all 
LCAT values were within the normal range for 
rhesus monkeys previously studied under 
similar dietary circumstances (35). It was 
notable that the severely depressed LCAT 
activity (fractional rate) of the most hyper- 
lipemic monkey did improve with lecithin 
supplementation. 

Variable Response to Lecithin 

An additional point was the variation in 
response to lecithin, an observation that is 
reminiscent of human studies (4,7,22,29). It 
will be important to ascertain what specific 
factors (e.g., apoproteins, endogenous lecithin 
synthesis, gut incorporation of cholesterol) 
influence the lecithin response. The role of diet 
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must be carefuIiy considered in these studies 
since dietary lecithin may be effective only 
when certain dietary constituents, such as 
cholesterol or sucrose, compromise the normal 
packaging and metabolism of the lipoproteins. 
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Effect of Colestipol on Sterol Metabolism in the Rat 
MAKOTO TAKAHASHI ,  1 AMAR N. SARWAL, 3 
ROBERTF.  RAICHT2,  3 and B E R T R A M I .  COHEN 

ABSTRACT 

Sterol metabolism studies using isotopic and chromatographic techniques were performed on rats 
fed" diets supplemented with colestipol (Upjohn). Compared to controls, colestipol altered sterol 
metabolism dramatically. Bile acid output increased from 7.0 rag/day to 12.2 mg/day (0.42% coles- 
tipol) and 39.6 mg/day (1.67% colestipol). Daily fecal neutral sterol output and daily endogenous 
neutral sterol output increased 36% and 55%, respectively, on the 1.67% colestipol diet. Cholesterol 
absorption was reduced by colestipol feeding. Cholesterol balance increased dramatically with 1.67% 
colestipol administration (43.5 rag/day vs -1.0 rag/day in controls). Colestipol exerts its effect by 
binding bile acids and by bile acid depletion interfering with cholesterol absorption. 

INTRODUCTION 

Colestipol hydrocb_lofide (Colestid, Up- 
john Co., Kalamazoo, MI), a bile acid seques- 
tering resin, is a high-molecular weight, insol- 
uble copolymer of  tetraethylenepentamine and 
epichlorohydrin. It has been reported that 
long-term administration of colestipol effec- 
tively lowers serum cholesterol in experimental 
animals and in man (1-5). This resin binds bile 
acids in the intestine, prevents their reabsorp- 
tion and causes a greatly increased fecal excre- 
tion of acidic steroids which secondarily results 
in an increased catabolism and synthesis of 
cholesterol and a reduced plasma cholesterol 
level ( 1,4,5). 

In this communication, we present detailed 
data which shows the effect of colestipol 
administration on the sterol metabolism in the 
rat. Sterol measurements using isotopic and 
chromatographic techniques were carried out 
by administering low-dose (0.42%) and high- 
dose ( 1.67%) colestipol to rats. 

MATERIALS AND METHODS 

Animals and Diet 

Male Sprague-Dawley derived rats weighing 
200-225 g were purchased from Charles River 
Breeding Laboratories, Wilmington, MA. The 
animals were piaced in metabolic cages and 
given access to food and water ad libitum. The 
cages allowed for quantitative feces collection 
and determination of  food intake. 

The basal diet consisted of Rockland rat 
chow (19% protein,  10% fat, 3% fiber, 61% 
carbohydrate and required vitamins and min- 

IThe Public Health Research Institute of The City 
of New York, Inc., 455 First Avenue, New York, NY 
10016; 2Veterans Administration Medical Center, 
24th Street and First Avenue, New York, NY 10010; 
3New York University Medical Center, 550 First 
Avenue, New York, NY 10016, and 4author to whom 
reprint requests should be addressed. 

erals) supplemented with 5% corn oil and 
contained an average of 0.62 mg/g ~sitosterol. 
This diet was then further supplemented with 
0.1% cholesterol by dissolving this cholesterol 
in ethanol and mixing it with the food. The 
alcohol was allowed to evaporate. After com- 
plete dryness, this diet was supplemented with 
either 0.42% colestipol hydrochloride (for the 
low-dose colestipol group) or 1.67% colestipol 
hydrochloride (for the high-dose colestipol 
group) and was thoroughly mixed. 

On the first day of  the experimental period, 
each animal was given an intraperitoneal 
injection of 10 /2Ci of DL-[2-14C] mevalono- 
lactone; feeding of the experimental diet was 
begun several hours later. Control rats were 
always studied concurrently with the colestipol- 
fed groups and were maintained under identical 
conditions. Feces were collected in 3 2-day 
pools on days 10, 12 and 14 after isotopic 
labeling and were dried, weighed and ground in 
a mortar for subsequent neutral sterol and bile 
acid analyses. Beginning on day 4 of  the experi- 
mental period and every 2 days thereafter, 
blood was obtained from the tail vein for 
determination of plasma cholesterol concen- 
tration and plasma cholesterol specific activity 
(sp act). At the end of  the 14-day experiment, 
the rats were weighed, anesthetized with 
Diabutal (Diamond Laboratories, Des Moines, 
IA), cannulas were inserted into the common 
bile duct, and bile was collected for 1 hr to 
determine biliary cholesterol and bile acid 
concentrations. A section of the fiver was 
excised for determination of liver cholesterol 
concentration and sp act as described previ- 
ously (6,7). 

Labeled Compounds 

DL-[2-14C]-Mevalonolactone in benzene 
(Amersham-Searle, Arlington Heights, IL) was 
found to be greater than 95% pure on silica gel 
thin layer chromatography (TLC) with acetone/ 
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benzene (1:1, v/v). All solvents were evaporated 
from the mevalonolactone and the material 
was redissolved in sterile isotonic saline to give 
a final concentration of 10 ~tCi/ml. 

Reference Compounds 

Cholesterol (U.S.P., Nutritional Biochem- 
icals Corp., Cleveland, OH) was recrystallized 
from ethanol. C'olestipol hydrochloride (Coles- 
tid R) was obtained as a gift from the Upjohn 
Co. (Kalamazoo, MI). 5a-Cholestane (Applied 
Science Laboratories, State College, PA) was 
used as an internal standard for the gas liquid 
chromatographic (GLC) separations of the 
neutral sterols and acidic steroids after prepa- 
rations of trimethylsilylether derivatives. 

3a,7a-Dihydroxy-12-keto-5~cholanoic acid, 
used as internal standard for the bile acid 
analyses, was synthesized according to the 
Fieser and Rajagopalan procedure (8). 

Thin Layer Chromatography (TLC) 

The thin layer chromatographic separations 
were carried out exactly as previously described 
(9-1 1). 

Gas Liquid Chromatography (GLC) 

The methods and conditions of all GLC 
analyses have been described in detail (9-11). 
All analyses were carried out on a Hewlett- 
Packard 7610A gas chromatograph. 

Methods for the Isolation and Quantitation of 
Neutral and Acidic Steroids from Feces 

An aliquot of 0.5-1.0 g powdered fecal 
material from 2-day fecal pool was extracted 
with ethanol (80 ml) for 48 hr. Following 
extraction, fecal residues were allowed to stand 
for 15 min in 25 ml of ethanol containing 
saturated aqueous ammonium carbonate (2 ml) 
in order to elute bile acids bound to colestipol 
(1). The ethanolic ammonium carbonate solu- 
tions were combined with the 80-ml ethanol 
extracts in reservoir bottles and were evapo- 
rated to 20 ml under nitrogen. The samples 
then were refluxed for 1 hr in 1 N NaOH in 
95% ethanol (20 ml) (mild hydrolysis). In 4 
instances, the fecal residues were allowed to 
stand for 15 min in ethanol (25 ml) containing 
saturated aqueous ammonium carbonate (2 ml) 
to determine if any neutral sterols or plant 
sterols were bound to colestipol. These samples 
were evaporated, refluxed for 1 hr in 1 N NaOH 
in 95% ethanol (20 ml) and analyzed for fecal 
neutral sterols as described earlier. 

The subsequent methods used for the 
isolation and quanti tat ion of fecal neutral and 
acidic steroids have been described in detail 
(10,12,13). The material in each fraction was 

analyzed by GLC of the trimethylsilylether 
(TMSi) derivatives. 5a-Cholestane was used as 
an internal standard. The recovery of dietary 
t3-sitosterol was used as an index to correct for 
losses of neutral sterols. Since the recovery was 
90% or better, no corrections for losses of 
neutral steroids resulting from degradation in 
the intestinal tract were required. 

Quantitation of the fecal bile acids was 
carried out using methods previously described 
(6). 3oq7a-Dihydroxy-12-keto-5t3-cholanoic acid 
served as recovery standard in each sample. 
Corrections for losses were made as required. 

Methods for Determination of the 
Specific Activity and Concentration 
of Cholesterol in Plasma and Liver 

These methods have been described in detail 
(6,7). 

Radioactivity Measurements 

All radioisotopic measurements were made 
using new scintillation glass vials on a Beckman 
LS-8000 liquid scintillation system (Beckman 
Instruments, Fullerton, CA). 

The radioactivity in each sample was ob- 
tained after evaporation of the solvent by the 
addition of 10-12 ml of 2,5-bis[2-(2-tert- 
butylbenzoxazolyl)]-thiophene (BBOT), 4 g/~ 
in toluene. Each sample was corrected for 
background and quenching effects using appro- 
priate blanks and standards. 

Calculations and Statistics 

Acidic steroid and neutral steroid output 
was determined by chromatographic techniques 
(combined TLC and GLC). Endogenous neutral 
sterol production was estimated as previously 
described (6,7,11,14-16). 

Cholesterol absorption was determined as 
the difference between the dietary intake of 
cholesterol (determined chromatographically) 
and the unabsorbed dietary neutral steroid in 
the feces. 

The unabsorbed neutral steroid (mg/day), 
cholesterol turnover (mg/day), and cholesterol 
balance (rag/day) were calculated as described 
below (6,7,15,16): Unabsorbed neutral sterols 
(rag/day) = daily fecal neutral sterol (rag/day) - 
daily endogenous neutral sterol (mg/day). 
Cholesterol turnover (mg/day) = daily fecal 
endogenous neutral steroid output (isotopic) 
(rag/day) + daily fecal acidic steroid output 
(chromatographic) (rag/day); cholesterol bal- 
ance (mg/day) = cholesterol output-choles-  
terol input  = daily fecal neutral sterols (mg/ 
day) + daily fecal acidic steroids (rag/day)- 
daily cholesterol intake (mg/day). Student's 
t-test was used to determine significance. 
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RESULTS 

Rats weighing ca. 250 g were injected with 
DL-[2-14C]mevalonolactone to label their 
cholesterol pool. The rats were then fed the 
experimental diets for 14 days. The weight 
gain, daily food intakes and fecal outputs 
for all the rats were similar (Table I). Plasma 
cholesterol levels were not decreased by 14-day 
colestipol administration (average -+ SD) [low- 
dose colestipol g roup  (group 2) - 61.5 -+ 9.0 
rag/100 ml; high-dose colestipol group (group 
3), 69.0 -+ 12.1 mg/100 ml; control group 
(group 1), 65.3 + 17.8 mg/100 ml]. Liver 
cholesterol levels were slightly decreased by 
colestipol administration (average -+ SD) (group 
~, 2.2 - + 0.1 mg/g; group 3, 2.0 - + 0.2 mg/g; 
group 1, 3.2 -+ 0.8 mg/g). Biliary cholesterol 

levels were increased by colestipol adminis- 
tration (average +- SD), group 2, 0.13 +- 0.03 
mg/ml; group 3, 0.17 -+ 0.03 mg/ml; group 1, 
0.08 mg/ml. Biliary bile acid concentrations 
were not significantly different (group 1, 
8.93 -+ 2.17 mg/ml, group 2, 9.51 -+ 3.15 
mg/ml; group 3, 7.82 +- 0.51 mg/ml). 

The sp act of cholesterol in plasma and liver 
for the animals in each group on day 14 were 
similar, but not identical, and indicated that 
isotopic equilibrium of cholesterol had been 
achieved in these tissues during this short term 
metabolism study (Table II). The sp act of chol- 
esterol in these tissues on day 14 were lowest 
in the high-dose colestipol group (group 3). 

Sterol metabolism data for the rats fed the 
colestipol are summarized in Table III. Daily 

T A B L E  I 

Weights ,  F o o d  In t akes  a n d  Fecal  O u t p u t s  o f  Ra tsa ,  b 

Init ial  Weigh t  F o o d  Feca l  
G r o u p  Diet w e i g h t  at  d e a t h  i n t a k e  c o u t p u t  d 

no.  (no. o f  an ima l s )  (g) (g) ( g / d a y )  ( g / d a y )  

1 C o n t r o l  d ie t  (2)  238-+ 11 328-+ 6 23 .2  + 2.7 4 .2  -+ 0 .2  
( 2 3 0 , 2 4 6 )  ( 3 2 4 , 3 3 2 )  ( 1 8 , 2 7 )  (3 .9 ,4 .4 )  

2 0 . 4 2 % C o l e s t i p o l h y d r o c h l o r i d e  (4) 2 6 2  +- 3 333-+ 21 20.1 +- 3 .0  3.8 +- 0 .5  
( 2 5 8 , 2 6 6 )  ( 3 1 0 , 3 5 8 )  ( 1 4 , 2 6 )  ( 3 . 0 , 4 . 6 )  

3 1 . 6 7 % C o l e s t i p o l h y d r o c h l o r i d e  (4) 2 4 9  + 4 321 -+ 14 21 .5  + 3.9 4.5 + 0.6 
( 2 4 4 , 2 5 4 )  ( 3 0 8 , 3 3 8 )  ( 1 1 , 2 6 )  ( 3 . 2 , 5 . 4 )  

a R a t s  w e r e  fed the  e x p e r i m e n t a l  d ie ts  fo r  14 days .  

b V a l u e s  r e p o r t e d  r e p r e s e n t  average  -+ SD;  n u m b e r s  in p a r e n t h e s e s  r e p r e s e n t  t he  range .  

CValues r e p r e s e n t  t he  average  da i ly  f o o d  i n t a k e  f r o m  days  4 -14  o f  t he  e x p e r i m e n t  (5 s a m p l e s  per  an ima l ,  
g r o u p  1, N=10 ,  g r o u p s  2 a n d  3, N=20) .  

dVa lues  r e p r e s e n t  t he  average  da i ly  feca l  o u t p u t s  (3 poo ls  per  an ima l )  on  days  9 -14  o f  t he  e x p e r i m e n t ,  g r o u p  
1, N=6,  g r o u p s  2 a n d  3, N=12 .  

T A B L E  II 

R e p r e s e n t a t i v e  Speci f ic  Act iv i t i es  o f  C h o l e s t e r o l  in Liver and  P lasma o n  Day  14 a 

Liver P lasma 
cho l e s t e ro l  cho l e s t e ro l  

G r o u p  sp ac t  sp ac t  
no .  A n i m a l  b ( d p m / m g )  ( d p m / m g )  

1 C o n t r o l  

2 0 . 4 2 %  Coles t ipo l  h y d r o c h l o r i d e  

1 .67% Co le s t i po l  h y d r o c h l o r i d e  

A 1471 1 9 0 3  
B 1833  2 4 3 2  

A 1 5 1 8  1 7 6 9  
B 9 0 9  976  
C 1299  1611 
D 1642  1545  

A 621  5 7 0  
B 7 4 5  829  
C 6 9 9  6 8 8  
D 7 8 4  7 7 7  

a D e t e r m i n e d  b y  c o m b i n e d  T L C / G L C  t e c h n i q u e s  a n d  l iqu id  
m e n t .  

b R e p r e s e n t s  t h e  an ima l s  in e a c h  g r o u p .  

sc in t i l l a t ion  c o u n t i n g  on  d a y  14 o f  t he  exper i -  
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cholesterol intake was similar in both colestipol 
and control rats. Daily acidic steroid output 
was significantly increased by colestipol feed- 
ing, depending on the dose of colestipol admin- 
istered (group 1, 7.0 -+ 2.8 rag/day vs group 2, 
12.2 + 2.2 mg/day [P < 0.005] ; group 3, 39.6 
-+ 5.2 mg/day [P < 0.0051). 

Daily neutral steroid output of high-dose 
colestipol group (24.5 -+ 4.6 mg/day) increased, 
compared to that of either control group 
(15.4 + 3.5 mg/day) or low-dose colestipol 
group (15.6 • 2.9 mg/day) (P < 0.005). Four 
fecal extracts were analyzed for the possible 
binding of fecal neutral sterols to colestipol 
itself. No neutral or plant sterols could be 
detected in these extracts. Similarly, daily 
endogenous neutral steroid output increased 
only in the high-dose colestipol group (group 
3, 11.6 -+ 4.0 mg/day vs control, 5.5 -+ 2.4 
mg/day [P < 0.0051; group 2, 6.2 + 1.9 mg/ 
day). On the other hand, daily dietary choles- 
terol absorption was reduced by colestipol 
feeding, depending on the dose of colestipol 
administered (group 2, 10.0 • 3.0 rag/day and 
group 3, 7.7 • 5.3 mg/day vs group 1, 13.6 i 
2.6 mg/day [P < 0.025]). Moderate increases 
in cholesterol turnover for low-dose colestipol- 
fed ratswere observed (from 12.6 -+ 5.1 rag/day 
to 18.4 • 3.8 mg/day), group 1 vs group 2 
(P < 0.01). 

Similarly, moderate increases in cholesterol 
balance for low-dose colestipol-fed rats was 
observed (from -1.0 -+ 6.7 mg/day to 8.4 -+ 3.7 
mg/day), group 1 vs group 2 (P < 0.005). In 
contrast, large increases in cholesterol turnover 
and cholesterol balance for high-dose colestipol- 
fed rats were observed (from 12.6 • 5.1 mg/day 
to 51.2 -+ 7.4 mg/day, and from 1.0 • 6.7 
mg/day to 43.5 -+ 7.7 rag/day, respectively), 
group 1 vs group 3 ( P <  0.005). 

DISCUSSION 

This study reports the effects of 0.42% 
colestipol (equivalent 500 mg/kg/day) and 
1.67% colestipol (equivalent 2000 mg/kg/day) 
administration on: (a) bile acid synthesis; 
(b) cholesterol absorption and (c) cholesterol 
balance. 

Colestipol binds bile acids and prevents their 
reabsorption in the intestine (1). This results in 
a greatly increased fecal excretion of bile acids. 
As expected, the daily fecal acidic steroid 
output was greatly increased by colestipol 
administration (0.42% colestipol administra- 
tion, 1.7-fold; 1.67% colestipol administration, 
5.7-fold, compared to control group). This 
suggests that bile acid synthesis from choles- 
terol in the liver was remarkably accentuated 
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by colestipol administration. It has been re- 
ported that the maximal synthesis rate for 
taurocholic acid in a bile fistula rat is 15 mg/ 
100 g rat/day (16). Thus, a fecal bile acid 
excretion rate of 39.6 mg/rat/day (average 
wt 321 g) is within the limits for synthesis by 
the animal. It is well known that cholesterol is 
absorbed from the intestine by micelle forma- 
tion with bile acids (17). In this experiment, 
intestinal absorption of exogenous (dietary) 
cholesterol was suppressed and the daily 
endogenous neutral steroid output was in- 
creased by colestipol administration. These 
findings suggest that intestinal absorption of 
both exogenous (dietary) and endogenous 
cholesterol was decreased by colestipol adminis- 
tration because there were not enough bile 
acids in the intestine to form micelles indis- 
pensable for the intestinal cholesterol absorp- 
tion. No neutral sterols were found bound to 
colestipol suggesting that indeed the lack of 
bile acids was responsible for the decreased 
cholesterol absorption. Cholesterol turnover 
which reflects the daily fecal excretion of the 
materials related to endogenous cholesterol 
was increased dose-dependently, accompanied 
by increased daily acidic steroid output and 
increased daily endogenous neutral steroid 
output. Consequently, colestipol administration 
caused marked increases (dose-dependent) in 
cholesterol balance, a measurement which 
reflects relative cholesterol synthesis. 

In summary, colestipol caused a greatly 
increased fecal excretion of bile acids and 
consequently, the catabolism of cholesterol 
was remarkably stimulated. Meanwhile, intes- 
tinal absorption of both exogenous and endoge- 
nous cholesterol was decreased by colestipol 
administration. 

ACKNOWLEDGMENTS 

This work was supported by grants CA-1865l and 
CA-27 from the National Large Bowel Cancer Project 
through the National Institute of  Health and a grant 
from the Veterans Administration. 

REFERENCES 

1. Parkinson, T.M., G. Gundersen and N.A. Nelson, 
Atherosclerosis 11:531 (1970). 

2. Nye, E.R., D. Jackson and J.D. Hunter, N.Z. 
Med. J. 76:12 (1972). 

3. Ryan, J.R., and A. Jarn, J. Clin. Pharmacol. 
12:268 (1972). 

4. Glueck, C.J., S. Ford, Jr., D. Scheel and P. 
Steiner, J. Am. Med. Assoc. 222:676 (1972). 

5. Goodman, D.S., R.P. Noble and R.B. Dell, J. 
Clin. Invest. 52:2646 (1973). 

6. Cohen, B.I., R.F. Raicht and E.H. Mosbach, 
J. Lipid Res. 18:223 (1977). 

7. Raicht, R.F., B.I. Cohen and E.H. Mosbach, 
Gastroenterology 67 : 1155 (1974). 

8. Fieser, L., and S. Rajagopalan, J. Am. Chem. 
Soc. 72:5530 (1950). 

9. Cohen, B.I., R.F. Raicht and E.H. Mosbach, 
Lipids 9:1024 (1974). 

10. Cohen, B.I., R.F. Raicht, G. Salen and E.H. 
Mosbach, Anal. Biochem. 64:567 (1975). 

11. Raicht, R.F., B.I. Cohen, S. Shefer and E.H. 
Mosbach, Biochim. Biophys. Acta 388:374 
(1975). 

12. Miettinen, T.A., E.H. Ahrens, Jr. and S.M. 
Grundy, J. Lipid Res. 6:411 (1965). 

13. Grundy, S.M., E.H.Ahrens, Jr. and T.A. Miet- 
tinen, J. Lipid Res. 6:397 (1965). 

14. Cohen, B.I., R.F. Raicht, S. Shefer and E.H. 
Mosbach, Biochim. Biophys. Acta 369:79 (1974). 

15. Grundy, S.M., and E.H. Ahrens, Jr., J. Lipid Res. 
10:91 (1969). 

16. Shefer, S., S. Hauser, I. Bekersky and E.H. 
Mosbach, J. Lipid Res. 10:646 (1969). 

17. Haselwood, G.A.D., in "The Biological Impor- 
tance of Bile Salts, "North Holland Publishing 
Company, New York, 1978, p 11-13. 

[Received September 28, 1979] 

LIPIDS, VOL. 15, NO. 6 



Effect of Diet on Choline Phosphotransferase, 
Phosphatidylethanolamine Methyltransferase and 
Phosphatidyldimethylethanolamine Methyltransferase in 
Liver Microsomes 
DENNIS R. HOFFMAN, ERIC O. UTHUS and W.E. CORNATZER, Guy and Bertha 
Ireland Research Laboratory, Department of Biochemistry, University of North Dakota 
School of Medicine, Grand Forks, ND 58202 

ABSTRACT 

Phosphatidylcholine (PC) biosynthesis has been investigated in female rats fed a liquid amino acid, 
choline-methionine-free diet by assaying in liver microsomes the specific and total activities of choline 
phosphotransferase, phosphatidyldimethylethanolamine methyltransferase and phosphatidylethanol- 
amine methyltransferase. There was a significant decrease in the specific activity (sp act) of choline 
phosphotransferase in the liver of rats fed a choline-methionine-free diet. The dietary omission of 
methionine for 2 wk resulted in a significant decrease in the sp act of choline phosphotransferase. The 
dietary omission of choline, methionine, B12 , folic acid and the addition of a methyl group acceptor, 
guanidoacetic acid, decreased further the sp act of choline phosphotransferase. The phosphatidyl- 
ethanolamine methyltransferase sp act increased with the dietary omission of choline and methionine. 
The dietary omission of choline, methionine, B12 , folic acid and the addition of a methyl group 
acceptor, guanidoacetic acid, resulted in a decrease in the sp act of phosphatidyldimethylethanolamine 
methyltransferase and an increase in phosphatidylethanolamine methyltransferase. The dietary omis- 
sion of choline, methionine, B12 , folic acid and the addition of a methylation inhibitor, 2-amino-2- 
methyl-l-propanol, did not result in a significant decrease in the sp act of choline phosphotransferase; 
however, it did significantly decrease the sp act of phosphatidylethanolamine methyltransferase. The 
addition of dietary methionine with the inhibitor resulted in a significant decrease in the sp act of the 
choline phosphotransferase and phosphatidylethanolamine methyltransferase when compared to con- 
trol and/or when ,compared to deficient with or without inhibitor. The dietary supply of methionine, 
a s  a source of choline, did affect the activity of the enzymes that synthesize PC. The ratio of the sub- 
strate, S*adenosylmethionine, and the inhibitory product, S-adenosylhomocysteine, affected the 
enzymatic activity of phosphatidylethanolamine methyltransferase. It is suggested that the concentra- 
tions of these 2 compounds may be important in regulating the methylation of phosphatidylethanol- 
amine in the/iver cell. 

INTRODUCTION 

Phosphat idylchol ine  (PC) biosynthesis  in 
liver microsomes is known to occur  by 2 major  
different  pathways.  The Kennedy  (1) pa thway 
involves choline phosphotransferase  which 
catalyzes the fol lowing reaction: cyt idine 
d iphosphochol ine  + 1,2-diacylglycerol to form 
PC + CMP. The Bremer-Greenberg (2) .pathway 
involves phosphat idy le thanolamine  methyl -  
transferase which catalyzes the fol lowing 
reaction: phospha t idy le thanolamine  + S- 
adenosylmeth ionine  with progressive methyla-  
t ion to form PC. In this report ,  the effect  of  the 
dietary omission of  choline and meth ion ine  on 
the enzymat ic  activities of  choline phospho-  
transferase, phosphat idy le thanolamine  methyl -  
transferase and phospha t idy ld imethyle thanol -  
amine methyl t ransferase has been determined 
in liver microsomes of  female rats fed a purified 
liquid amino acid diet. 

MATERIALS AND METHODS 

Female  albino rats of  the Sprague-Dawley 

strain (60-80 days old, 140-180 g) were used in 
all experiments .  They were kept  in ind iv idua l  
wi re -bo t tomed cages with a dark period f rom 
8:00 p.m. to 8:00 a.m. The animals were fed 
the amino acid liquid diet (3) wi thout  choline 
or  meth ionine  for 1, 2, 3, 7 and 14 days. 
Controls  were fed the amino acid liquid diet 
containing choline and methionine .  The effects 
of fur ther  methy l  group deplet ion were investi- 
gated by the dietary addi t ion of  a methy l  group 
acceptor,  guanidoacet ic  acid (4). The liver 
converts guanidoacet ic  acid to creatine which is 
excre ted  in the urine. Addi t iona l  exper iments  
were set up to investigate the effects  of  a 
me thy la t ion  inhibitor ,  2-amino-2-methyl-  1- 
propanol  (5,6). 

The componen t s  of  l iquid diet expressed as 
g /100 ml  were as follows: essential amino acids 
mixture ,  2.307; nonessential  amino acids, 
2.422; salt mixture  (Hegsted IV), 1; vi tamin 
mixture ,  1.250; Mazola corn oil, 1.250; cod 
liver oil, 0.375 ; Pastene olive oil, 3.000; sodium 
carrageenate (Viscarin), 0.400; sucrose, 8.75; 
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distilled water, up to 100 ml. The composition 
of the essential amino acid mixture in g/100 g 
was as follows: L-lysine HC1, 13.434; L-arginine 
HC1, 8.125; DL-tryptophan, 2.166; DL-phenyl- 
alanine, 9.750; DL-leucine, 17.334; DL-iso- 
leucine, 10.834; D L-valine, 15.167 ; L-histidine 
HC1, 5.850; DL-methionine, 6.500; DL-threo- 
nine, 10.834. The composition ~f the nones- 
sential amino acid mixture, g/100 g, was as fol- 
lows: L-glutamic acid, 20.639; DL-serine, 
5.159; glycine, 7.223; DL-tyrosine, 28.895; 
L-cystine, 2.063 ; L-proline, 9.287 ; L-asparagine 
monohydrate, 14.334; DL-alanine, 12.383. The 
composition of the vitamin mixture in rag/100 
g was as follows: thiamine HC1, 5; riboflavin, 
10; pyridoxine HCI, 5; calcium pantothenate, 
40; nicotinamide, 30; choline chloride, 2500; 
biotin, 0.2; folic acid, 2; inositol, 200; 2- 
methyl-l ,4-naphthoquinone, 2; vitamin B12, 
0.2 ; p-aminobenzoic acid, 100 ; sucrose, 97,610. 
The diet constituents were purchased from 
General Biochemicals (Teklad Test Diets, 
Madison, WI). 

At the end of the dietary regime, the rats 
were killed by decapitation, the livers removed, 
rinsed with cold water, blotted and homo- 
genized in ice-cold 0.25 M sucrose in a Potter- 
Elvehjem homogenizer with a Teflon pestle. 
The microsomal fraction was isolated by 
differential centrifugation (7). The nuclear and 
mitochondrial fractions were separated from 
the homogenate by centrifuging for 10 min at 
14,500 g. The supernatant solution was centri- 
fuged at 78,450 g for 60 min to sediment the 
microsomal pellet. Protein was determined by a 
modified Biuret method (8). 

Choline Phosphotransferase Assay 

The assay of the reaction catalyzed by the 
enzyme CDP-choline: 1,2-diacylglycerol choline 
phosphotransferase (EC 2.7.8.2) was done 
by the Kennedy method (1). The materials 
used were cytidine diphosphate-[1,2 A 4C]- 
choline (ICN Tracerlab Chemical and Isotope 
Division, Irvine, CA) and Tween-20 (Sigma 
Chemical Co., St. Louis, MO). Diacylglycerol 
was prepared from egg lecithin by the Gurr et 
al. method (9) and purified by the Barron and 
Hannahan chromatographic method (10). Each 
reaction mixture contained 60/~mol 1,2-diacyl- 
glycerol emulsified in 0.1 ml of 1% Tween-20, 
10 ~mol MgC1 a,0.5 gmolCDP-[ 1,2 -14C] choline 
(sp act, 4 x 105 cpm//.tmol), and 10 mg micro- 
somal protein. The final volume of the reaction 
mixture was 1.3 ml. The reaction time was 6 
min. The reaction was terminated by the 
addition of 3.0 ml 95% ethanol and the product 
was isolated by repeated extraction with 
ethanol and chloroform (1). 

D.R. HOFFMAN, E,O. UTHUS AND W.E. CORNATZER 

Phosphatidyldimethylethanolamine Methyltransferase 
Assay 

The assay of the last step in the methylation 
of phosphatidylethanolamine to PC, catalyzed 
by phosphatidyldimethylethanolamine methyl- 
transferase, was performed using the Rehbinder 
and Greenberg method (11). The reaction 
mixture contained 1.75 mM dipalmitoyl 
phosphatidyldim ethylethanolamine (Sigma 
Chem. Co.), 6.3 mM sodium deoxycholate, 0.3 
M Tris-HC1 buffer, pH 8.6, 0.35 mM S- 
adenosyl-L-[ methyl A 4 C] methionine (0.1 mCi/ 
mMol, New England Nuclear) and microsomes 
( 1-2 mg) in a final volume of 1.15 ml. The assay 
was initiated by the addition of microsomes. 
Reaction time was 15 min at 37 C. The reaction 
was terminated with 0.20 ml HC1 and the 
product was isolated by extraction with n- 
butanol (11). 

Phosphatidylethanolamine Methyltransferasa Assay 

The rate-limiting step in the methylation 
pathway was measured by modified method of 
Bremer and Greenberg (12). The reaction 
mixture contained 2 mg egg PC (Sigma Chem- 
ical Co., St. Louis, MO), 0.9 mM sodium 
deoxycholate, 0.29 M Tris-HC1 buffer, pH 8.6, 
0.2 mM S-adenosyl-L-[methyl-14C]methionine 
(0.1 mCi/mMol, New England Nuclear, Boston, 
MA) and microsomes (1-2 mg protein) in a final 
volume of 1.4 ml. The assay was initiated by 
adding microsomes, reaction time was 15 rain 
at 37 C, and the reaction was terminated with 
0.15 ml HC1. The 14C.labele d reaction product, 
PC, was extracted according to the Bligh and 
Dyer procedure (13). 

RESULTS 

The enzymatic activities of choline phospho- 
transferase, phosphatidyldim ethylethanolamine 
methyltransferase and phosphatidylethanol- 
amine methyltransferase were linear with time 
and concentration of enzyme. The data are not 
presented but are similar to those reported 
previously (14). 

The effect of dietary omission of choline 
and methionine for 1, 2, 3, 7 and 14 days on sp 
act of choline phosphotransferase, phospha- 
tidyldim ethylet hanolamine methyltransferase 
and phosphatidylethanolamine methyltrans- 
ferase (nmol PC formed/min/mg protein) and 
total liver microsomal activity (nmol PC 
formed/min) are given in Table I. There was a 
significant decrease in  the sp act of the choline 
phosphotransferase and phosphatidyldimethyl- 
ethanolamine methyltransferase with the omis- 
sion of choline and methionine for day one. 
There was a significant decrease in specific 
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T A B L E  I 

E f f e c t  o f  D ie t a ry  O m i s s i o n  o f  Cho l i ne  a n d  M e t h i o n i n e  o n  Cho l ine  P h o s p h o t r a n s f e r a s e ,  
P h o s p h a t i d y l d i m e t h y l e t h a n o l a m i n e  M e t h y l t r a n s f e r a s e  a n d  P h o s p h a t i d y l e t h a n o l a m i n e  M e t h y l t r a n s -  

fe rase  Act iv i t i es  in Liver  M i c r o s o m e s  f r o m  F e m a l e  Ra t s  Fed  Pur i f i ed  A m i n o  A c i d s  L i q u i d  Diet 

Spec i f ic  ac t i v i t y  ( n m o l / m i n / m g  p r o t e i n )  x 10 

T ime  No.  P h o s p h a t i d y l -  P h o s p h a t i d y l -  
o f  o f  Cho l i ne  d i m e t h y l e t h a n o l a m i n e  e t h a n o l a m i n e  

d ie t  an ima l s  p h o s p h o t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  

Days  
0 ( C o n t r o l s )  6 5 .33  -+ 1 .15 a 1 3 . 6 4  • 1 .76 0 .93  • 0 . 1 9  

( 8 6 . 5  • 5 .7)  ( 2 3 9 . 4  + 5 4 . 5 )  ( 1 5 . 9  + 2 .1 )  

1 3 3 .32  • 0 .82  b 1 0 . 1 7  • 0 .45  c 0 .83  • 0 .04  
(90 .1  • 2 2 . 1 )  ( 2 6 8 . 8  • 17 .3 )  ( 2 1 . 8  • 2 .5 )  c 

2 4 2 .09  • 0 . 3 6  c 1 2 . 9 9  • 1.41 1 .23  • 0 .22  b 
( 4 4 . 2  -+ 2 .6 )  d ( 2 7 6 . 0  • 10 .9 )  (26 .0  • 2 .7)  d 

3 3 3 .74  • 1 .28  b 8 .88  • 1 .42 c 0 . 9 8  • 0 . 1 0  
(78 .2  • 16 .7 )  ( 1 8 8 . 7  +- 18 .7 )  ( 2 1 . 0  • 1 .7)  c 

7 3 3 .57  • 0 .31  b 1 1 . 8 7  +- 2 .09  1 .29  + 0 .32  b 
(84 .1  • 11 .4 )  ( 2 7 6 . 7  -+ 18 .0 )  ( 2 9 . 8  • 2 .2 )  d 

14 6 3 .21 • 0 . 6 3  d 1 1 . 2 9  • 3 .24  1 .33 • 0 . 2 8  c 
( 5 5 . 6  • 13 .0 )  d ( 1 9 8 . 8  • 6 6 . 3 )  ( 2 3 . 7  • 3 .9)  d 

a_+ Va lues  are s t a n d a r d  dev ia t ions .  The  va lues  in p a r e n t h e s e s  i n d i c a t e  t he  t o t a l  l iver m i c r o s o m a l  ac-  
t iv i ty  ( n m o l / m i n ) .  The  t e s t  o f  s ign i f i cance  w a s  app l i ed  b e t w e e n  the  m e a n  va lue  o f  c o n t r o l s  rece iv ing  
3 1 . 2 5  m g  cho l ine  a n d  0 .15  g D L - m e t h i o n i n e / 1 0 0  ml  o f  d ie t  a n d  the  de f i c i en t  an ima l s .  

b p  < 0 . 0 5 .  

c p  < 0 . 0 0 5 .  

d p  < 0 . 0 0 1 .  

and total microsomal liver activities for the 
choline phosphotransferase in the animals fed 
the diet with the omission of choline and 
methionine for 2 and 14 days. There was also a 
significant decrease in the sp act of the choline 
phosphotransferase with the dietary omission 
for 7 days. The sp act of the phosphatidyl- 
dimethylethanolamine methyltransferase was 
significantly decreased by the dietary omission 
of choline and methionine for 1 and 3 days. A 
significant increase was observed in the total 
liver microsomal activity of the phosphatidyl- 
ethanolamine methyltransferase with the 
dietary omission for 1, 2, 3 and 14 days. There 
was a significant increase in the sp act of 
phosphatidylethanolamine methyltransferase 
with the dietary omission of choline and 
methionine at 2, 7 and 14 days. 

The data for additional rats that were fed 
the diet with the omission of choline and/or 
methionine for 2 wk are given in Table II. 
There were no significant changes in the bio- 
synthesis of choline as seen in the sp act or 
total liver activities of choline phosphotrans- 
ferase, phosphatidyldimethylethanolamine 
transferase and phosphatidylethanolamine 
methyltransferase if only choline was omitted 
and rats received dietary methionine for 2 

wk. However, if animals were fed a diet 
deficient in methionine, a significant decrease 
in the total liver microsomal choline phospho- 
transferase activity and a significant increase in 
the sp act of phosphatidylethanolamine methyl- 
transferase occurred. The dietary omission of 
both choline and methionine for 2 wks was 
required to depress the sp act and total liver 
microsomal activity of the choline phospho- 
transferase whereas phosphatidylethanolamine 
methyltransferase was conversely stimulated. 

The effects of the dietary omission of 
choline, methionine, B 12 and folic acid and the 
addition of a methyl group acceptor, 1% 
guanidoacetic acid, for 7 and 14 days on 
the enzymes involved in PC biosynthesis in 
liver microsomes are given in Table III. There 
was a significant decrease in the total liver 
microsomal activity of the choline phospho- 
transferase with the dietary omission of 
choline, methionine, B12 and folic acid at 7 
and 14 days and a significant decrease in the 
sp act of fiver microsomes at 14 days when 
compared to controls. There was a signifi- 
cant increase in the sp act and total micro- 
somal activity of phosphatidylethanolamine 
methyltransferase with the dietary omis- 
sion of choline, methionine, B12 and folic 
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T A B L E  II 

E f f ec t  o f  D ie t a ry  O m i s s i o n  o f  Cho l ine  a n d  M e t h i o n i n e  o n  Cho l ine  P h o s p h o t r a n s f e r a s e ,  P h o s p h a t i d y l -  
d i m e t h y l e t h a n o l a m i n e  M e t h y l t r a n s f e r a s e  a n d  P h o s p h a t i d y l e t h a n o l a m i n e  M e t h y l t r a n s f e r a s e  Act iv i t ies  

in Liver  M i c r o s o m e s  f r o m  F e m a l e  Ra t s  Fed  Pur i f ied  A m i n o  Ac ids  L i q u i d  Diet fo r  T w o  Weeks  

Spec i f ic  ac t iv i t ies  ( n m o l / m i n / m g  p r o t e i n )  x 10 

No.  P h o s p h a t i d y l -  P h o s p h a t i d y l -  
D ie t a ry  o f  Cho l i ne  d i m e t h y l e t h a n o l a m i n e  e t h a n o l a m i n e  

r e g i m e n ,  an ima l s  p h o s p h o t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  

C o n t r o l  6 5 .33  • 1 .15 a 13 .64  • 1 .76 0 .93  -+ 0 .19  
(86 .5  • 5 .7)  ( 2 3 9 . 4  • 54 .5 )  (15 .9  • 2 .1 )  

Def ic i en t  cho l ine  6 3 .21 • 0 .63  d 11 .29  • 3 .24  1 .33 • 0 . 2 8  c 
a n d  m e t h i o n i n e  (55 .2  • 12 .7)  d ( 1 9 8 . 8  • 6 6 . 3 )  ( 2 3 . 7  • 3 .9)  d 

Def i c i en t  6 5 .16  • 1.02 b 12 .17  • 2 . 7 0  1.31 + O . 3 8  b 
m e t h i o n i n e  (73 .1  +- 12 .2)  ( 1 8 8 . 8  + 50 .1 )  ( 1 8 . 4  • 4 .1 )  

Def ic i en t  6 4 . 8 3  • 2 .33  12 .51  • 2 .53  0 .79  • 0 . 1 6  
cho l i ne  ( 8 7 . 6  + 2 7 . 3 )  ( 2 3 2 . 0  • 2 5 . 4 )  ( 1 4 . 6  + 1.3)  

a• Va lues  are s t a n d a r d  dev ia t ions .  The  va lues  in p a r e n t h e s e s  i n d i c a t e  t he  to t a l  l iver m i c r o s o m a l  
ac t iv i ty  ( n m o l / m i n ) .  The  tes t  o f  s ign i f i cance  was  app l i ed  b e t w e e n  the  m e a n  va lues  o f  c o n t r o l s  a n d  de- 
f i c i en t  an ima l s .  

b p  < 0 .05 .  

c p  < 0 . 0 0 5 .  

d p  < 0 . 0 0 1 .  

T A B L E  III 

E f f ec t  o f  D ie t a ry  O m i s s i o n  o f  Cho l ine ,  M e t h i o n i n e ,  B12 ,  a n d  Fol ic  Acid  a n d  the  A d d i t i o n  o f  a M e t h y l  G r o u p  
A c c e p t o r ,  1% G u a n i d o a c e t i c  Ac id ,  on  Cho l ine  P h o s p h o t r a n s f e r a s e ,  P h o s p h a t i d y l d i m e t h y l e t h a n o l a m i n e  Me thy l -  
t r a n s f e r a s e  a n d  P h o s p h a t i d y l e t h a n o l a m i n e  M e t h y l t r a n s f e r a s e  Act iv i t ies  in Liver  M i c r o s o m e s  f r o m  Fema le  Ra t s  

Fed Pur i f i ed  A m i n o  Ac ids  L i q u i d  Diet 

Spec i f ic  ac t iv i ty  ( n m o l / m i n / m g  p r o t e i n )  x 10 

Time No.  P h o s p h a t i d y l -  P h o s p h a t i d y l -  
o f  o f  D ie t a ry  Cho l ine  d i m e t h y l e t h a n o l a m i n e  e t h a n o l a m i n e  

d ie t  an ima l s  r e g i m e n  p h o s p h o t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  

Days  
7 

14 

6 C o n t r o l  3 .29  • 0 .74  a 10 .54  + 1 .33 0 .99  + 0 .12  
( 8 3 . 4  + 13 .3)  ( 2 6 9 . 4  -+ 34 .2 )  (25 .2  • 2 .6 )  

6 Def ic i en t  2 .69  -+ 0 .42  11 .77  • 2 .7  1 .46 • 0 . 1 8  c 
( 5 9 . 2  • 3 .0 )  c ( 2 5 6 . 7  +- 3 1 . 0 )  (32 .2  • 3 .4)  d 

6 Def ic i en t  + 1% 1.33 + 0 .26  d , f  11 .49  • 1 .34  1.71 • 0 .11  d ,h  
g u a n i d o a c e t i c  ac id  ( 2 2 . 0  + 3 .3)  d , f  ( 1 9 2 . 6  • 15 .6 )  d , f  (28 .7  • 1.6)  c 

5 C o n t r o l  5 .33  • 1.15 1 3 . 6 4  • 1 .76 0 .93  -+ 0 .19  
( 8 6 . 5  + 5 .73)  ( 2 3 9 . 4  -+ 54 .5 )  (15 .9  -+ 2 .1)  

5 Def ic i en t  3 .95  • 0.5419 16 .63  • 2 .12  b 2 .21  + 0 .21 d 
( 7 0 . 0  • 3 .20 )  d ( 2 9 3 . 8  -+ 2 6 . 5 )  (41 .2  • 3 .2)  d 

5 Def i c i en t  + 1% 0 .74  • 0 . 2 2 d ,  f 5 .16  • 1 .29d ,  f 1 .96  • 0 .25  d 
g u a n i d o a c e t i c  ac id  ( 1 2 . 7  -+ 2 .3 )d ,  f (91 .3  +- 22 .7 )d ,  f (35 .5  • 3 .9 )d ,  i 

a• Va lues  are s t a n d a r d  dev ia t ions .  The  va lues  in p a r e n t h e s e s  i n d i c a t e  t he  to t a l  l iver m i c r o s o m a l  ac t iv i ty  
( n m o l / m i n ) .  The  tes t  o f  s ign i f i cance  was  app l i ed  b e t w e e n  the  m e a n  va lues  o f  c o n t r o l s  r ece iv ing  3 1 . 2 5  m g  
cho l ine ,  0 .15  g D L - m e t h i o n i n e ,  B12 a n d  fo l ic  a c i d / 1 0 0  ml  o f  d ie t  a n d  the  de f i c i en t  an imals .  

b p  < 0 .05 .  

cp  < 0 . 0 0 5 .  

d p  < 0 . 0 0 1 ,  

ep  < 0 .01  
The  tes t  o f  s ign i f i cance  w a s  app l i ed  b e t w e e n  the  m e a n  value  o f  de f i c i en t  a n d  the  an ima l s  de f i c i en t  + 1% 

g u a n i d o a c e t i c  ac id .  
fP < 0 . 0 0 1 .  

gP < 0 . 0 0 5 .  
h p  < 0 . 0 1 .  

ip < 0 . 0 5 .  
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acid for 7 and 14 days when compared to 
controls. There was a significant decrease in the 
sp act and total liver microsomal activity of 
choline phosphotransferase when the methyl 
group acceptor, 1% guanidoacetic acid, was 
added to the deficient diet for 7 and 14 days 
when compared to controls. The addition of 
guanidoacetic acid further depleted the animals 
of methionine and resulted in a significant 
decrease in the sp act of the choline phospho- 
transferase when compared to the 7 and 14-day 
deficient and/or control animals. 

A significant decrease in the total liver 
microsomal activity of phosphatidyldimethyl- 
ethanotamine methyltransferase was observed 
in animals receiving guanidoacetic acid for 7 
days, when compared to controls and/or 
deficient animals. The addition of guanido- 
acetic acid for 14 days resulted in a significant 
decrease in both specific and total microsomal 
activities of phosphatidyldimethylethanolamine 
methyltransferase when compared to controls 
and/or deficient animals. 

There was a significant increase in the sp act 
of phosphatidylethanolamine methyltransferase 

in the deficient animals for 7 and 14 days when 
compared to controls. The animals receiving 
guanidoacetic acid for 7 and 14 days showed a 
significant increase in the total liver microsomal 
activity when compared to the deficient 
animals. 

The effects of dietary omission of choline, 
methionine, BI~, folic acid and the addition of 
a methylation inhibitor, 2-amino-2-methyl-1- 
propanol (0.33%), for 7 days on the enzymes 
involved in PC biosynthesis are given in Table 
IV. A significant decrease occurred in the total 
liver microsomal activity of choline phospho- 
transferase when compared with control 
animals. There was also a significant decrease in 
the sp act and total liver microsomal activity of 
the phosphatidylethanolamine methyltrans- 
ferase. There was a significant increase in the 
sp act of phosphatidyldimethylethanolamine 
methyltransferase when compared to controls. 
Thus, additional experiments were set up to 
measure the effects of the inhibitor in the 
presence of dietary methionine. The methyla- 
tion inhibitor in the presence of dietary methio- 
nine resulted in a significant decrease in the sp 

T A B L E  IV 

Ef fec t  o f  D ie t a ry  Omiss ion  o f  M e t h i o n i n e ,  Cho l ine ,  B12 ,  Fol ic  Ac id  a n d  the  A d d i t i o n  o f  a M e t h y l a t i o n  
I n h i b i t o r ,  2 A m i n o - 2 - m e t h y l - l - p r o p a n o l  (0 .33%) ,  o n  Cho l ine  P h o s p h o t r a n s f e r a s e ,  P h o s p h a t i d y l d i m e t h y l -  

e t h a n o l a m i n e  M e t h y l t r a n s f e r a s e  a n d  P h o s p h a t i d y l e t h a n o l a m i n e  M e t h y l t r a n s f e r a s e  Act iv i t ies  in Liver M i c r o s o m e s  
f r o m  Fema le  Rats  Fed  Pur i f i ed  A m i n o  Ac ids  L iqu id  Diet  f o r  Seven Days  

Speci f ic  ac t iv i ty  ( n m o l / m i n / m g  p r o t e i n )  x 10 

P h o s p h a t i d y l -  P h o s p h a t i d y l -  
D ie t a ry  No.  o f  Cho l i ne  dimethylethanolamine e t h a n o l a m i n e  
r e g i m e n  an ima l s  p h o s p h o t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  m e t h y l t r a n s f e r a s e  

C o n t r o l  6 3 .29  + 0 .74  a 10 .54  _+ 1 .33 0 . 9 9  • 0 .12  
( 8 3 . 4  + 13 .3)  ( 2 6 9 . 4  _+ 3 4 , 3 )  (25 .2  -+ 2 .6 )  

Def ic i en t  6 2 .69  +_ 0 .42  11 .77  _+ 2 .70  1 .46 + 0 .12  
(59 .2  + 3 .0)  ( 256 .7  -+ 31~0) (32 .2  +- 3 .4)  

Def i c i en t  + i n h i b i t o r  4 3 .22  • 0 . 7 0  14 .18  _+ 1 .54 b 0 .71  + 0 . 1 7  c,e 
(63 .1  -+ 3 .2)  c ( 2 8 2 . 3  _+ 2 8 . 7 )  (13 .9  -+ 0 .7)  b,e 

Def ic i en t  + m e t h i o n i n e  3 1 .43 _+ 0 . 3 b ,  e 9 .30  _+ 2 .37  h 0 .56  +- 0 . 0 9 b ,  e 
+ i n h i b i t o r  ( 6 3 . 4  + 6 . 1 ) h ,  d ( 3 4 5 . 4  +_ 5 2 . 7 ) d , f ,  i ( 21 .3  -+ 3 .0)  d ,e ,g  

a_+ Va lues  are s t a n d a r d  dev ia t ions .  The va lues  in p a r e n t h e s e s  i n d i c a t e  t he  to t a l  l iver m i e r o s o m a l  ac t iv i ty  
( n m o l / m i n ) .  The  tes t  o f  s ign i f i cance  was  app l i ed  b e t w e e n  c o n t r o l s  rece iv ing  m e t h i o n i n e ,  cho l ine ,  B12 a n d  fol ic  
ac id  a n d  the  de f i c i en t  an ima l s  r ece iv ing  the  2 - a m i n o - 2 - m e t h y l - l - p r o p a n o l .  

h p  < 0 . 0 0 1 .  

cp  < 0 . 0 1 .  

d p  < 0 . 0 5 .  
The  tes t  o f  s ign i f i cance  was  app l i ed  b e t w e e n  de f i c i en t  an ima l s  a n d  those  r ece iv ing  the  i n h i b i t o r .  
ep  < 0 . 0 0 1 .  

fP < 0 . 0 0 5 .  
The tes t  o f  significance was  app l i ed  between deficient an ima l s  r ece iv ing  i n h i b i t o r  and  t h o s e  rece iv ing 

m e t h i o n i n e  p lus  i n h i b i t o r ,  

gP < 0 . 0 0 1 .  
h p < 0 . 0 0 5 .  

ip  <o.o5. 
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act of the choline phosphotransferase when 
compared to controls and/or deficient with or 
without inhibitor. There was a significant 
reduction of the specific and total liver micro- 
somal activities of the phosphatidylethanol- 
amine methyltransferase when compared to 
controls and/or deficient animals. There was a 
significant increase in total liver microsomal 
activity of phosphatidyldimethylethanolamine 
methyltransferase when compared to controls 
and/or deficient animals with or without 
inhibitor. 

The inhibition of phosphatidylethanolamine 
methyltransferase by various concentrations of 
AdoMet/AdoHcy is given in Figure 1. The 
reaction conditions were similar to those 
described in the Materials and Methods section 
for the enzyme assay, except that various 
concentrations of nonradioactive S-adenosyl- 
methionine and S-adenosylhomocysteine were 
added to the reaction mixture. Apparently, 
there is inhibition of phosphatidylethanolamine 
methyltransferase activity at all ratios of 
AdoMet/AdoHcy. 

DISCUSSION 

Several commercially available choline-free 
diets which most investigators have used to 
produce choline deficiency have present pro- 
teins which contain large amounts of methio- 
nine. duVigneaud et al. (15-17) were the first to 
show in rats fed a choline-methionine-free diet 
that labeled methionine is converted to choline. 
These investigators demonstrated in rats fed a 
choline-methionine-free diet that 89% of the 
choline was derived from dietary deutero- 
methionine. Thus, in producing a choline 
deficiency in animals, the methionine content 
of the food used should be calculated. The diets 
used by Artom and Cornatzer (18) to produce 
choline deficiency in 1 or 2 wk were free of 
choline and contained 5% casein. This 5% 
casein diet contained 1.29 mg methionine/g 
food and represented one of the diets lowest in 
methionine. In addition, these investigators 
would supplement this 5% casein diet with 
guanidoacetic acid, a methyl acceptor, to 
further deplete the animal of available methyl 
groups (19,20). Borsook and Dubnoff (4) were 
the first to show in rat liver that methionine 
will methylate guanidoacetic acid to form 
creatine, which is excreted in the urine. Stetten 
and Grail (21) demonstrated that guanidoacetic 
acid feeding decreased the PC content of the 
liver. 

Cornatzer and Walser (22) demonstrated 
that in rats fed a 5% casein, choline-free diet, 
there is a significant decrease in total liver PC 
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FIG. 1. Inhibition of rat liver phosphatidylethanol- 
amine methyltransferase specific activity. Points are 
means of duplicate determinations. Reaction condi- 
tions were as described in Materials and Methods with 
varying concentrations of S-adenosylmethionine 
(AdoMet) and S-adenosylhomocysteine (AdoHcy) as 
listed. 

and in mitochondrial PC (/ag/g liver). This 
decrease was much more prevalent in mito- 
chondria and microsomes when expressed as/~g 
lipid P/mg protein than per g liver (23). Haines 
and Rose (24) have shown that, in choline 
deficiency for 3 days in the rat, the PC content 
of the liver decreased. It is well established that 
the dietary omission of the lipotropic agents, 
choline and/or methionine results in a fatty 
liver. These studies were set up to investigate 
PC biosynthesis by the 2 different enzymatic 
pathways in microsomes prepared from rats fed 
a diet free of choline and methionine. Ad- 
ditional animals were fed similar deficient diets 
in which B12 and folic acid were also omitted 
to prevent the conversion of cellular homo- 
cysteine back to methionine (25). The methyl 
acceptor, guanidoacetic acid, was also included 
in the diet to further deplete the liver cells of 
methionine and decrease the concentration of 
choline. The effects of feeding a methylation 
inhibitor, 2-amino-2-methyl-l-propanol, were 
also studied. This compound inhibits the 
formation of choline and the conversion of 
phosphatidylethanolamine to PC (5). 

It is well established that there is a tissue 
pool of choline and methionine. These pools 
are influenced by dietary intake, cellular 
synthesis and metabolism. The cellular synthe- 
sis of methionine depends on dietary folic acid 
and B12. The cellular pool of methionine is in 
equilibrium with tissue proteins. The fluctua- 
tions in the sp act reported in Table I of the 
choline phosphotransferase and phosphatidyl- 
dimethylethanolamine methyltransferase in- 
volved in PC biosynthesis during the early 
choline-methionine deficiency may represent 
some type of body adjustment in the pool of 
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these compounds. Yamamoto et al. (26) 
reported there are different stages of PC bio- 
synthesis in rats made choline-deficient for 4, 
12 and 20 days; first, a decrease in PC bio- 
synthesis is observed, followed by an increased 
incorporation in [ 14C.methyl] methionine into 
PC. Turkki and Silvestre (27) observed that the 
concentration of total phospholipid-P (/2g/g 
liver) decreased in rats fed a choline-deficient 
diet for 1 day, increased on the second and 
third days and subsequently decreased at 7 and 
14 days when compared to controls. 

It is apparent from the data that the dietary 
omission of choline and methionine for 2 wk 
decreased significantly the sp act of the choline 
phosphotransferase and increased the sp act of 
the phosphatidylethanolamine methyltrans- 
ferase. The data show that the dietary omission 
of only methionine for 2 wk plays a more 
important role than the dietary omission of 
choline in regulating the activity of the 
enzymes involved in PC biosynthesis. This 
observation shows how important the methyl 
group of methionine is for the biosynthesis of 
choline and further substantiates the work of 
duVigneaud et al. (15-17). Wise and Elwyn (28) 
have estimated that the methylation pathway 
can provide 13 /2mol choline/day/g of liver (4 
my/day/3 g liver) or equivalent to the normal 
dietary intake of choline for the rat. 

As S-adenosylmethionine donates a methyl 
group, the product, S-adenosylhomocysteine, is 
formed. S-adenosylhomocysteine is converted 
to homocysteine plus adenosine by S-adenosyl- 
homocysteine hydrolase. Two different 
enzymatic pathways are known to convert 
homocysteine back to methionine in the liver 
using folic acid and B12 as cofactors (29,30). 
One enzyme, N-methyltetrahydrofolate-homo- 
cysteine methyltransferase, uses B12 as co- 
factor (31). The second enzyme, betaine- 
homocysteine methyltransferase, uses a methyl 
group from betaine, a metabolic product of 
choline (32). A significicant decrease resulted in 
the sp act of choline phosphotransferase and 
the sp act of phosphatidylethanolamine methyl- 
transferase increased with the dietary omission 
of choline, methionine, B12 and folic acid for 
14 days when compared to controls. 

The dietary omission of choline, methionine, 
B12 , folic acid and the addition of a methyl 
acceptor, guanidoacetic acid, for 7 and 14 days 
significantly decreased the specific and total 
liver microsomal activities of choline phospho- 
transferase. This exaggerated further the effects 
of the dietary omission of methionine. 

Wells (5) was the first to observe that 
2-amino-2-methyl-l-propanol inhibits choline 
formation and the methylation of phospha- 

tidylethanolamine to from PC. In his experi- 
ments with the inhibitor, dietary methionine 
was always present. It is apparent from the data 
of this study that 2-amino-2-methyl-l-propanol 
inhibited significantly the biosynthesis of PC by 
the choline phosphotransferase and the phos- 
phatidylethanolamine methyltransferase path- 
ways. 

Other investigators have observed an in- 
creased conversion of phosphatidylethanol- 
amine to PC in rats fed a choline-free diet 
(33-35). However, the methionine content was 
not low in the diets fed by the investigators. 
Haines and Rose (24) have observed an increase 
in the liver concentration of phosphatidyl- 
ethanolamine in rats fed a choline-free diet for 
3 days. Tinoco et al. (36) have demonstrated 
that the phosphatidylethanolamine concentra- 
tion increases and the PC concentration de- 
creases in liver microsomes in choline de- 
ficiency. 

The 2 methyltransferases, phosphatidyldi- 
methylethanolamine methyltransferase and 
phosphatidylethanolamine methyltransferase, 
may be under a different type of control or the 
in vitro assay may reflect a variance in the 
presence of endogenous substrate for each. 
Phosphatidylethanolamine is present in large 
quantities in vivo whereas the concentration of 
phosphatidyldimethylethanolamine may be 
low. 

The increase in the enzymatic activity of the 
phosphatidylethanolamine methyltransferase 
that is observed in the animals fed a choline- 
methionine-free diet in this study could be the 
result of the increased phosphatidylethanol- 
amine content or it could have been caused by 
a change in the ratio of the concentration of 
S-adenosylmethionine (AdoMet) to S-adenosyl- 
homocysteine (AdoHcy) in the cell. AdoMet 
serves as the methyl donor in a host of bio- 
logical reactions. AdoHcy, one of the products 
of all transmethylation reactions involving 
AdoMet, acts as a competitive inhibitor with 
respect to this substrate. Gibson et al. (37) 
presented the first evidence that AdoHcy was 
inhibtory to phosphatidylethanolamine methyl- 
transferase. Kaneshiro and Law (38) have 
shown that AdoHcy at 4 /~M inhibited by 50% 
the methylase of Agrobacterium tumefacrens, 
Many of the methyltransferases including those 
that catalyze the methylation of phosphatidyl- 
ethanolamine (39) have a higher affinity for 
AdoHcy than AdoMet. Other investigators 
(40-42) have suggested that the availability of 
substrate, AdoMet, for the methyltransferases is 
probably a regulator of transmethylation. Thus, 
the ratio of AdoMet-to-AdoHcy may be bio- 
regulatory in certain nutritional stress condi- 
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tions. Finkelstein and Harris (43) have shown 
that the synthesis of AdoHcy is decreased in 
rats fed a low-protein diet. Eloranta (44) has 
demonstrated that intraperitoneal injection of 
methionine resulted in an increased concentra- 
tion of both AdoMet and AdoHcy in the liver 
tissue. He concluded that the concentration of 
these compounds is dependent on the methio- 
nine supply. /~kesson (45) has demonstrated 
that the rate of methylation is influenced by 
the concentration of methionine and ethanol- 
amine in hepatocytes. He concluded that the 
concentration of methionine and phosphatidyl- 
ethanolamine in the cell will affect phospho- 
lipid methylation. Thus, in the rats fed a 
choline-methionine-free diet in the experiments 
we have reported, the concentration of AdoMet 
and AdoHcy may be changed and could affect 
the enzymatic activity of the phosphatidyl- 
ethanolamine methyltransferase. 
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Distribution of the Phosphatidate Phosphohydrolase Activity 
in the Lamellar Body and Lysosomal Fractions 
of Lung Tissue 
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Obstetrics and Gynecology of The University of Texas Southwestern 
Medical School, 5323 Harry Hines Boulevard, Dallas TX 75235 

ABSTRACT 

Phosphatidate phosphohydrolase (PAPase) activity was measured in lamellar bodies purified from 
porcine lung tissue. After repeated freeze-thawing, only a negligible amount of PAPase activity was 
released into the soluble fractions, whereas there was release of 2 lysosomal marker enzyme activities, 
glucosaminidase and j3-galactosidase into the soluble fraction. In addition, a lysosomal-enriched frac- 
tion was prepared from adult rat lung tissue by prior treatment of the rats with Triton WR 1339. 
Treatment with Triton WR 1339 resulted in the significant shift of the activities of the lysosomal 
marker enzymes, glucosaminidase and t3-galactosidase, to less dense subcellular fractions. The highest 
specific activity of PAPase was found in a subcellular fraction which had a density that was inter- 
mediate between that of the mitochondrial and microsomal fractions and the distribution of PAPase 
activity was not affected by the prior treatment of the rats with Triton WR 1339. 

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

Based on the results obtained in previous 
investigations, we concluded that the enzyme 
phosphatidate phosphohydrolase (PAPase [EC 
3.1.3.4]) was associated with lamellar bodies 
isolated from adult porcine lung tissue. In these 
studies, we observed that the specific activity 
(sp act) of PAPase in lamellar bodies was ca. 2 
times that of  the enzyme in lung tissue micro- 
somes (1). Subsequently, we found that PAPase 
activity was closely associated with lamellar 
bodies isolated from human amniotic fluid (2), 
and with purified surfactant obtained by 
pulmonary lavage (3). Meban (4), employing 
histochemical techniques, demonstrated that 
PAPase activity was closely associated with the 
osmiophilic granules of the type II pneumono- 
cytes. On the other hand, Gaxcia et al. (5) 
concluded that the PAPase activity which is 
associated with lamellar bodies isolated from 
rat lung tissue can be accounted for by micro- 
somal contamination. However, employing the 
technique described by McMurray (6), we 
reassessed the origin of the PAPase activity 
present in porcine lamellar bodies and demon- 
strated that the activity of this enzyme was not 
attributable to microsomal contamination (7). 

The subcellular distribution of  PAPase in rat 
fiver tissue has been described (8,9). In these 
studies, a significant amount of the PAPase 
activity was found to be associated with the 
subcellular fraction containing the greatest 
amount of lysosomal enzyme activities. The 
PAPase activity could be released from rat liver 
lysosomes by the procedure of repeated freez- 

ing and thawing (8). Mavis et al. (10) suggested 
that the activity of  PAPase which is associated 
with lameUar bodies may result from contami- 
nation of the lamellar body preparation with 
lysosomes. The purpose of  this investigation 
was to evaluate the contribution of lysosomes 
to the PAPase activity associated with purified 
porcine lamellar bodies and to assess the 
PAPase activity in a purified lysosomal fraction 
prepared from rat lung tissue. 

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

Mitochondrial, microsomal and lamellar 
body fractions were prepared from adult 
porcine lung tissue employing techniques 
previously described (7). Each fraction was 
resuspended in 0.25 M sucrose. It was found 
that in these subcellular preparations more than 
85% of the cytochrome C oxidase (EC 1.9.3.1) 
and NADPH cytochrome C reductase (EC 
1.6.2.4) activity was associated with the mito- 
chondrial and microsomal fractions, respec- 
tively. The lamellar body fraction contained ca. 
8 mg phospholipid/mg protein. We analyzed the 
phosphatidylcholine (PC) of this fraction 
employing the procedure described by Mason et 
al. (11), and fatty acid composition employing 
gas chromatography and found that it was 
comprised of ca. 70-80% 1,2 dipalmitoyl-sn- 
glycero-3-phosphocholine (dipalmitoyl-p hospha- 
tidylcholine). Based on the NADPH cyto- 
chrome C reductase (EC 1.6.2.4) sp act, the 
microsomes could account for ca. 10% of the 
lameUar body protein (7). Mitochondrial 
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contamination of the lameUar body fraction 
could not be demonstrated since cytochrome C 
oxidase, succinate dehydrogenase (EC 1.3.99.1) 
or monoamine oxidase (EC 1.4.3.4) activities 
were not present in these lameUar body prepa- 
rations. 

An aliquot of each fraction was frozen in a 
dry ice-acetone bath (-70 C) and thawed (25 C) 
10 separate times. Another aliquot of each 
subcellular fraction was placed in an ice bath (4 
C) while the other aliquots were in the freeze- 
thaw process and these served as controls. After 
treatment, all samples were centrifuged at 
105,000 x g for 60 min at 3 C and the resulting 
pellets and supernatant fractions were analyzed 
for various enzymatic activities. 

A lysosomal-enriched fraction was prepared 
from rat lung and liver tissues by a modification 
of the Stoffel and Trabert method (12). Male 
Sprague-Dawley rats, weighing 500-600 g, were 
injected intravenously via tail vein with 2.0 ml 
of a solution of Triton WR 1339, Nembutal was 
injected intraperitoneally, the animals were 
killed by decapitation and the lungs and livers 
were excised. The lungs were lavaged as des- 
cribed by Mavis et al. (10). Control rats of same 
body weight were given Nembutal and killed by 
decapitation without treatment. The paren- 
chyma was minced, homogenized in ice-cold 
Tris-sucrose buffer (Tris [10 mM], sucrose 
[0.25 M] and EDTA [2 raM]), pH 7.4 (5 vol/g 
wet weight tissue). All subsequent procedures 
were performed at 0-4 C. The homogenate was 
centrifuged at 450 x g for 10 mm. The resulting 
supernatant fraction was centrifuged at 12,000 
x g for 10 min. The resulting pellet, which 
contained predominately the mitochondrial and 
lysosomal fractions, was resuspended in Tris- 
sucrose-buffer and recentrifuged at 12,000 x g 
for 10 min. The pellet was resuspended in 
Tris-sucrose buffer and centrifuged at 450 x g 
for 10 min and the pellet discarded. The 
resulting supernatant fraction (2-2.5 ml) was 
overlayered on a sucrose gradient which con- 
sisted of 20% sucrose (1.9 ml) followed by 2.0 
ml each of 25, 30, 35, 40, 45 and 50% sucrose 
on a cushion of 1.5 ml 60% sucrose. All sucrose 
solutions contained EDTA (2 mM) except the 
60% sucrose fraction. Centrifugation was 
performed at 100,000 x g for 180 rain using a 
SW 27 rotor. After centrifugation, particle 
fractions found in interfaces between gradients 
were collected by Pasteur pipette, diluted with 
Tris-sucrose buffer and centrifuged at 105,000 
x g for 60 rain. The pellet of each fraction was 
dissolved in 1.0-3.0 ml Tris-sucrose buffer prior 
to assay. A total of 8 fractions was obtained. 
The distribution of the mitochondrial (fractions 
VI and VII) and microsomal (fractions II and 

III) fractions in rat lung and liver tissues in this 
gradient system were determined by the marker 
enzymes, succinate dehydrogenase and NADPH- 
dependent cytochrome C reductase, respec- 
tively. The sp act of these marker enzymes did 
not change by Triton WR 1339 administration. 
N-Acetyl-/3-glucosaminidase (EC 2.3.1.30) and 
/3-galactosidase (EC 3.2.1.23) were assayed 
according to the Peters et al. method (13) 
employing 4-methylumbelliferyl derivatives as 
substrates. Latency of N-acetyH3-glucosamin- 
idase and ~-galactosidase activities was demon- 
strated by assaying the various pellet fractions 
in the presence and absence of 0.1% Triton 
X-100. PAPase activity was assayed employing 
[32p]phosphatidic acid as substrate (7). All 
assays were performed in duplicate and re- 
coveries of enzymatic activity were greater than 
80%, with the exception of the lamellar body 
/3-galactosidase in the control sample (71%). 
Protein was measured by the Lowry et al. 
method (14). 

R ESU LTS 

The distribution of PAPase activity in the 
mitochondrial, microsomal and lameUar body 
fractions prepared from pig lung tissue is 
presented in Table I. The PAPase sp act in the 
lamellar bodies (31.5 nmol x rain-1 x mg -1 
protein) was significantly greater than that 
found in the microsomes (16.8) as was previ- 
ously reported (7). Although the fraction of 
total tissue PAPase activity that was associated 
with the lamellar bodies was low (0.3%), it 
should be recalled that the lameUar bodies are 
derived only from the type II pneumonocyte,  a 
cell type which comprises 10-15% of the lung 
cells. On the other hand mitochondrial and 
microsomal fractions are derived from the total 
cell population. We have examined the pig lung 
lameUar body fraction employing transmission 
electron microscopy. Over 80% of the sub- 
cellular organelles in this fraction showed 
lameUated structure and most of the lamellar 
bodies contained a perilameUar membrane. No 
tubular myelin structures were present in this 
fraction. Based on the dipalmitoyl-phospha- 
tidylcholine content of the lung, we have 
calculated that ca. 22% of the total lung lamel- 
lar bodies were isolated. This recovery of 
lameUar bodies is similar to that reported by 
Voelker and Snyder (25%) who determined 
their isolation recovery of lamellar bodies by 
the addition of trace quantities of previously 
radiolabeled lamellar bodies prior to their 
fractionation procedure (15). Further support 
for the conclusion that there is enrichment of 
PAPase activity in the type II pneumonocyte 
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TABLE I 

Release of Enzyme Activities from Porcine Lung Mitochondria, Microsomes 
and Lamellar Body Fractions after Repeated Freezing and Thawing a 
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Mitochondria Microsomes Lamellar bodies 

Glucosaminidase 91.3 b 8.5 0.3 
Control 0.54 c (14.5) 0.05 (6.6) 0.06 (21.8) 
Freeze-thawed 1.33 (36.5) 0.04 (6.1) 0.10(44.4) 

Galactosidase 92.9 6.8 0.3 
Control 1.83 (15.4) 0.34 (18.5) 0.22 (27.2) d 
Freeze-thawed 6.38 (45.5) 0.47 (24.4) 0.39 (45.7) 

PAPase 69.0 30.7 0.3 
Control 0.45 (0.5) 2.80 (2.9) 0.05 (0.4) 
Freeze-thawed 0.90 (1.2) 1.50 (1.5) 0.05 (0.3) 

aAn aliquot of each subcellular fraction was frozen and thawed 10 times while a similar aliquot was main- 
tained at 4 C (control). Each sample was centrifuged at 105,000 x g for 60 rain. The resulting pellet and super- 
natant fractions were assayed for enzyme activities. The values are expressed as substrate hydrolyzed, nmol/min 
in the supernatant fraction. In parentheses, the percentage of the activity of each enzyme released into the 
supernatant fraction is presented. Recoveries were greater than 80%. 

bpercentage of the activity in the total activity found in each subcellular fraction. 
CThis designates nmol product x min -1 formed by the action of enzyme found in the supernatant fraction 

after repeated freeze-thawing and centrifugation at 100,000 x g for 60 rain. 
d Recovery 71%. 

was our  obse rva t ion  t h a t  t y p e  II p n e u m o n o -  
cytes  g rown  in t issue cu l ture  have a signifi- 
can t ly  h igher  PAPase sp act  t h a n  do o t h e r  lung 
ceils g rown u n d e r  ident ica l  cond i t i ons  (16) .  

The  a m o u n t  of  e n z y m e  act ivi ty released 
f rom var ious  subcel lu lar  f rac t ions  in to  the  
s u p e r n a t a n t  f luid a f te r  r epea t ed  f reeze- thawing  
is p re sen ted  in Table  I. The  da ta  are expressed  
as un i t s  of  e n z y m e  released and  as the  per- 
centage  o f  the  act iv i ty  tha t  was released in to  
t h e  s u p e r n a t a n t  f r ac t ion  of  t he  f reeze- thawed  
and  t he  con t ro l  sample.  There  was grea ter  
release o f  2 lysosomal  m a r k e r  e n z y m e  activit ies,  
viz., N-acetyl-/3-glucosaminidase and  /3-galactosi- 
dase f rom the  m i t o c h o n d r i a l  f rac t ion  prepa-  
r a t i o n  fo l lowing  the  f reeze- thaw p rocedu re  
c o m p a r e d  to t h a t  released f rom the  m i t o c h o n -  
drial  f r ac t ion  m a i n t a i n e d  at 4 C. These  resul t s  
were expec ted  since this  f r ac t ion  should  be  
enr iched  wi th  lysosomes .  There  was n o  differ-  
ence  in t he  a m o u n t  of  PAPase act iv i ty  released 
f r o m  the  m i t o c h o n d r i a l  f r ac t ions  t r ea t ed  by  t he  
f reeze- thaw p rocedu re  t h a n  the re  was in the  
m i t o c h o n d r i a l  f r ac t ion  k e p t  at  4 C. I t  can  be  
ca lcula ted  t h a t  f reezing and  thawing  of  the  
m i t o c h o n d r i a l  f r ac t ion  resu l ted  in the  release o f  
22% of  t he  to ta l  N-acetyl-/3-glucosaminadase 
and 30 .1% of  the  to ta l  fl-galactosidase act iv i ty  
( f reeze- thaw value m i n u s  con t r o l  value).  In 
cont ras t ,  on ly  0.7% of  t he  PAPase act iv i ty  was 
released by  t he  f reeze- thaw procedure .  The  
m i c r o s o m a l  f r ac t ion  c o n t a i n e d  a min ima l  
a m o u n t  of  lysosomal  m a r k e r  e n z y m e  act iv i ty .  
In  cont ras t ,  t h e  m i c r o s o m a l  f r ac t ion  con ta ins  a 
s ignif icant  a m o u n t  of  PAPase act iv i ty .  

There  was s ignif icant ly  greater  release of  
N-acetyl-13-glucoasminidase and 13-galactosidase 
act ivi t ies  f rom lamel lar  bod ies  t r ea t ed  by  
f reeze- thawing  t h a n  f rom lamel lar  bod ies  
m a i n t a i n e d  at 4 C; a m in ima l  release o f  PAPase 
act ivi ty  was observed  f rom lamel lar  bod ies  a f t e r  
f reeze- thawing,  a f ind ing  t h a t  leads us to 
conc lude  tha t  the  act ivi ty  of  PAPase in the  
lamel lar  b o d y  p r e p a r a t i o n  c a n n o t  be  a t t r i b u t e d  
to the  c o n t a m i n a t i o n  of  t he  lameUar b o d y  
f r ac t ion  wi th  lysosomes.  However ,  we c a n n o t  
exc lude  t he  poss ibi l i ty  t h a t  the  PAPase act ivi ty  
associated wi th  t he  lamel lar  b o d y  p r epa ra t i on  is 
of  lysosomal  m e m b r a n e  origin and  tha t  such 
m e m b r a n e s  are pel le t ized wi th  the  lamel lar  
bod ies  dur ing  the i r  pu r i f i ca t ion  fo l lowing t he  
f reeze- thaw procedure .  

In  o rder  to  address  the  ques t ion  as to  
w h e t h e r  the  lysosomes  o f  lung t issue was 
enr iched  wi th  PAPase act iv i ty ,  we prepared  a 
lysosome-enf iched  f r ac t ion  o f  lung t issue f r o m  
rats  wh ich  had  b e e n  p re t r ea t ed  w i th  T r i t o n  WR 
1339. T r i t o n  WR 1339 t r e a t m e n t  has  b e e n  used 
to o b t a i n  a lysosomal -enr iched  f r ac t ion  f rom 
rat  liver wh ich  is clearly separa ted  f rom the  
m i t o c h o n d r i a l  and  pe rox i somal  f rac t ions  (17) .  

The  12,000 x g pel le t  ob t a ined  f rom rat  lung  
and  liver t issues con ta in ing  pr inc ipa l ly  mi to -  
chondr i a  and  lysosomes  was f u r t h e r  f rac t ion-  
a ted  by  t he  d i s c o n t i n u o u s  sucrose dens i ty  
grad ien t  cen t r i fuga t ion .  Glucosamin idase ,  
galactosidase and  PAPase act ivi t ies  were deter -  
m ined  in each  f r ac t i on  of  the  sucrose  gradient .  
The  resul t s  o f  th is  e x p e r i m e n t  are p re sen ted  in 
Table  II. The  d i s t r i bu t i on  of  the  e n z y m e  
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T A B L E  II 

Dis t r ibu t ion  on  Discon t inuous  Sucrose Gradien t  o f  E n z y m e s  in 
Lung and  Liver L y s o s o m e - m i t o c h o n d r i a l  Frac t ions  Ob ta ined  

f r o m  Cont ro l  Rats and Rats Trea ted  wi th  Tr i ton  

E n z y m e  activi t ies in f rac t ions  I to  IV 

Specific Ac t iv i ty  
Rat liver n m o l  x rain-1 x m g  1 pro te in  Tota l  r ecovered  act ivi ty  (%) 

Rat  liver 
Galactos idase  

C o n t r o l ( 3 )  a 0 .76 + 0.24 b 0.97 -+ 0.31 
Tr i ton - t r ea t ed  (5)  13.26 + 2.88 P < 0.001 52.86 +- 10.87 

Glucosamin idase  
Cont ro l  (3) 1.00+- 0.37 0.80-+ 0.17 
Tr i t on - t r ea t ed  (5) 17.54 -+ 7.82 P < 0 " 0 2  58.66 -+ 12.99 

PAPase 
Cont ro l  (3)  3,93 -+ 1.55 2.41 + 1.00 
Tr i ton- t rea ted  (5) 19.99-+ 4 .39  P < 0 .005 20 .74  • 5.67 

Rat Lung 
Galactos idase  

Contro l  (4)  2.40-+ 0.51 12.97-+ 1.68 
Tr i ton- t rea ted  (5) 4.79-+ 0.71 P < 0.005 18.98-+ 1.99 

Glucosamin idase  
Cont ro l  (4)  1.16-+ 0.25 7.23-+ 0.65 
Tr i t on - t r ea t ed  (5)  2.46-+ 0.72 P < 0 " 0 2  13.34+- 1.93 

PAPase 
Cont ro l  (4) 37 .84  • 8.11 15.60-+ 2.55 
Tr i ton - t r ea t ed  (5)  39.90-+ 11.73 P > 0 " 8  12.54 "2- 3.16 

P < 0.001 

P < 0,001 

P < 0,005 

P < 0.005 

P < 0.001 

P > 0 . 2  

a N u m b e r  of  samples  analyzed.  

bMean  -+ SD. 

activities of the 12,000 x g fraction was com- 
pared in liver tissue obtained from control rats 
and rats treated with Triton WR 1339. It is 
evident from data presented in Table II that 
tysosomal marker enzyme activities as well as 
PAPase were shifted to less dense fractions 
(fractions 1 to IV) by Triton treatment when 
liver tissue was employed. Thus, we have con- 
firmed that a significant quantity of PAPase 
activity in rat liver tissue is associated with the 
lysosomal fraction (8). A significant amount of 
the glucosaminidase and ~-galactosidase activi- 
ties in the 12,000 x g fraction of rat lung tissue 
also migrated to less dense fractions following 
Triton WR 1339 treatment. This was true for 
both the specific and the total activities of 
these fractions. Triton 1339 administration 
resulted in a less pronounced change in the 
distribution of known lysosomal enzymes in 
lung tissue compared to liver tissue. 

While a portion of the PAPase activity of rat 
liver tissue was found to be of lysosomal origin 
as measured by the shifts in distribution on the 
gradient after Triton WR 1339 treatment, the 
distribution of  rat lung PAPase activity did not 
change by such treatment. Therefore, in lung 
tissue, Triton WR 1339 treatment did not 
change the density of the particles containing 
PAPase activity. However, such treatment did 

effect an alteration in the density of some 
particles which contained the lysosomal marker 
enzymes, glucosaminidase and /3-galactosidase 
(Table II). This finding also supports the view 
that PAPase activity is not principally of  
lysosomal origin in the lung tissue. 

DISCUSSION 

It has been demonstrated that various 
lysosomal enzymes are associated with lamellar 
bodies (18). In studies designed to define the 
origin of lamellar bodies of the type II pneu- 
monocyte using morphological and biochemical 
techniques, results were obtained which sup- 
port the hypothesis that the morphological 
precursor of this subcellular organelle is a 
complex consisting of Golgi apparatus-endo- 
plasmic reticulum-lysosomes [GERLI or multi- 
vesicular bodies (19). Although we found a 
significant amount of lysosomal enzyme 
activity in the lamellar body fractions, such 
findings do not allow us to distinguish whether 
such enzyme activity arose by lysosomal 
contamination or by contribution of  lysosomes 
to the morphogenesis of lamellar bodies. 

We have suggested that the enzyme PAPase 
is closely associated with isolated lamellar 
bodies (1) and that the activity of PAPase 
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cannot  be accoun ted  for  by con t amina t i on  o f  
the  lameUar b o d y  prepara t ion  wi th  mic rosomes  
(7). F r o m  the  results of  this s tudy,  we have 
demons t r a t ed  that  PAPase activity is no t  
released by  the  freezing and thawing  of  a highly 
purif ied lamellar b o d y  prepara t ion .  Moreover,  
the  d is t r ibu t ion  o f  PAPase act ivi ty on  a discon- 
t inuous  sucrose dens i ty  gradient  prepared f rom 
lung tissue homogena t e s  does  no t  change by  the  
prior  t r e a tmen t  o f  rats wi th  Tr i ton  WR 1339, 
which causes a shift  in part  in the densi ty  of  
particles conta ining k n o w n  lysosomal  marker  
enzymes.  These 2 r epor ted  observat ions  sup- 
por t  the  view tha t  the  PAPase activity asso- 
ciated wi th  lamellar bodies  cannot  be ac- 
coun ted  for by  lysosomal  con tamina t ion .  The 
highest  sp act o f  lung PAPase on  the  gradient  
was found  to be f rac t ion IV, which has the  
dens i ty  be tw een  mi tochondr i a  and microsomes .  
We are present ly  investigating the  b iochemica l  
and morpholog ica l  character is t ics  of f rac t ion IV 
as this f rac t ion  may relate to the  origin of  
lamellar bodies.  Enzymes  o ther  than  PAPase 
which are involved in g lycerophosphol ip id  
metabol i sm have also been  demons t r a t ed  in 
purif ied lamellar b o d y  f rac t ions  (20-22). Recent-  
ly, Baranska and van Golde  suggested that  the  
activity of  several o f  these enzymes  can be 
accounted  for by  microsomal  con tamina t ion  of 
lamellar b o d y  f rac t ion  (23). 

The physiological  role o f  the  PAPase activity 
associated wi th  the  lamellar bodies  is unclear.  It 
has been  suggested that  the  func t ion  of  en- 
zymes  of  lysosomal  origin which  are associated 
wi th  lamellar bodies  is to facili tate the  exo- 
cytosis o f  the  lamellar bodies  f rom the  type  II 
p n e u m o n o c y t e s  (18). We have suggested that  
phospha t ida te  phosphohydro la se  may be in- 
volved in the  regulat ion of  the  b iosynthes is  o f  
the  phospha t idy lcho l ine  and phospha t idy l -  
glycerol found  in sur fac tant  (7,24).  
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Cyclopropene Fatty Acids in Some Malaysian Edible Seeds 
and Nuts: I. Durian (Durio zibethinus, Murr.) 
SHIV K. BERRY, Department of Food Science and Technology, Faculty of Agriculture, 
University of Agriculture Malaysia, Serdang, Selangor, Malaysia 

ABSTRACT 

The aril and seeds of the fruit Durian (Durio zibethinus, Murr.) were examined for their protein 
content and fatty acid composition by gas liquid chromatography (GLC). The values (area percentage) 
for fatty acids as methyl esters were: aril = 14:0 (0.91%); 16:0 (34.13%); 16:1 (7.10%); 18:0 (1.21%); 
18:1 (42.14%); 18:2 (7.85%) and 18:3 plus 20:0 (5.69%), Seeds = 14:0 (0.12%); 16:0 (12.20%); 16:1 
(1.15%); 18:0 (1.42%); 18:1 (8.42%); 18:2 (6.50%); dihydrostereulic acid (2.52%); 18:3 plus 20:0 
(11.30%); malvalic acid (15.72%); sterculic acid (38.53%) and 22:0 (1.21%). The germ oil contained 
the highest amount of sterculic acid. The cooking temperatures employed reduced the malvalic and 
sterculic acid contents in seeds only by ca. 22% and 19%, respectively. 

INTRODUCTION 

Durian,  Durio zibethinus, Murr. (Born- 
baeaeeae) is cu l t iva ted  in its na tu ra l  hab i t a t  
largely for  its f rui t  t h r o u g h o u t  Sou theas t  Asia. 
The  frui ts  are highly pr ized and are m u c h  
apprec ia ted  for  the i r  odo r  and  del icate  f lavor 
by the  people  of  this  region.  The  edible po r t i on  
is the  aril in the  f rui t ;  the  seeds m ay  also be 
consumed .  The  aril is no rmal ly  ea ten  fresh, 
somet imes  f e r m e n t e d  wi th  salt ( " t e m p o y a k " )  
or boi led wi th  sugar ( " l e m p o k " ) .  The  flavor of 
the  fruit  changes  wi th  age. As soon  as the  frui t  
falls, very rapid chemical  changes  take place in 
the  aril. These  changes  c o n t i n u e  to a stage when  
the  aril can no  longer  please the  o rd ina ry  
palate.  It is said tha t  the  f rui t  c a n n o t  be kept  
for  more  t h a n  5-6 days w i t h o u t  losing its 
charac ter i s t ic  f lavor and  tex ture .  E x p e r i m e n t s  
at p ro long ing  the  shelf  life by  cold storage have 
had  on ly  par t ia l  success (1).  However ,  the  aril 
a long wi th  seeds could be b lanched ,  f rozen  and  
s tored be low -10 C for  as long as 6 m w i t h o u t  
any  easily de tec tab le  o rgano lep t i c  changes  (S.K. 
Berry,  persona l  c o m m u n i c a t i o n ,  1976).  

The  seeds are e m b e d d e d  in the arils. They  
are large, 5-7 cm long by ca. 2-4 cm wide, hard  
but  no t  s tony  and are covered wi th  a th in ,  
l igh t -brown skin. A fresh seed may weigh 
as m u c h  as 40 g. The seeds are boi led or baked  
pr ior  to c o n s u m p t i o n .  

S t a n t o n  (2) gave a full descr ip t ion  of  the  
frui t  and reviewed its p r o x i m a t e  analyses.  
Recent ly ,  volat i le  f lavoring c o n s t i t u e n t s  of  the  
aril were r epor ted  (3). The  seeds con ta in  very 
l i t t le  oil. The  fresh aril, however ,  con ta ins  as 
m u c h  as 5% of  an oil wi th  u n k n o w n  fa t ty  acid 
compos i t ion .  Since the fruit  de te r iora tes  
rapidly  and  loses its edible value, it would  be 
of  pract ica l  and scientif ic in te res t  to  invest igate  
the  f a t t y  acid c o m p o s i t i o n  of  the aril. Addi-  
t ional ly ,  the  seeds may  con t a i n  cyc lop ropene  

fa t ty  acids (CPFA)  t ha t  are c o m m o n l y  f o u n d  in 
p lants  of  the  order  Malvales to which  dur ian  
belongs  (4).  The  adverse biological  ef fects  of 
these f a t ty  acids in farm and  expe r imen t a l  
animals  are well d o c u m e n t e d  (5-9).  More 
recent ly ,  CPFA were found  to cause cancer  in 
r a i nbow t r o u t  (10)  and  aort ic  a theroscleros is  in 
r abb i t  ( t l ) .  These  obse rva t ions  are of  great  
conce rn  because h u m a n s  u n k n o w i n g l y  c o n s u m e  
seeds and  nuts  which  may  con ta in  these f a t ty  
acids. 

The  aim of this  s tudy  was to explore  the  
f a t ty  acid c o m p o s i t i o n  of  b o t h  aril and seeds of 
the  frui t  dur ian  and to invest igate  the  in f luence  
of  cook ing  t e m p e r a t u r e  on  the  fate of cyclo- 
p ropene  fa t ty  acids in seeds. 

EXPERIMENTAL PROCEDURES 

Durians  were purchased  f rom the local 
marke t  and  prepared  for  analysis  immedia te ly .  
F a t t y  acid m e t h y l  ester  re ference  s tandards  
were ob t a ined  t h r o u g h  Sigma Chemica l  Com- 
pany  (St. Louis, MO). Sod ium m e t h o x i d e  
reagent  (0.5 N) was purchased  f rom Supelco,  
Inc. (Bet le fonte ,  PA). All o t h e r  reagents  used 
were of analyt ica l  grade. 

Extraction of Oil and Analyses 

The freeze-dried aril pulp and oven-dr ied 
seeds were pulvar ized to a fine p o w d e r  and  
ex t r ac t ed  separate ly  wi th  p e t r o l e u m  e the r  (bp  
40-60 C) in Soxh le t  appara tus  for 16 hr. The  
oil was recovered  by evapora t ing  the  e ther  on a 
ro ta ry  evapora to r  unde r  reduced  pressure.  

A sample of dur ian  seeds f rom the  same lot 
was boiled in water  unt i l  soft .  The boiled seeds 
were t hen  dried and ex t rac ted  for  oil in the 
same manner .  

Mois ture  c o n t e n t  (air  oven m e t h o d )  and 
pro te in  c o n t e n t  (Kje ldahl  m e t h o d )  of  b o t h  aril 
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and seeds were determined as described by 
AOAC (12). The Halphen color test was per- 
formed according to the Coleman and Firestone 
method (13). 

Preparation of Methyl Esters and 
Silver Nitrate Derivatives 

Methyl esters of the oil fatty acids were 
prepared by transmethylation using sodium 
methoxide (0.5 N) in methanol as described by 
Timms (14). The contents  of the reaction 
vessel were centrifuged for clarification. For 
seed oils, the petroleum ether layer containing 
the methyl esters was removed and treated with 
methanol saturated with silver nitrate according 
to the Schneider et al. method (15) to obtain 
stable CPFA ester derivatives. The normal fatty 
acid esters and the CPFA ester derivatives were 
recovered from the reaction mixture in the 
usual manner. 

Gas Liquid Chromatography 

The mixture of fatty acid m e t h y l  esters 
derived from their respective oils was analyzed 
on a Pye Series 204 gas chromatograph 
equipped with hydrogen flame ionization 
detectors. The analysis was performed on 2 
glass columns of the same length (1.5 m x 4 
ram, id) but containing 2 different phases of 
opposite polarity. Column A, which was 
packed with 10% w/w polyethylene glycol 
succinate adsorbed on 100-120 mesh Diatomite 
CAW, was operated at 180 C with nitrogen as 
carrier gas (OFN) at a flow rate of 30 ml/min. 
Column B, which contained 10% w/w APL 
supported on 100-120 mesh Diatomite CAW 
DMCS, was operated at 220 C with nitrogen as 
carrier gas at a flow rate of 50 ml/min. The 
injection port and detector temperatures were 
maintained at 200 C. 

Gas chromatograph peaks were identified by 
comparison with pure methyl esters through 
retention time relative to methyl hepta- 
decanoate on 2 columns. The oil of Sterculia 
foetida seeds was used as reference standard to 
identify cyciopropene fatty acids. The fatty 
acid methyl ester derivatives of this oil were 
mixed with sample fatty acid ester derivatives 
and chromatographed together (cochroma- 
tography) on column A. 

The area percentage of each peak was 
obtained on Hewlett-Packard 3380A Integrator 
linked directly to the gas chromatograph. The 
analysis was performed in duplicate. 

Infrared (IR) spectra of fatty acid methyl 
esters were determined on a Beckman 4240 IR 
Spectrophotometer.  A Varian Techtron Model 
635 spectrophotometer was used to record 
ultraviolet (UV) spectra. 

RESULTS AND DISCUSSION 

Aril Oil 

The dried aril yielded ca. 15% of a yellow- 
colored oil. The oil did not respond to Halphen 
test indicating the absence of CPFA. The fatty 
acid composition of the aril is given in Table I. 
The oil from 2 durian strains, namely with 
cream- or yellow-colored aril, exhibited varia- 
tion in fatty acid composition as evident from 
the data in Table I. The oil, however, was 
primarily composed of palmitic and oleic acids 
which predominate in most fruit-coat fats (16). 
The unsaturated fatty acids constituted ca. 
62-70% of the total fatty acids. The linolenic 
acid content, especially in the yellow-colored 
aril, was relatively higher compared to most 
fruit-coat fats. 

The aril is normally consumed immediately 
after opening the frui t -otherwise it loses its 
flavor and firm, creamy texture and becomes 
rancid and watery. These changes in flavor and 
texture may be attributed to oxidative and 
hydrolytic alterations in fatty acid composition 
of the fat. The chemical composition of the 
lipid invariably influences the textural 
properties of fat-containing foods (17). The 
products of oxidation, and hydrolysis of the 
unsaturated fatty acids in particular, make the 
fruit taste rancid thus upsetting the delicate 
flavor balance. The fresh aril, however, provides 
a sufficient amount of essential fatty acids to 
the consumer. 

Seed Oil 

Both fresh and boiled seeds were examined 
for their oil content (1.8%). The fatty acid 
composition of the whole seeds, germ and 
cotyledons is presented in Table I. The whole 
seed oil contained ca. 82% unsaturated fatty 
acids. The palmitic acid content of this oil was 
relatively lower compared to other seed oils of 
the family Bombacaceae (16). Of the unsatu- 
rated fatty acids, linoleic and linolenic together 
constituted ca. 22%. The cooking temperatures 
employed did not significantly affect the 
concentration of these fatty acids in seeds. 

Occurrence of Cyclopropene Fatty Acids 

The oil samples from the whole seeds, germ 
and cotyledons gave a positive Halphen test 
indicating the presence of CPFA. This was 
further supported by IR studies. The methyl 
esters of oil fatty acids had the characteristic IR 
band for cyclopropene moiety at 1008 cm -1. 
The spectrum, however, did not exhibit the 
presence of a hydroxyl or terminal acetylenic 
group. The UV spectra showed no conjugation 
in the oils. 
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TABLE I 

Analytical Data on Durian Aril, Seed and Their Oil 

Property 

Value 

Seeds 

Aril Whole 

Yellow Creamy Fresh Cooked Germ Cotyledons 

Composition (%) 
Moisture 66.00 
Oil b 5.00 
Protein b (N x 6.25) 2.50 

Oil fatty acid 
composition 

(Area %) 
14:0 0.91 
16:0 34.13 
16:1 7.10 
18:0 1.21 
18:1 42.14 
18:2 7.85 

Dihydrosterculic c --- 
18:3 5.69 
20:0 Trace d 

Malvalic --- 

Sterculic -- 
22:0 --- 

ND a 77.00 61.60 77.00 77.00 
ND 0.50 0.50 1.54 0.20 
ND 1.57 ND 4.23 ND 

0.34 0.12 0.17 0.12 0.25 
28.94 12.20 22.81 4.52 14.90 

5.16 1.15 1.07 0.26 1.00 
1.23 1.42 1.66 0.41 2.00 

58.98 8.42 7.67 3.92 9.84 
3.16 6.50 6.26 4.07 6.50 

--- 2.52 3.09 1.66 4.05 
2.21 11.30 13.61 5.62 16.64 

Trace 

--- 15.72 12.28 1.76 20.65 

--- 38.53 31.34 77.68 20.89 
--- 1.21 Trace -- 2.82 

aND = Not Determined. 
bwet basis. 
CTentative identification. 
dTrace = < 0.1% 

The  presence  of malvalic and  sterculic acids 
was c o n f i r m e d  by c o m p a r i s o n  with silver 
n i t ra te  derivat ives of  f a t ty  acid m e t h y l  esters  of  
Sterculia foetida seed oil t h r o u g h  r e t en t i on  
t ime  and c o c h r o m a t o g r a p h y  on c o l u m n  A. 
Dihydros t e rcu l i c  acid was t en ta t ive ly  ident i f ied  
in all these  oils. These  oils were f o u n d  to 
con ta in  a ra ther  large a m o u n t  of C P F A  in 
which  s tercul ic  acid p r e d o m i n a t e s ;  the h ighes t  
a m o u n t  is in germ oil. The  rat io of  s tercul ic  
acid- to-malval ic  acid in the  oil of  whole  seeds,  
germ and c o t y l e d o n s  was f o u n d  to be ca. 
2: 1, 44:1 and  1 : 1, respect ively .  The  germ was 
e x a m i n e d  separa te ly  for  its CPFA c o n t e n t  
because  the  removal  of  the  germ f rom seeds 
lessens the  effect  of  skin i r r i ta t ion,  as ex- 
per ienced  by s o m e  c o n s u m e r s .  F u r t h e r m o r e ,  
the  seeds have  been  r epo r t ed  to be indigest ible  
and con ta in  a p o i s o n o u s  subs t ance  which  causes  
sho r tnes s  of  b rea th  (2). These  de le te r ious  
proper t ies  could  p robab ly  be a t t r i bu t ed  to  the 
excess  of  s tercul ic  acid, which  has  been impli-  
cated in exer t ing  s t ronger  biological e f fec t s  in 
an imals  (5, 18). 

Effect of Heat on CPFA 

C y c l o p r o p e n e  f a t ty  acids are qui te  labile to  

heat  and  tend  to unde rgo  po lymer i za t i on .  It 
was observed tha t ,  in the  H a l p h e n  test  on  the  
cooked  seed oil, the  color d e v e l o p m e n t  was 
ra ther  slow. This  could  have resul ted  f rom 
partial  p o l y m e r i z a t i o n  (wh ich  is reversible 
u n d e r  alkaline condi t ions )  o f  CPFA dur ing  
cooking  (4). Quan t i t a t ive  s tudies  showed  tha t  
the  malvalic and s tercul ic  acid c o n t e n t s  of  
whole  seed decreased  u p o n  cook ing  on ly  by ca. 
22% and 19%, respect ively.  It is a m b i g u o u s  
whe the r  CPFA  still exh ib i t  their  biological 
act ivi ty af ter  such  hea t  t r e a t m e n t s .  The  isolated 
seed oils con ta in ing  CPFA,  however ,  do no t  
r e spond  to the  H a lphe n  color  tes t  and at the  
same  t ime  lose their  biological  act ivi ty  w he n  
subjec ted  to h igh  t e m p e r a t u r e s  (19 ,20) .  

CONCLUSION 

The  foregoing  resul ts  show e d  tha t  the  aril is 
a good  source  o f  essential  f a t ty  acids, besides  
having aes the t ic  value.  The  seeds,  on the  o the r  
hand ,  con ta in  a high a m o u n t  of  undes i rab le  
cyc lop rope ne  fa t ty  acids which  are on ly  
part ial ly des t royed  dur ing  cooking.  It would  
the re fo re  seem e x t r e m e l y  unw i se  to c o n s u m e  
these  seeds. 
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Abnormal Suppression of 3-Hydroxy-3-MethylgtutaryI-CoA 
Reductase Activity in Cultured Human Fibroblasts 
by Hypertriglyceridemic Very Low Density 
Lipoprotein Subclasses 1 
SANDRA H. GIANTURCO,  CHRISTOPHER d. PACKARD, 
JAMES SHEPHERD, LOUIS C, SMITH, ALBERICO L. CATAPANO, 
HARLEY D. SYBERS and ANTONIO M. GOTTO, JR., Department of Medicine, 
Baylor College of Medicine and The Methodist Hospital, Houston, TX 77030 

ABSTRACT 

Our previous studies showed that hypertriglyceridemic very low density lipoproteins (HTG VLDL) 
are functionally abnormal. HTG VLDL, but not normal VLDL, suppress HMC,-CoA reductase in 
cultured normal human fibroblasts. To determine if the suppression by HTG VLDL resulted from a 
subpopulation of smaller suppressive particles, more homogeneous subclasses of VLDL-VLDL1 (Sf 
100-400), VLDL 2 (Sf 60-100), and VLDL 3 (Sf 20-60) were obtained from the d < 1.006 (goml "1) 
fraction of normal and hypertriglyceridemic plasma by flotation through a discontinuous salt gradient 
and tested for suppression in normal human fibroblasts. VLDL 1 and VLDL 2 from each of the 12 
normolipemic subjects tested failed to suppress HMG-CoA reductase activity in normal fibroblasts. 
Eleven out of 12 preparations of normal VLDL 3 suppressed HMG-CoA reductase, but only one-third 
as effectively as LDL. By contrast, the VLDL l, VLDL 2 and VLDL 3 from 15 out of 17 hypertri- 
glyceridemic patients (hyperhpoproteinemia Types IIb, III, IV and V) were highly effective in suppres- 
sion, with half-maximal suppression at 0.1-2.0 ~g VLDL protein/ml. The VLDL abnormality is appar- 
ently associated with hypertriglyceridemia and not hypercholesterolemia, since VLDL from a homo- 
zygous familial hypercholesterolemia patient with a Type l la  pattern did not suppress whereas each of 
the VLDL subclasses from a Type lib patient suppressed. Suppression by HTG VLDL in normal ceils 
is apparently a consequence of interaction of the protein portion of the VLDL with the specific LDL 
cell surface receptor since HTG VLDL 1 treated with 0.1 M 1,2-cyclohexanedione to block arginyl 
residues failed to suppress the enzyme. Moreover, hypertriglyeeridemic Sf 60-400 VLDL failed to 
suppress HMG-CoA reductase activity in LDL receptor-negative fibroblasts. There were no consistent 
major compositional differences between comparable normal and hypertriglyceridemic VLDL sub- 
classes which could account for differences in suppression. All VLDL subclasses from Type III subjects 
were enriched in cholesteryl esters and depleted in triglyceride, relative to the corresponding normal 
VLDL subclasses. However, Type IV and Type V VLDL subclasses were normal in this respect. We 
conclude from these studies that small particle diameter is not required for suppression, since HTG 
VLDL 1 and VLDL 2 which contained few, if any, small particles were effective in suppression. 

INTRODUCTION 

Triglycerides  in the  p lasma are carr ied 
pr imar i ly  in chy lomic rons ,  par t ic les  f o r m e d  in 
t he  in tes t ine  wi th  t r ig lycer ides  of  exogenous  
origin,  and  in very low dens i ty  h p o p r o t e i n s  
(VLDL) ,  par t ic les  fo rmed  main ly  in the  liver 
wi th  endogenous ly  syn thes ized  t r iglycerides.  
C h y l o m i c r o n s  are no t  f o u n d  in the  p lasma of  
normal ,  fas t ing m a n ;  VLDL are the  on ly  
t r ig lycer ide-r ich  l i pop ro t e in  p resen t  and  these  
are at  low levels. Large V L D L  are conve r t ed  in 
vivo to  smaller  V L D L  " r e m n a n t s "  and  f inal ly  
to  low dens i ty  l i popro te ins  (LDL)  pr imar i ly  as 
a resul t  o f  hydro lys i s  o f  t he  t r ig lycer ides  by  
l i pop ro t e in  lipase. A signif icant  p o r t i o n  of  t he  
p lasma LDL are p r o b a b l y  ca tabol ized  b y  

1presented as part of the symposium "Low Den- 
sity and Very Low Density Lipoproteins" at the 
American Oil Chemists' Society meeting on May 2, 
1979, in San Francisco. 

n o n h e p a t i c  cells by  a p a t h w a y  first ident i f ied  in 
cu l tu red  h u m a n  f ibroblas t s  b y  Golds te in  and  
B r o w n  (1).  In cu l tu red  n o r m a l  cells, LDL b ind  
to  a specific cell surface r ecep to r ,  are inter-  
nal ized by  endocy tos i s  and  degraded in the  
lysosomes.  Af te r  specific LDL degrada t ion ,  
cellular cho les te ro l  es te r i f i ca t ion  is e n h a n c e d  
and  the  synthes is  of  the  r ecep to r  and  of  3- 
h y d r o x y - 3 - m e t h y l g l u t a r y l - C o A  (HMG-CoA)  re- 
duc tase  are suppressed,  t hus  l imi t ing  b o t h  
cellular u p t a k e  of  LDL and  b iosyn thes i s  of  
choles terol .  Mahley  and  coworker s  have s h o w n  
tha t  cer ta in  h igh dens i ty  l i pop ro t e in s  wh ich  
con t a in  a p o p r o t e i n  E (apo E) also b i n d  wi th  
h igh  af f in i ty  to  t he  LDL r e c e p t o r  and  suppress  
HMG-CoA reduc tase  act iv i ty  (2).  Mod i f i ca t ion  
w i th  c y c l o h e x a n e d i o n e  of  t h e  arginyl  res idues  
o f  a p o p r o t e i n  B (apoB)  in LDL and  apoE  in t he  
suppressive HDL abol ishes  the  abi l i ty  of  the  
part icles  to  in t e rac t  wi th  cells (3). Our  previous  
s tudies  showed  t h a t  VLDL i sola ted f rom fas t ing 
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normolipemic plasma by rate zonal ultra- 
centrifugation do not suppress HMG-CoA 
reductase activity in cultured normal human 
fibroblasts even though they contained both 
apoB and apoE (4). In contrast, VLDL isolated 
by the zonal method from the plasma of 
hypertriglyceridemic patients with hyperlipo- 
proteinemia Types III, IV and V suppress 
HMG-CoA reductase in normal, but not in 
receptor-negative fibroblasts (4). The molecular 
basis for this difference in unknown. The 
normal VLDL apparently contain all of the 
structural elements necessary for receptor- 
mediated suppression, but in a masked form, 
since the nonsuppressive normal VLDL can be 
converted with purified lipoprotein lipase in 
vitro to LDL-like particles (VLDL remnants) 
which are as suppressive as native LDL in 
normal, but not in receptor negative, fibroblasts 
(5). 

An obvious and major difference between 
LDL and VLDL is size. A potential explanation 
for the differences in suppression by normal vs 
hypertriglyceridemic VLDL is that the suppres- 
sive, hypertriglyceridemic VLDL contain a 
subpopulation of smaller particles which are 
potent suppressors. Since the total VLDL 
fraction contains particles which are heteroge- 
neous with respect to size, density and compo- 
sition, we isolated more homogeneous sub- 
classes of VLDL, VLDL 1 (Sf 100-400), VLDL 2 
(Sf 60-100), and VLDL 3 (Sf 20-60) (6) from 
12 normolipemic and 17 hypertriglyceridemic 
subjects. We tested these fractions for their 
effects on HMG-CoA reductase activity in 
normal human fibroblasts. 

Our studies show that even VLDL1, the 
largest VLDL particles, from 15 of the 17 
hypertriglyceridemic subjects effectively sup- 
press HMG-CoA reductase in cultured normal 
fibroblasts. In contrast, of the normal VLDL 
subclasses, only the smailest-Sf 20-60 V L D L -  
exhibited any ability to suppress HMG-CoA 
reductase and this suppression was moderate. 
Smaller lipoprotein size may be an important 
factor in suppression, but it is neither the sole 
determinant nor an essential one. 

METHODS 

Materials 

DL-3-Hydroxy-3-methyl [ 3-14 C ] -glutaryl-Co A 
(20-50 Ci/mol) was obtained from New En- 
gland Nuclear (Boston, MA). NADP, D-glucose- 
6-phosphate (monosodium salt) and glucose- 
6-phosphate dehydrogenase (Type XV, sulfate- 
free) were purchased from Sigma Chemical 
Company (St. Louis, MO). 1,2-Cyclohexane- 
dione was obtained from Aldrich Chemical 
Company (Milwaukee, WI). Reagent grade 

hydroxylamine, sodium borate and mannitol 
were purchased from Fisher Scientific Com- 
pany (Pittsburgh, PA). Thin layer chromato- 
graphic materials and tissue culture supplies 
were obtained as previously reported (4). 

Cells 

Monolayer cultures of normal human 
fibroblasts were established from a preputial 
specimen obtained from a healthy newborn. 
Cells were maintained in 100 mm dishes in a 
humidified incubator (5% CO a) at 37 C and 
used between the third and ninth passage. A 
detailed description of the growth conditions 
and the subculture method has been presented 
(4). For experimental purposes, ca. 5 x 104 
cells/dish were seeded into dishes (60 x 15 mm) 
containing complete medium (3 ml). After 3 
days of growth, when the cells were ca. 75% 
confluent, the medium was removed; the cells 
were washed with 3 ml saline and were placed 
on 2 ml medium containing 5% human lipo- 
protein-deficient serum (LPDS) for 24 hr, to 
allow HMG-CoA reductase activity to increase 
to unsuppressed levels. Indicated quantities of 
lipoproteins (in 0.2 ml) were then added to 
duplicate dishes and incubated for 16 hr. The 
medium was then removed, the cell monolayers 
washed twice at room temperature with 2 ml 
saline, and the ceils scraped with a rubber 
policeman into 2.0 ml 0.15 M NaC1 containing 
50 mM Tris-HCl, pH 7.4. The cells were sedi- 
mented by centrifugation, the supernatant was 
discarded and the cell pellets stored at -80 C. 

HMG-CoA Reductase Assay 

HMG-CoA reductase activities were deter- 
mined by a modification of the Brown et al. 
method (7). Cell pellets were thawed rapidly 
and incubated for 10 min at 37 C with 0.1 ml 
50 mM K2HPO4, pH 7.4, containing 5 mM 
dithiothreitol, 1 mM EDTA, 0.15 M KC1 and 
0.25% Kyro EOB (Proctor and Gamble, Co., 
Cincinnati, OH). After centrifugation for 1 min 
in a Beckman Microfuge at room temperature, 
the clear supernatants were assayed in duplicate 
for HMG-CoA reductase activity. Cell extracts 
(20/~1) were incubated at 37 C in a final vol of 
35 Ltl with 3 mM NADP; 22 mM glucose-6- 
phosphate; 14 mM Tris-HC1, pH 7.5; 5 mM 
dithiothreitol, 0.15 unit of glucose-6-phosphate 
dehydrogenase; and 43 /~M (3-14C]-HMG-CoA. 
After 2 hr, 10 /ll of 2.5 N HC1 containing 60 
mM mevalonolactone as carrier was added. 
After 20 min at 37 C, an aliquot (15/ll)  of the 
acidified reaction mixture was streaked on a 
silica thin layer chromatogram (8). The chro- 
matograms were air-dried and developed in 
acetone/benzene (1 :I, v/v) until the solvent 
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front had moved 5.5 cm above the origin (the 
top of the chromatogram). Areas of the chro- 
matogram containing mevalonolactone (Rf 
0.63) and residual HMG-CoA (origin) were 
counted in a liquid scintillation counter. Each 
HMG-CoA reductase activity data point is the 
average of duplicate determinations of dupli- 
cate dishes, which differed by less than 15%. 
Protein content of extracts was determined by 
the Lowry et al. method (9) using bovine serum 
albumin as a standard. 

Lipoproteins and Lipoprotein 
Deficient Serum (LPDS) 

Normal lipoprotein fractions and LPDS (d > 
1.21) were isolated from the plasma of fasting 
(12-14 hr) adult normolipemic males (age 
21-26, plasma triglyceride levels ~< 110 mg/dl, 
and cholesterol ~< 200 mg/dl, no known medi- 
cal disorders, receiving no drugs). Hyperlipo- 
proteinemic VLDL were obtained from the 
plasmas of patients with hyperlipoproteinemia 
Types IIA, IIB, III, IV and Type V. The diag- 
noses were based on commonly used criteria 
(10). One Type III patient has been described 
in detail elsewhere (4). The plasma cholesterol 
and triglyceride levels expressed as mg/dl of the 
hypertriglyceridemic subjects were as follows: 
Type IIb, 271 and 244; Type III, 374 and 480, 
234 and 187, 316 and 344; Type IV, 261 and 
477, 255 and 368, 194 and 291, 190 and 363, 
187 and 216, and 165 and 374; Type V, 670 
and 4330, 312 and 1589, 371 and 2824, 282 
and 1520, 285 and 732, 282 and 1260, and 359 
and 1776. The types IIB, 11I and IV subjects 
were on no special lipid-lowering diets or drug 
therapies for at least 4 wk prior to lipoprotein 
isolation; plasma lipid levels were similar 1 wk 
prior to plasma donation. In the Type IIb, III 
and IV subjects, clinical, biochemical and 
hematologic studies were used to exclude 
secondary causes of hyperlipoproteinemia. 
Seven of the subjects (Types lII and IV) have 
been described in detail elsewhere (11). The 
Type V subjects probably could not be con- 
sidered to be in a steady state with respect to 
plasma triglyceride levels at the time plasma 
was obtained for lipoprotein isolation; recent 
previous lipid values are unknown. Six of the 7 
Type V subjects were receiving insulin; one of 
the diabetic Type V subjects was also taking 
Atromid-S. One subject was a primary Type V 
(plasma cholesterol 282 mg/dl, triglycerides 
1,260 mg/dl), suffered from coronary heart 
disease, and was taking rerserpine, digoxin, 
potassium supplement and nicotinic acid. 
However, the VLDL subclasses from each of 
the type V subjects were similarly suppressive, 
giving half-maximal suppression at 1-2 /2g 

protein/ml. None of the subjects noted any 
marked weight change in the month prior 
to plasma donation. Blood from most normal 
subjects was collected in 0.1% EDTA after a 
12-hr fast; red cells were removed by low speed 
centrifugation. Plasma from several normo- 
lipemic and all hyperlipoproteinemic subjects 
was obtained by p lasmapheresis after a 12-14-hr 
fast. Lipoprotein fractions were isolated from 
plasma according to standard techniques by 
sequential flotation in a 60 Ti rotor at 45,000 
rpm and 14 C for indicated times in a Beckman 
preparative ultracentrifuge (Beckman Instru- 
ments, Inc., Spinco Div., Palo Alto, CA) with 
KBr for density adjustment (12) after chylo- 
microns were removed (0.5 hr at 35,000 rpm). 
Total VLDL were than isolated in a second 
centrifugation (18 hr) without adjusting the 
density of plasma (d < 1.006); LDL were 
isolated (18-hr spin) at d 1.006-1.063. VLDL 
(d < 1.006) from a homozygous familial hyper- 
cholesterolemia patient with a Type IIa lipo- 
protein pattern were purified by rate zonal 
ultracentrifugation in a Beckman Ti-14 zonal 
rotor; a linear gradient in the density range of 
1.000-1.300 (NaBr) was used for ultracen- 
trifugation at 15 C and 42,000 rpm for 140 min 
(13). VLDL1 (Sf 100-400), VLDL 2 (Sf 60-100) 
and VLDL 3 (Sf 2%60) subclasses were isolated 
from the total VLDL fraction (d < 1.006) by 
flotation in a density gradient (d 1.006-1.05) in 
a SW-41 rotor (23 C, 35,000 rpm for 144 min 
[Sf 100-400], 108 min [Sf 60-100] and 18 hr, 
38 min [Sf 20-60]) as described by Lindgren 
and associates (6). Before subfractionation, 
most normolipemic VLDL preparations were 
concentrated by ultrafiltration or in dialysis 
tubing against dry Sephadex G-75. Separation 
of VLDL on the basis of size was validated 
by electron microscopy after negative staining 
with 2% potassium phosphotungstate (14). The 
mean diameters of Sf 100-400 VLDL, Sf 
60-100 VLDL, St 20-60 VLDL and LDL 
were 48.9 • 2.2, 38.0 • 3.4, 32.7 +- 3.9 nm and 
24.6 • 35 nm (mean • SD), respectively. 

Lipoproteins and LPDS were dialyzed 
against 3 changes of 50 vol of 0.15 M NaC1 
containing 50 mM Tris-HC1, pH 7.4, and 0.3 
mM EDTA at 4 C for 36-48 hr. Lipoproteins 
and thrombin-treated LPDS (I 5) were sterilized 
by filtration through a 0.2-/2m filter unit 
(Millipore); LPDS was stored at -20 C and 
lipoproteins at 4 C. 

Total protein content of the hpoproteins 
was determined by modification of the Lowry 
method; sodium dodecyl sulfate, at a final 
concentration of 0.1%, was included to prevent 
interference by opalescence and light scattering 
(16). ApoB was determined as the difference 
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be tween  the total  protein and the prote in  
soluble in 4.2 t e t ramethy lurea  (TMU) (17). 
Soluble apoprote in  compos i t ion  was deter-  
mined after  del ipidat ion with 4.2 M TMU. The 
apoprote ins  were separated by electrophoresis  
on 7.5% polyacry lamide  gels containing 8 M 
urea, stained with Amido-Schwar tz  and quanti-  
ta ted by scanning dens i tomet ry  (17). Chol- 
esterol, free and esterified, was quant if ied 
enzymat ical ly  (18). Phospholipid phosphorus  
was assayed by the  Bart let t  m e t h o d  (19). 

1 ,2-Cyclohexanedione was used to modi fy  
the arginyl residues of  the l ipoprote ins  and 
hydroxy lamine  to remove  the  adduct  exact ly  as 
described by Mahley and coworkers  (3). 

RESULTS AND DISCUSSION ~ 

VLDL are he te rogeneous  with respect to 
size, density and compos i t ion  (20). We there- 
fore isolated more homogeneous  subclasses o f  
V L D L  from normal  and hyper t r ig lycer idemic  
subjects to de termine  whether  or  not  the 
abnormal  HMG-CoA reductase suppression 
observed with the  to ta l  hyper t r ig lycer idemic  
V L D L  were confined to a smaller, " r e m n a n t "  
VLDL subclass or  present  th roughou t  the  
V L D L  spectrum. 

Diameters  of  the V L D L  subclasses were 
est imated by electron microscopy  of  negatively- 
stained particles. Elec t ron  micrographs revealed 
few, if  any, small particles in the VLDL1 and 
VLDL 2 subclasses f rom bo th  hypertr iglycer-  
idemic pat ients  and normol ipemic  subjects. The  
VLDL subfract ions gave monoexponen t i a l  
decay funct ions  by laser light scattering spec- 
t roscopy,  indicating that  the  particles in each 
isolated subclass were homogeneous  with 
respect to size (11). 

VLDL 1 and V L D L  2 f rom each of  the 12 
normol ipemic  subjects tested failed to suppress ~ 
HMG-CoA reductase activity i n  normal  fibro- ). 
blasts. Eleven ou t  of  12 V L D L  3 preparat ions  _~ 
f rom normal  plasma suppressed HMG-CoA 
reductase,  but  not  as effect ively as LDL (Fig. 
1); one normal  VLDL 3 sample had no effect  on 
reductase activity.  In some exper iments ,  
V L D L  1 or the combined V L D L  1 + VLDL2 
f rom normal  subjects s t imulated HMG-CoA 
reductase activity. 

In contrast  to normal  V L D L  subclasses, 
VLDL1,  V L D L  2 and V L D L  3 f rom 15 patients  
wi th  hyper t r ig lycer idemia were highly effect ive 
in suppression, with half-maximal  suppression 
ranging f rom 0.1 to 2.0 Ltg V L D L  pro te in /ml  
with different  V L D L  preparat ions (Fig. 2). The 
suppressive VLDL subclasses were f rom patients 
with hyper l ipopro te inemia  Types l ib ,  1 ; III, 3 ; 
IV, 4;  and V, 7. Of  the 17 hyper t r ig lycer idemic  

VLDL donors,  only 2 had V L D L  subclasses 
with normal  effects  on reductase.  These 2 
donors  were pr imary Type  IV patients  with 
plasma tr iglyceride levels of  368 and 477 mg/dl .  
The V L D L  1 and VLDL 2 f rom 2 o ther  Type  IV 
patients  with plasma tr iglycerides 291 and 363 
mg/dl  were modera te ly  suppressive whereas 
their  V L D L  3 were as po ten t  as LDL in suppres- 
sion. Each of  the  3 V L D L  subclasses obtained 
f rom 2 addi t ional  Type  IV patients (plasma 
tr iglycerides 216 and 374 mg]dl) were as 
suppressive as LDL (Fig. 3). There were no 
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FIG. 1. Effects of normal VLDL subclasses and 
LDL on HMG-CoA reductase activity in normal 
human fibroblasts. Cells were grown to ca. 75% 
confluency in complete medium containing 10% fetal 
calf serum, washed and placed on 2 ml of medium 
containing 5% LPDS for 24 hr, as described in Meth- 
ods. Indicated amounts of lipoproteins, in 0.2 ml, 
were added to duplicate dishes for 16 hr before the 
cells were washed and harvested. Each data point is an 
average of duplicate determinations of HMG-CoA 
reductase activity in cells from duplicate dishes. 
Normal LDL (e- -o) ;  normal VLDL 1 (=--=); VLDL 2 
(#--#);  and VLDL 3 (L--A), purified by flotation 
through a density gradient d 1.006-1.05, as described 
in Methods. 

LDL I 

SUBJECT M A 

VLDL 3 lype III VLDL?~ 

)Jg protein rnV] 

FIG. 2. Effects of hypertriglyceridemic VLDL 
subclasses on HMG-CoA reductase activity in sub- 
confluent cultures. Growth of the cells and the experi- 
mental design were the same as described in the legend 
to Fig. 1. Each data point is the average of duplicate 
determinations of duplicate dishes. The hypertriglycer- 
idemic VLDL subclasses were from a Type lII subject. 
Normal LDL (o- -e ) ;  VLDL 1 ([]--D);VLDL 2 (0--o);  
VLDL 3 (A--A). 

LIPIDS,  VOL.  1 5, NO. 6 



460 S.H. G I A N T U R C O  ET AL. 

apparent reasons for these differences among 
Type IV subjects; however, heterogeneity in 
cellular effects of  the VLDL is consistent with 
variable etiologies of the Type IV profile. 

The observation that hypertriglyceridemic 
VLDL 1 suppressed indicates that small lipo- 
protein size is not required for suppression. 
Small particle diameter may contribute to 
a lipoprotein's ability to suppress, however, 
since of  the normal VLDL subclasses, only the 
smallest " remnant"  VLDL 3 suppressed. 

Two lines of evidence indicate that the 
suppression of  HMG-CoA reductase activity in 
normal fibroblasts by hypertriglyceridemic 
VLDL is mediated by the LDL cell surface 
receptor. First, hypertriglyceridemic VLDL, 
like LDL, do not suppress the enzyme in 
mutant receptor negative cells. Second, as 
Mahley has shown for LDL and suppressive 
HDL c (3), modification of the arginyl residues 
of hypertriglyceridemic VLDL with 1,2-cyclo- 
hexanedione abolishes the ability of the par- 
ticles to suppress. After removal of the adduct 
with hydroxylamine, the hypertriglyceridemic 
VLDL once again suppress HMG-CoA reductase 
activity (Fig. 4). 

The chemical compositions of  VLDL sub- 
classes are given in Table I. Each of the VLDL 
subclasses from the Type III subjects contained 
more cholesteryl ester and less triglyceride than 
the comparable subclasses obtained from 
normolipemic subjects. This abnormality is 
most striking in the largest subclass, where 
Type III VLDL1 averaged 28% cholesteryl ester 
and 50% triglyceride and normal VLDL1 was 
6% cholesteryl ester and 64% triglyceride. The 
VLDL subclasses isolated from Type IV and 
Type V subjects, however, were similar to 
normal VLDL subclasses in triglyceride and 
cholesteryl ester content. The mean values 
reveal a trend toward slightly higher phospho- 
lipid contents and phospholipid:cholesterol 
ratios and somewhat lower cholesteryl ester 
contents in the normal VLDL subclasses than 
the corresponding hypertriglyceridemic VLDL 
subclasses. However, there were considerable 
variations in these values among samples, as 
evidenced by the relatively large standard 
deviations. Several suppressive Type IV and 
Type V VLDL preparations had higher phos- 
pholipid contents and phospholipid:cholesterol 
ratios and lower cholesteryl ester contents than 
did some normal, nonsuppressive VLDL sam- 
pies. Hence, suppression does not correlate 
merely with decreased total phospholipid 
content and/or increased cholesterol or choles- 
teryl ester content. ApoB, apoE and apoC were 
detected in each VLDL subclass analyzed, 
whether normal or hypertriglyceridemic. When 

4o 
E 

Z 
ZO 

~ 1o 

~NormatLDL 

SUBJs 

) / ~ T y p e  IV VtOLI 

IV VtDL 2 /Type WoVLDL 3 ~ o 

~Jg pro~eln ml I 

FIG. 3. Effects of Type IV hypertriglyceridemic 
VLDL subclasses on HMG-CoA reductase activity in 
normal fibroblasts. Growth of the cells and the experi- 
mental design were the same as described in the legend 
to Fig. 1. Each data point is the average of duplicate 
determinations of HMG-CoA reductase activity in cells 
from duplicate dishes. The VLDL were isolated from 
the plasma of a subject with primary Type IV hyper- 
llpoproteinemia. Normal LDL (e--o); VLDL 1 (o--o); 
VLDL 2 (~---o); and VLDL 3 (~ -~)  were isolated as 
described in Methods. 

HTG VLDL 

I ~  1 0 ~  

-r" .~  5 ^ Regenerated 
o = HTG VLDL 

LOL  

1 5 10 20 
#g lipoprotein cholesterol- ml-1 

FIG. 4. Role of arginine residues of hypertriglycer- 
idemic VLDL in suppression of HMG-CoA reductase 
activity. Growth of the cells and the experimental 
design were the same as described in the legend to 
Fig. 1 and in Methods. Each data point is the average 
of duplicate determinations of enzyme activity in cells 
from duplicate dishes, which differed by less than 
10%. The VLDL 1 were from a Type V subject. Nor- 
mal LDL (t~-e); HTG VLDL 1 treated with 1,2- 
cyclohexamedione ( ~ o ) ;  and regenerated HTG 
VLDL1, from which the cyclohexane adduct had been 
removed with hydroxylamine ( ~ A ) ,  as described in 
Methods. 

expressed in terms of percentage of particle 
weight, as listed in parentheses in Table II, 
rather than percentage of total protein, the 
apoprotein contents of the different types of 
VLDL were similar, except that each of the 
Type III VLDL 1 and one Type V VLDL 1 
preparation contained less apoC than did 
normal or Type IV VLDL1. The reason most of  
the protein in the Type V VLDL subclasses 
listed is apoB is unknown but apparently is 
unrelated to the moderate suppression by these 
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VLDL; similar apoprotein compositions were 
obtained with nonsuppressive VLDL subclasses 
from one normolipemic subject. Because 
chromogenicities of the apoproteins differ (17), 
the apoprotein concentrations given in Table II 
must be considered approximate and not 
absolute. Therefore, as with the zonally-isolated 
VLDL, there were no major consistent compo- 
sitional differences between the comparable 
normal and abnormal VLDL subclasses of 
different hyperlipoproteinemia types which 
could account for differences in suppression. 
Differences in apoprotein aggregation in the 
surface film or penetration into the lipoprotein 
core which may be responsible for differences 
in cellular effects would not necessarily be 
reflected in quantitative differences in apo- 
protein content. Likewise, the presence in the 
suppressive hypertriglyceridemic VLDL sub- 
classes of a highly suppressive subpopulation 
would not necessarily be reflected in a dramatic 
change in composition. 

Several observations strengthen our earlier 
suggestion (4) that the ability to suppress may 
result from the presence of chylomicron 
remnants in the VLDL of hypertriglyceridemic 
subjects. Such remnants are known to be 
present in VLDL in Type III and Type IV 
hyperlipoproteinemia (21). In addition, the 
VLDL abnormality appears to be associated 
with hypertriglyceridemia and not hyper- 
cholesterolemia. The total V L D L  from a homo- 
zygous familial hypercholesterolemia patient 
with a Type IIa pattern (elevated plasma 
cholesterol, normal triglyceride levels) failed to 
suppress even at 20/ag protein/ml medium. By 
contrast, each of the V L D L  subclasses from a 
Type l ib (elevation of both cholesterol and 
triglyceride) patient suppressed, giving half- 
maximal suppression at 2 /.tg protein/ml for 
VLDL 1 and 0.1 /.tg protein/ml for V L D L  2 and 
VLDL 3 (Fig. 5). Moreover, suppressive VLDL 1 
and V L D L  2 were obtained from each subject 
with chylomicrons in the fasting state (Types 
Ill  and V) whereas the only hypertriglycer- 
idemic V L D L  preparations with normal cellular 
effects were from 2 patients with endogenous 
hypertriglyceridemia (Type IV). Consistent 
with the observation that delayed chylomicron 
clearance occurs in most, but not all, subjects 
with endogenous hypertriglyceridemia (22), we 
found that VLDL from 4 out of 6 subjects with 
endogenous hypertriglyceridemia were abnor- 
mally suppressive. If suppression by hyper- 
triglyceridemic VLDL results from the presence 
of chylomicron remnants, the lack of suppres- 
sion by V L D L  1 and V L D L  2 from normal 
subjects and the 2 Type IV subjects whose 
VLDL behaved like normal VLDL probably 
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FIG. 5. Effects of Type IIb hypertriglyceridemic 
VLDL subclasses on HMG-CoA reductase activity in 
normal fibroblasts. Growth of the cells and the experi- 
mental design were the same as described in the legend 
to Fig. 1. Each data point is the average of duplicate 
determinations of HMG-CoA reductase activity in 
ceils from duplicate dishes. The VLDL were isolated 
from the plasma of a subject with primary Type lib 
hyperlipoproteinemia. Normal LDL ( ~ e ) ;  VLDL 1 
(D--e) ;  VLDL 2 (~----o); and VLDL 3 ( ~ - ~ )  were 
isolated as described in Methods. 

reflect the absence of chylomicron remants in 
these fractions. Suppression by normal VLDL 3 
may result in part from the presence of chylo- 
micron remnants in this fraction. However, we 
have shown that VLDL remnants, produced in 
vitro by the action of purified lipoprotein lipase 
on nonsuppressive, normolipemic VLDL of Sf 
60-400, have the ability to suppress HMG-CoA 
reductase activity in normal, but not receptor- 
negative, fibroblasts (5). Hence, remnants of 
endogenously synthesized triglyceride-rich lipo- 
proteins produced in vivo (the smaller, Sf 20-60 
fraction of VLDL) may be capable of suppres- 
sion whether or not chylomicron remnants are 
present in the same flotation range. 

In summary, these findings show that the 
abnormal ability of hypertriglyceridemic VLDL 
to suppress HMG-CoA reductase activity is 
present through the size spectrum of VLDL. 
The structural basis for the difference in 
cellular effects between hypertriglyceridemic 
VLDL and normal VLDL is not apparent from 
existing data. It is clear that small lipoprotein 
diameter alone is not necessary for suppression, 
since the large hypertriglyceridemic VLDL 1 
were as effective as LDL in suppression. These 
studies show that there is a mechanism for 
direct cellular catabolism of large hypertri- 
glyceridemic VLDL that does not involve 
lipoprotein lipase and is not functional for 
normal VLDL 1 or VLDL 2. Catabolism of 
VLDL by this route, presumably mediated by 
the LDL receptor, could account for obser- 
vations that, in hypertriglyceridemia, a portion 
of the apoB in VLDL is cleared from the 
plasma compartment without first appearing in 
LDL (23). 
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The Structure of Plasma Low Density Lipoproteins: 
Experimental Facts and Interpretations--A Minireview 1 
TOMAS KIRCHHAUSEN,  GUNTHER FLESS and ANGELO M. SCANU, Departments of 
Medicine and Biochemistry, The University of Chicago School of Medicine, Chicago, I L 60637 

ABSTRACT 

From data on size and chemical composition, low density lipoprotein (LDL) can be described as a 
spherical particle having cholesteryl esters and triglycerides contained in a spherical core covered by 
the closely packed hydrophobic ends of phospholipids and unesterified cholesterol, while the head 
groups of the phospholipids, together with protein, occupy the surface. Such a model is compatible 
with early small angle X-ray and neutron scattering studies which, by postulating spherical symmetry, 
assigned the LDL constituents to locations predicted from the radial electron density distribution. 
However, the concept of spherical symmetry, as applied to LDL structure, was recently challenged 
by results obtained from freeze-etching electron microscopy and small angle X-ray scattering experi- 
ments. Novel interpretations of these data suggest that the surface of LDL contains 4 electron-dense 
globules, located at tetrahedral positions, which have a capacity for structural remodeling at least as 
a function of the 2 temperatures studied (21C and 41C). It is reasonable to presume that the LDL 
protein (apo LDL) plays a role in the organization of the surface and overall LDL structure. However, 
until the chemical properties of apo LDL, and its behavior in solution and at the water-lipid interface 
are better understood, the validity of the proposed models cannot be assessed. 

The  in teres t  in the  s tudy  of the  s t ruc tu re  of  
the  p lasma l ipopro te ins ,  which  by b u o y a n t  
dens i ty  cri teria are c o m m o n l y  referred to as 
low dens i ty  t ipopro te ins  (LDL),  has been  
recen t ly  h e i g h t e n e d  wi th  the  discovery t ha t  by 
in te rac t ing  wi th  specific m e m b r a n e  receptors ,  
these l i pop ro t e in s  exh ib i t  regu la tory  f u n c t i o n s  
in cell m e t a b o l i s m  (1). A t t e m p t s  to e luc ida te  
the  LDL s t ruc tu re  have been  n u m e r o u s  and 
were main ly  focused on  the  in tac t  l i popro te ins  
(2-4).  Only  recent ly ,  p romis ing  reassembly  
t e c h n i q u e s  have been  developed and are 
expec t ed  to  provide  i m p o r t a n t  new approaches  
to s t ruc tu ra l  research (5).  A f u n d a m e n t a l  
l imi t a t ion  in the  s tudy  of its s t ruc tu re  is tha t  
LDL, like the  o the r  p lasma l ipopro te ins ,  has a 
dynamic ,  f luid s t ruc tu re  which  may not  be 
amenab le  to  a static,  rigid descr ip t ion .  The  
s t ruc tura l  f lexibi l i ty  of  the  L D L  part ic le  has 
been  recognized  (6) ,  bu t  the  ranges of  such 
adapt ib i l i ty  and the  molecu la r  events  a t t e n d i n g  
it have no t  been  clarified. The  a s sumpt ion  in 
any s t ruc tu ra l  a p p r o a c h  is t ha t  the  de f in i t ion  of  
a basic s t ruc tu ra l  p a t t e r n  is compa t ib le ,  b o t h  
wi th  phys ico-chemica l  data  and t h e r m o d y n a m i c  

1presented as part of the symposium "Low 
Density  and Very Low Density Lipoproteins" at the 
American Oil Chemists' Society meeting on May 2, 
1979, in San Francisco. 

principles.  Once such a basic s t ruc tu re  is 
u n d e r s t o o d ,  it should  be possible  to evaluate  
permiss ible  s t ruc tura l  p e r t u r b a t i o n s  and corre- 
late t h e m  to LDL func t ion(s ) .  

On such premises,  we will a t t e m p t  to  pro- 
vide a br ief  overview on the  field of LDL 
s t ruc tu re  using old and new in fo rma t ion .  

Earlier Concepts 

A d o m i n a n t  concep t  relat ive to the  overall  
g e o m e t r y  of all p lasma l ipopro te ins  is tha t  they  
are spherical  or quas ispher ica l  par t ic les  hav ing  
an apolar  core su r rounded  by polar  surface 
c o m p o n e n t s  (2-4).  As an example ,  LDL2,  a 
l i popro te in  which  is separa ted  be tween  d 1.019 
and 1.063 g/ml,  is 220 A in d i ame te r  and has  a 
molecu la r  weight  (MW) of 2.75 x 106 . The  
conc lus ion  t ha t  this  par t ic le  is quas ispher ica l  in 
shape is based on  data ob ta ined  f rom the  
t echn iques  of  e l ec t ron  mic roscopy  (7),  small  
angle X-ray sca t te r ing  (8-11)  and analy t ica l  
u l t r acen t r i f uga t i on  (12-14) ,  bu t  is equivocal  in 
tha t  none  of  these m e t h o d s  provide  direct  
evidence of the  ac tual  shape of  the  LDL mole- 
cule. E lec t ron  mic roscopy  c o n d u c t e d  main ly  on 
negative s ta ined samples  has  i m p o r t a n t  l imita-  
t ions  since analyses  were pe r fo rmed  on dried 
specimens,  which  are cond i t ions  conducive  to 
part ic le  d e f o r m a t i o n  (7). Similar ly,  the  inter-  
p r e t a t i o n  of early small  angle X-ray sca t te r ing  
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studies have relied on the assumption, which 
has been challenged by more recent ones (15) 
(see following text), that LDL is a particle 
having spherical symmetry. The ultracentrifugal 
studies are also in question because the hydro- 
dynamic frictional ratio calculated from sedi- 
mentation and diffusion measurements in the 
analytical ultracentrifuge departs from unity, 
i.e., f/fo = 1.1, (12) a reflection of either 
deviation from spherical shape, particle hydra- 
tion, or both. At this time, there is no way to 
clearly distinguish between these 2 contribu- 
tions to the frictional ratio. However, LDL 
asymmetry, at least intended as a particle which 
departs from a perfect sphere, cannot be ruled 
out. 

Attention should be given to the LDL core. 
Important information has been gathered from 
small angle X-ray (3,4,9,15,16) and neutron 
(17) scattering studies as well as from thermal 
(18) and spectroscopic (19-20) analyses. The 
scattering studies have been interpreted as 
showing that LDL has a well defined low 
electron density region compatible with the 
existence of a core containing most of the 
cholesteryl esters and triglycerides. A most 
important contribution, however, has come 
from the thermal analyses (18), which indicate 
that LDL undergoes a broad reversible thermal 
transition between 20 and 45 C. This coopera- 
tive transition, which is associated with the 
disappearance of the 36-A fringe in the X-ray 
scattering curve, has been attributed to an order 
-+ disorder phase transition of the cholesteryl 
esters. When in the ordered phase (10 C), the 
cholesteryl esters have been viewed as arranged 
in concentric layers with a 36-A periodicity, 
whereas at higher temperatures the periodicity 
is lost, although the radial arrangement is 
retained. These observations imply that some 
degree of organizational constraint is present, a 
concept which also appears to be supported by 
13C_NM R studies (19,20). Therefore, it would 
seem that, above the thermal transition, the 
cholesterol ring system and fatty acyl chains in 
LDL have a lower degree of rotational mobility 
compared to model systems. In this context, 
measurements of fluorescence depolarization 
using 1,6-diphenyl-l,3,5-hexatriene (DPH) and 
perylene have shown that the hydrophobic 
environments in LDL have microviscosity 
values which are higher than those obtained 
when the lipids are studied free of protein (21). 

In regard to the LDL surface, current 
concepts confine its components, i.e., apopro- 
rein(s), phospholipids and unesterified choles- 
terol, to a monolayer surrounding the apolar 
core. The surface location of the phospholipids 
receives support from kinetic studies using 

phospholipase A 2 as a probe (22). Although the 
results of these studies are compatible with an 
equivalent phospholipid pool, nuclear magnetic 
resonance (NMR) (23,24) and electron spin 
resonance (ESR) (25,26) data favor the exis- 
tence of at least 2 distinct populations whose 
relative rotational motions are influenced by 
the extent of their interaction with proteins. 
Similarly unsettled is the location of unesterified 
cholesterol. Structural information deduced 
from chemical analyses has assigned this sterol 
to a position at the surface monolayer farther 
away from the aqueous environment when 
compared to the polar head group of phospho- 
lipids (27). Moreover, fluorescence studies have 
provided evidence that the unesterified choles- 
terol molecules of LDL are in closer proximity 
to the protein than to the cholesteryl esters 
(28). Studies using Filipin III as a probe have 
suggested a surface location for unesterified 
cholesterol although its actual position in the 
monolayer was not defined (R. Bittman, 
personal communication). Equally unsettled is 
the location of the LDL protein, apo B. In this 
case, the extent of covalent modification by 
succinic anhydride has been used to support the 
concept that this protein is predominantly 
located at the surface (6) but reservations 
against this proposal have been raised (2). 
The results obtained from the enzymatic 
digestion of LDL by proteolytic enzymes have 
been of little help regarding this question (2,6); 
the extent of hydrolysis has been limited 
and this may be the consequence of the 
intrinsic properties of the LDL protein at the 
LDL surface, its extent of interaction with 
lipids, or both. Conflicting results have also 
been reported on the number and nature of the 
peptides released after proteolysis which 
renders the interpretation of the results more 
difficult. In addition, the establishment of the 
secondary structure of the apoprotein at the 
LDL surface has not proven to be straight- 
forward (2,5). The estimates of the relative 
proportion of c~-helix, random coil and /3-struc- 
ture have varied from laboratory to laboratory 
and a dependence of the protein conformation 
on temperature and amount of lipid has been 
observed. Early studies support the idea of a 
structurally flexible apo B (29,30). The temper- 
ature dependence of the conformational 
changes in the apoprotein (29,30) is particu- 
larly important since it raises the question of 
the relationship between changes in protein 
conformation and lipid organization within the 
LDL core. Quantitative information is needed 
on the actual fraction of apo B exposed to the 
aqueous environment and that facing core 
lipids. 
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Current Concepts 

It is recognized that the size and density of 
LDL particles vary among different normo- 
lipemic individuals and in patients with hyper- 
lipoproteinemia (31). This microheterogeneity 
has been attributed to either differences in 
amount of lipids, particularly triglycerides (32), 
or to the composition of the LDL protein (33). 
The interest in the microheterogeneity of 
human LDL was heightened by the recent 
observations based on equilibrium density 
gradient ultracentrifugations (34) and on the 
combination of isopycnic and rate zonal 
density gradient ultracentrifugations (unpub- 
lished observations), indicating that the LDL 
class of d 1.019 to 1.063 g/ml is heterogeneous 
even within a single individual. Further struc- 
tural studies on various LDL species should 
provide information of great interest. 

Recently, we have extended these studies to 
LDL from rhesus monkeys fed a normal purina 
chow diet (14). The normolipidemic animals 
were found to contain 3 major LDL species, 
LDL-I, LDL4I and LDL-III, separable by a 
combination of isopycnic and rate zonal 
density gradient ultracentrifugations, hnportant  
structural differences were found, particularly 
between LDL-III and the other 2 LDL species. 
LDL-III had a mean buoyant density of 1.050 
g/ml and a larger MW (3.47 x 106) than LDL-I 
(3.32 x 106 ) and LDL-II (2.75 x 106), which 
floated at d 1.027 and 1.036 g/ml, respectively; 
an apoprotein having the same amino acid 
composition as the other 2 LDL but a higher 
content in galactose and sialic acid was also 
found. LDL-III with the higher glycosylated 
apoprotein was immunologically less reactive to 
anti-LDL-II antisera than LDL-I and LDL-II 
and also exhibited spectroscopic differences by 
circular dichroism. Moreover, we found that 
LDL-III crossreacts with antisera directed to 
human Lp(a) lipoprotein (35). Thus, LDL 
microheterogeneity extends not only to size 
and hydrated density, but also to the type of 
protein moiety. This heterogeneity may be a 
reflection of differences in metabolic pathways 
and function of the various LDL species. 

Recently, the concept of LDL as a centro- 
symmetric perfect sphere has been challenged 
by the studies of Luzzati and coworkers (15). A 
recent interpretation of their small angle X-ray 
scattering experiments conducted on LDL 
solutions at variable solvent electron densities 
suggests that the surface of LDL has 4 protein 
globules located at tetrahedral positions capable 
of thermally dependent structural changes. This 
arrangement appears to be supported by 
freeze-etching electron microscopic studies (36) 
using a novel, rapid freezing technique. More- 

over, the independence of the electron density 
distribution of the LDL particle from that of 
the solvent was experimentally determined 
(37). Very recently, Ohtzuki et al. (38) have 
examined unstained preparations of human 
serum LDL by dark field imaging with a 
scanning transmission electron microscope at 2 
x 106 magnification. Surface irregularities were 
noted, although no attempts were made to 
establish their geometry. More studies in this 
direction are highly desirable. 

Conclusions 

It is evident from the preceding discussion 
that the structural organization of LDL is still 
an unsettled question. Although one could 
adopt the general concept of an apolar core 
surrounded by a polar monolayer, this idea 
does not explain the molecular basis for the 
microheterogeneity of LDL. The structure of 
LDL protein has not been resolved; thus, its 
chemical and solution properties as well as its 
behavior at interfaces remain, to a large degree, 
unknown. Without a better knowledge of apo 
B, it is unlikely that the fluid-like structure of 
LDL and the extent of its structural flexibility 
to conform to lipid content and temperature 
can be defined. Many questions lie ahead. 
Among them is the establishment of the struc- 
tural correlation among the various LDL 
species, the interrelationship between core and 
surface components, as well as the surface 
organization of the surface components. As the 
functional properties of LDL continue to 
receive attention, the need for complementary 
structural information will increase. This 
structural information, however, may not only 
derive from direct physico-chemical studies of 
the intact particles but also from the investiga- 
tion of the mechanisms of their biogenesis, 
mode of interaction with the other plasma 
lipoproteins and cells and from the analyses of 
genetic variants. The pursuit of recent 
promising observations on the reassembly of 
LDL (5) should also prove highly informative. 
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Formation of 12-[180]Oxo-cis-10, cis-15-Phytodienoic Acid 
from 13-[180]Hydroperoxylinolenic Acid 
by Hydroperoxide Cyclase 
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ABSTRACT 

13-[180] Hydroperoxylinolenic acid was permitted to react with an extract of flaxseed acetone 
powder containing hydroperoxide cyclase activity. The resulting product, 12-oxo-cis-lO,cis-15-phyto- 
dienoic acid (12-oxo-PDA), contained 180 in the carbonyl oxygen at carbon 12, suggesting that an 
epoxide was an intermediate in the hyderoperoxide cyclase reaction. A substrate specificity study 
showed that a cis double bond/3,7 to the conjugated hydroperoxide group was essential for the sub- 
strate to be converted to a cyclic product by hydroperoxide cyclase. 

INTRODUCTION 

Polyunsaturated fatty acids with n-3,6,9- 
unsaturation can be converted to cyclic fatty 
acids containing a cyclopentenone ring (1) 
by enzymes present in a wide variety of plant 
tissues (2). We have previously shown that an 
n-6 hydroperoxide, formed by action of lip- 
oxygenase, is an intermediate in the reaction 
sequence (3). Hydroperoxide cyclase then 
converts the fatty acid hydroperoxide to a 
cyclic fatty acid (Fig. 1). The product resultin~ 
from (9,12,15)-linolenic acid is 8-[2-(cis-2'- 
pentenyl )- 3-o xo-cis-4-cyclopentenyl] octanoic 
acid, for which the common name 12-oxo-cis- 
10,cis- 15-phytodienoic acid (12-oxo-PDA) has 
been proposed (1). The purpose of this investi- 
gation was to determine the origin of the 
carbonyl oxygen at carbon 12 of 12-oxo-PDA 
using 1sO_labeled 13-L(S)-hydroperoxy-cis-9, 
cis-15,trans-ll-octadecatrienoic acid (13-[180] - 
hydroperoxylinolenic acid) as a substrate for 
the hydroperoxide cyclase enzyme. 

EXPERIMENTAL PROCEDURES 

M a t e r i a l s  

(9,12,15)-Linolenic acid and (6,9,12)-tino- 
lenic acid were obtained from Nu-Chek-Prep, 
Inc., (Elysian, MN), and 1802 gas (> 99%) was 
purchased from Stohler Isotope Chemicals 
(Waltham, MA). Soybean lipoxygenase (21,600 
units/mg) was obtained from Sigma Chemical 
Co. (St. Louis, MO), N,O-bis-(trimethylsilyl)- 
trifluoroacetamide (BSTFA) from Pierce Chem- 
ical Co. (Rockford, IL), DC LSX-3-0295 
silicone phase for gas chromatography from 
Applied Science Division (State College, PA) 
and precoated Anasil HF silica gel thin layer 
chromatography (TLC) plates from Analabs, 
Inc. (North Haven, CT). 

M a s s  S p e c t r o m e t r y  

Mass spectra were recorded with a Varian/ 
MAT 112S GC-MS system; the glass column 
was 2 m x 2 mm id containing 3% DC LSX- 
3-0295 on 100/120 mesh Gas-Chrom Q and 
was temperature programmed from 165 to 220 
C at 2 C/min. 

P r e p a r a t i o n  of 13-[180] - 
H y d r o p e r o x y l i n o l e n i c  A c i d  

Soybean lipoxygenase, which catalyzes the 
oxygenation of  linolenic acid predominantly at 
carbon 13 and a minor amount at carbon 9, was 
used to prepare a solution that contained 
13-[ 18 O ] hydroperoxylinolenic acid. Water and 
all buffer solutions were degassed under re- 
duced pressure, then kept under a nitrogen 
atmosphere prior to initiating the reaction. 

__ _ _  _ _  COOH 

0 2  I LIPOXYGENASE 

O0H 
- -  / - -  COOH 

HYDROPEROXIDE 

CYCLASE 

~ C00H 

0 
12-  O X O -  PDA 

FIG. 1. Reactions catalyzed by lipoxygenase and 
hydroperoxide cyclase from flaxseed with (9,12,15)- 
linolenic acid as substrate. 

468 



COMMUNICATIONS 469 

(9,12,15)-Linolenic acid substrate solution (8 
raM) was prepared according to the Surrey 
method (4) and the soybean lipoxygenase 
solution was prepared at a concentration of 1 
mg/ml in 10 mM borate buffer (pH 9). A 16-ml 
test tube filled with water was placed in an 
inverted posit ion in a chamber filled with 
water. Water was displaced from the tube with 
8 ml of 1802; the tube was sealed with a 
teflon-coated septum and removed from the 
chamber. The buffered soybean lipoxygenase 
solution (1.6 ml) was added with a syringe to 
the remaining 8 ml of water in the tube. The 
oxygenation reaction was then initiated by the 
introduction of 0.8 ml of  (9,12,15)-linolenic 
acid substrate solution. After 20 rain, the 
septum was removed and the solution was 
adjusted from pH 9 to pH 7 with 0.2 M K- 
phosphate buffer (pH 6.5). 

For  determination of the percentage of 
180 z incorporated into 13-hydroperoxylino- 
lenic acid, a portion of this solution was ad- 
justed to pH 4 and extracted with chloroform/ 
methanol (2:1, v/v); the chloroform phase was 
removed, the solvent evaporated and the sample 
esterified with diazomethane. Hydroperoxide 
groups were reduced to hydroxyl  groups 
concurrently with the saturation of double 
bonds by passing hydrogen through a solution 
of the sample dissolved in methanol with 
platinum oxide catalyst. The tr imethylsi lyloxy 
(OTMS) derivative of the hydroxyl  group was 
prepared with BSTFA. Selected ion monitoring 
by GC-MS of the mass fragments m/e 175 vs 
m/e 173 [CH3(CH2)4CH(OTMS )] .+ indicated 
t!:at 94% of  the hydroperoxide formed con- 
tained 180. Summation of the gas chromato- 
graphic peak areas generated by monitoring for 
mass fragments m/e 175 and 317 (13 isomer) 
and comparison with the sum of the areas 
generated by fragments m/e 231 and 261 (9 
isomer) showed that 96% of the product was 
13-hydroperoxylinolenic acid. 

Formation of 12-oxo-cis-10, 
cis-15-Phytodienoic Acid 

An enzyme solution containing hydro- 
peroxide cyclase activity was prepared by 
extracting a flaxseed acetone powder (1 g) with 
10 ml of 50 mM K-phosphate buffer (pH 7.0) 
for 30 min, then centrifuging the extract at 
12,000 x g for 10 min. The enzyme solution 
(0.3 ml) was added to 13- [180]hydroperoxy - 
linolenic acid solution (8.3 ml) prepared as 
already described. After 90 rain, the pH was 
adjusted to 4 and the products were extracted 
into 10 ml of chloroform/methanol  solvent 
(2:1, v/v). Separation of  the products by TLC 
was accomplished with a chloroform/acetic acid 

solvent system (100:1, v/v) with 4 develop- 
ments. The 12-oxo-PDA, which migrated just 
ahead of the 12,13-ketol (formed from hydro- 
peroxide isomerase) and just behind unreacted 
(9,12,15)-linolenic acid, was eluted from the gel 
with ethyl ether, esterified with diazomethane 
and analyzed by gas chromatography mass 
spectrometry (GC-MS). 

Reaction of 9-Hydroperoxy-cis-6, 
cis-12,trans- l O.Octadecatrienoic Acid 
with Hydroperoxide Cyclase 

Tomato lipoxygenase was used to prepare 
the 9-hydroperoxide of (6,9,12)-linolenic acid 
by the Matthew et al. method (5). The hydro-  
peroxide product was purified by TLC (hexane/ 
ethyl ether/acetic acid, 65:35:1,  v/v), then 
eluted from the gel with ethyl ether. The 
solvent was evaporated and the sample was 
redissolved in 95% ethanol (0.2 ml). A small 
port ion of this preparation (ca. 0.2 pmol)  was 
esterified and analyzed as the reduced, satu- 
rated, t r imethylsi lyloxy derivative by summing 
ions m/e 173 plus 315 (13 isomer) and m/e 229 
plus 259 (9 isomer) by GC-MS as already 
described. The results indicated that 81% of 
the product  was the 9-hydroperoxy isomer, 
thus assuring that the desired product,  9-hydro- 
peroxy-cis-6,cis- 12,trans-10-octadecatrienoic acid 
[ 9-hydroperoxy-(6,10,12)-linolenic acid],  had 
been obtained. 

The 9-hydroperoxy-(6,10,12)-linolenic acid 
was reacted with an extract of flaxseed acetone 
powder containing hydroperoxide cyclase activ- 
ity. The ethanolic solution of the compound 
(ca. 4 pmol)  was added to 20 ml of  50 mM 
K-phosphate buffer (pH 7.0) and 1 ml of 
flaxseed acetone powder extract (1 g in 10 ml 
of 50 mM K-phosphate buffer, pH 7) was 
added. After 1 hr, the reaction mixture was 
adjusted to pH 4 and the products were ex- 
tracted with 35 ml of chloroform/methanol  
(2 : 1, v/v). Separation of the products was done 
using TLC with chloroform/acetic acid solvent 
(100:1, v/v) with 3 developments. Products 
were visualized by exposing a port ion of the 
plate to iodine vapor, then eluted from the gel, 
esterified with diazomethane and analyzed by 
GC-MS. 

RESULTS AND DISCUSSION 

Figure 2 shows the mass spectrum of 12- 
[180]oxo-PDA formed enzymically from 13- 
[180]hydroperoxyl inolenic  acid. The molec- 
ular ion at m/e 308 and the mass fragments at 
m/e 277 [M-OCH3] +, m/e 240 [M-(CsH 9) + 
HI ~, m/e 179 [M-(CH2)sCOOCH3 ] + and m/e 
165 [M-(CH2)6COOCH3J + were 2 daltons 
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higher than the corresponding masses obtained 
when 13-[160] hydroperoxylinolenic acid was 
the substrate (m/e 306, 275, 238, 177 and 
163). Comparison of these 1BO fragments in 
Figure 2 with the intensities of the correspond- 
ing 160 fragments indicated that the compound 
contained 90% 180 in the oxo group compared 
to 94% in the hydroperoxide. This small 
apparent decrease in 180 enrichment was not 
regarded as experimentally significant. Thus, 
the mass spectra indicated that 13-hydroperoxy- 
linolenic acid was converted to 12-oxo-PDA 
with nearly complete retention of 180 in the 
carbonyl oxygen at carbon 12. This result is 
similar to that reported for the. synthesis of 
12-oxo-13-hydroxy-cis-9-octadecenoic acid (a- 
ketol) from 13-hydroperoxylinoleic acid, cata- 
lyzed by hydroperoxide isomerase. This 
enzyme from flaxseed (6) and corn germ (7) 
has been shown to catalyze the formation 
of the c~-ketol with retention of I80 in the 
12-oxo group, but with 160 in the 13-hydroxy 
group, presumably from water. 

Gardner has recently suggested a mechanism 
for hydroperoxide isomerase action based on 
the incorporation of 180 into the 12-oxo group 
and on work in his own laboratory, which 
showed that substitution by nucleophiles other 
than water could occur at the hydroperoxide 
carbon atom with inversion of stereoconfigu- 
ration from S to R (8). He proposed the for- 
mation of an epoxy-cation intermediate by 
loss of O H  from the hydroperoxide group. 
The intermediate could react with a nucleophile 
(OH-) in a bimolecular nucleophilic substitution 
(S N 2) reaction at the carbon originally bearing 

the hydroperoxide group. This mechanism 
accounted for the transfer of a hydroperoxide 
oxygen to a vicinal carbon and the inversion of 
configuration at the hydroperoxide carbon. 

A similar mechanism involving an epoxy- 
cation intermediate appears likely for the 
hydroperoxide cyclase reaction (Fig. 3). Ab- 
straction of a proton from carbon 12 by the 
enzyme could lead to an enolate anion at 
carbons 12 and 13; rearrangement of this 
intermediate would give cyclization between 
carbons 9 and 13. 13-Hydroperoxylinoleic 
acid, which differs from 13-hydroperoxy- 
linolenic acid only by the absence of unsatu- 
ration at carbon 15, is unreactive with hydro- 
peroxide cyclase (3) (Fig. 4A). However, when 
9-hydroperoxy-(6,10,12)-linolenic acid was al- 
lowed to react with a flaxseed extract contain- 

R = -(CHz) 7 COOH 
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FIG. 2. Mass spectrum of 12-[180] oxo-cis-lO,cis- 
15-phytodienoic acid (12-oxo-PDA) resulting from the 
reaction of 13-[ 180] hydroperoxylinolenic acid with 
an extract of flaxseed acetone powder containing 
hydroperoxide cyclase activity. 

FIG. 3. Proposed mechanism for the cyclization of 
13-hydroperoxylinolenic acid by the hydroperoxide 
cyclase enzyme. 
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FIG. 4. Reactions showing the products of hydro- 
peroxide cyclase activity from (A) 13-hydroperoxy- 
Unoleic acid, (B) 13-hydroperoxylinolenic acid, and 
(C) 9-hydroperoxy-(6,10,12)-linolenic acid. Dashed 
lines indicate portions of molecules with identical 
structure. Experiments showed that only 13-hydro- 
peroxylinolenic acid (B) and 9-hydroperoxy-(6,10,12)- 
linolenic acid (C) were reactive with hydroperoxide 
cyclase. 
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ing h y d r o p e r o x i d e  cyclase act ivi ty ,  a cyclic 
c o m p o u n d  was ident i f ied  as a p roduc t .  Over  
a range of  13 carbons ,  th is  subs t ra te  had  the  
same chemica l  s t ruc tu re  as 13 -hydroperoxy-  
l inolenic  acid. The  cyclic p r o d u c t  of  th is  
h y d r o p e r o x i d e  cyclase r eac t ion  was p roposed  
to  be 8-(2-oxo-5-pentyl-cis-3-cyclopentenyl)- 
cis-6-octanoic acid on  the  basis of  its mass 
spec t rum,  which  showed  ions  at m / e  306  
[ M ] .  +, m /e  275 [M-OCH3] +, and  m / e  152 
[Cs H 4 0 ( C H 2 ) 4 C H 3 + H ]  +. Figure  4C shows the  
s t ruc tu re  o f  the  h y d r o p e r o x i d e  subs t ra te  and  
the  p roposed  s t ruc tu re  of  t he  cyclic p roduc t .  

In  a previous  paper ,  we r epo r t ed  t ha t  n-3 
u n s a t u r a t i o n  in t he  f a t t y  acid was necessary  for  
r ecogn i t ion  by  the  h y d r o p e r o x i d e  cyclase 
e n z y m e  (3). However ,  t he  resul ts  r epo r t ed  here  
d e m o n s t r a t e d  t ha t  a cis doub le  b o n d  13,3' to 
the  con juga ted  h y d r o p e r o x i d e  group was the  
essential  fea ture .  A ppa r en t l y ,  the  ca rboxy l  
group was n o t  a f ac to r  in the  a t t a c h m e n t  o f  the  
subs t ra te  h y d r o p e r o x i d e  to the  enzyme.  It  is 
l ikely that t he  substrate can a t t a c h  to t he  act ive 
site wi th  t he  ca rboxy l  g roup  in e i the r  d i rec t ion .  
The  i m p o r t a n t  fac to r  is t h a t  the  subs t ra t e  
molecule  for  h y d r o p e r o x i d e  cyclase mus t  have 

a 4(S)-hydroperoperoxy-cis-l ,cis-7,trans-5-octa- 
t r i ene  group.  
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15-Hydroperoxyeicosatetraenoic Acid 
Inhibits Human Platelet Aggregation 
E. VERICEL and M. LAGARDE, Laboratoire d'H~mobiologie, 
Facult~ Alexis Carrel 69372, Lyon Cedex 2 and Inserm U 63, 
Institut Pasteur, Lyon, France 

ABSTRACT 

Using human platelets isolated from their plasma, we showed that 15-hydroperoxy-eicosatetraenoic 
acid (15-HPETE) inhibits platelet aggregation induced either by arachidonic acid or prostaglandin H 2 
analog. 15-HPETE does not modify platelet prostaglandin and thromboxane formation from exoge- 
nous arachidonic acid but does decrease platelet lipoxygenase activity. 

INTRODUCTION 

Endothelial cells generate a very potent 
inhibitor of platelet aggregation called prosta- 
cyclin (1,2). This compound is produced from 
arachidonic acid via prostaglandin endoperox- 
ides (3). Prostacyclin synthetase is strongly 
inhibited by various hydroperoxides (4) and 
chiefly by 15-hydroperoxy-5,8,11,13-eicosate- 
tranoic acid (15-HPETE) (5). 

Prostaglandins are synthesized during plate- 
let aggregation (6). More recently, it was shown 
that platelets produce thromboxane A2, a 
potent aggregating agent, from arachidonic 
acid (7). 

Platelet lipoxygenase provides 12-hydro- 
peroxy-5,8,10,14-eicosatetraenoic acid (12- 
HPETE) which inhibits platelet thromboxane 
synthetase (8). In this work, the effect of 
15-HPETE on platelet aggregation and araehi- 
donic acid metabolism was investigated. 

MATERIALS AND METHODS 

Reagents 

Arachidonic acid and soybean lipoxidase 
were obtained from Sigma, St. Louis, MO. 
[1-14C] Arachidonic acid (> 50 Ci/mol) from 
the Radiochemical Centre of Amersham was 
used. Standard prostaglandins and analogs 
were generous gifts from Dr. J.E. Pike of the 
Upjohn Company, Kalamazoo, HI. Organic 
solvents were products of Prolabo, Paris, 
France. 

NADPH and GSH reductase were purchased 
from Boehringer, Mannheim, West Germany. 
Partially purified GSH peroxidase was prepared 
using a previously described method (9). 15- 
HPETE was synthesized from arachidonic acid 
with a technique previously described (10) 
with 0.1 M borate buffer, pH 9 (11). 

Purification and Measurement of 15-HPETE 

Biosynthesized 15-HPETE was purified by 

thin layer chromatography (TLC) on silica gel 
pIates with hexane/diethyI ether/acetic acid 
(60:40:1) as eluent. To localize 15-HPETE 
with a radioscanner, a low specific radioactivity 
of its precursor (0.5 mCi/mol) was used. A 
spot of 15-HPETE was extracted with methanol 
and the compound assayed by its absorbance at 
234 nm. A more specific assay was performed 
using an enzymic method (9). 

Incubation Studies 

Human platelets were isolated from their 
plasma as previously described (12). Platelet 
aggregation (0.3 x 109 platelets/ml) was per- 
formed according to Born's turbidimetric 
method (13). 15-HPETE or its solvent (less 
than 1/200 of ethanol) was simultaneously 
added with aggregating agents. 

Metabolism of exogenous arachidonic acid 
by human platelets was studied in the presence 
or absence of 15-HPETE. Incubations were 
done as already described with sodium arachi- 
donate (0.5 Ci/mol) 10-s M for 4 min at 37 C. 

Prostaglandins and related compounds were 
extracted, purified and quantified using a 
radiochemical technique (14). Because of the 
low specific radioactivity of 15-HPETE, inter- 
ferences did not disrupt the radiochemical 
technique. 

R ESU LTS 

Platelet aggregation induced by sodium 
arachidonate was inhibited by 15-HPETE. The 
aggregations induced by sodium arachidonate 
10-s M and 0.25.10 -s M were abolished by 
2.10 -s M and 0.8.10-s M, respectively of 
15-HPETE. ICs0 was obtained by half concen- 
trations of the inhibition (Fig. 1). 

The effect of the 9-methano analog of PGH2 
on platelets pretreated with aspirin also was 
counteracted by 10 -s M of 15-HPETE (Fig. 2). 
Moreover, platelet aggregation induced by 
PGH2 was inhibited by 15-HPETE in similar 
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Sodium arachidonate 10 5 M 

Light 
Transmis- 
s,on 

6O sec 

2 10 5 M 15-HPETE 

I(I s M 15-HPETE 

0 .810  s M 15-HPETE 
f 

' \  ~ 0 , 410  s M 15-HPETE 

ILJ 

0 

FIG. 1. Effect of 15-HPETE on arachidonate- 
induced platelet aggregation. 15-HPETE and arachi- 
donate were added to platelets at the same time. These 
results were observed five times. 

9.methano analogue of PGH 2 2 .810  7 M 

- -  10 s M 15 HPETE 

mission 

' ~ ' ,  0 .610  5 M 15 HPETE 

2 0 
60  sec 

FIG. 2. Effect of 15-HPETE on 9-methano analog 
of PGH2-induced platelet aggregation. Platelets were 
pretreated with aspirin. These results were observed 
five times. 

condi t ions  (results no t  shown) .  
The effect  of  15-HPETE 2.10 -5 M was 

tes ted  on exogenous  arachidonic  acid use by 
platelets. The main stable metabo l i t es  f rom 
arachidonic acid p roduced  by platelet  prosta-  
glandin synthetase  and l ipoxygenase  were 
de te rmined  and results are shown  in Table I. 
Only 12-hydroxy-5 ,8 ,10 ,14-e icosa te t raenoic  
acid (12-HETE) provided by  l ipoxygenase 
pa thway  was decreased in the  presence  of  
15-HPETE. Synthesis  of  o the r  me tabo l i t e s  
f rom prostaglandin and t h r o m b o x a n e  syn- 
the tase  pa thways  was not  changed.  

DISCUSSION 

The inhib i t ion  of  h u m a n  platelet  aggregation 
by hyd rope rox ides  was previously r epor ted  
for  linoleic acid h y d r o p e r o x i d e  (15). However ,  

the  earlier investigators used 10-fold higher 
linoleic acid h y d r o p e r o x i d e  combina t ion  to 
block aggregation. 

Inh ib i t ion  of  platelet  aggregation observed 
in our  expe r imen t s  suggest tha t  prostaglandin 
b iosynthes is  is no t  af fec ted  because ei ther  
arachidonic  acid or  PGH 2 analog-induced 
aggregation were abolished by about  the  same 
concen t ra t ions  of  15-HPETE. In addi t ion,  
pros taglandins  and t h r o m b o x a n e  synthesized 
f rom exogenous  a rachidonate  were no t  modi-  
fied by the  hyd rope rox ide .  

Thus, platelet  inhib i t ion  by 15-HPETE is 
no t  explainable  by  its ac t ion on  cyclooxygenase  
and /o r  t h r o m b o x a n e  synthe tase ,  as previously 
m e n t i o n e d  (16). The  inhib i t ion  of  the  forma- 
t ion o f  l ipoxygenase  p roduc t s  could result f rom 
s t ructura l  analogy b e t w een  these p roduc t s  and 
15-HPETE. 

TABLE I 

Production of Prostaglandins and Related Compounds by Human Platelets 
from Exogenous Sodium Arachidonate (10 -5 M) (n = 12). 

Statistic t-Test Was Used 

nmol/109 
platelets PGF2c ~ PGE 2 TXB 2 HHT 12-HETE 

Control 0.26 -+ 0.12 0.38 -+ 0.18 3.5 -+ 2.1 2.4 -+ 2.1 4.6 • 2.6 
15-HPETE 0.28 -+ 0.11 0.38 + 0.16 2.5 +- 1.2 1.9 + 1.1 2.8 +- 1.4 
2 x 10 -5 M NS NS NS NS P < 0.05 
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Some investigators have shown tha t  inhi- 
b i t ion  of  pla te le t  l ipoxygenase  induces  a 
decreased aggregation (17). However,  t he  
inhib i t ion  of  platelet  l ipoxygenase  by 15- 
HPETE we observed seems insuff ic ient  to 
explain the  abol i t ion of  aggregation. Besides, 
platelet  aggregation induced  by  t h rombin ,  an 
agent which  does  no t  need prostaglandin  
cyclic endoperox ides  and t h r o m b o x a n e  A 2 
to  aggregate platelets,  is no t  inhibi ted  by  15- 
HPETE (results no t  shown).  The effect  o f  15- 
HPETE on  platelet  aggregation could instead 
be explained by counterac t ing  the  act ion of  
these pro-aggregatory molecules.  

15-HPETE was previously shown to inhibi t  
prostacycl in  syn the tase  (4,5) and the IC50 
observed in these exper imen t s  was ca. 10 -6 M. 
Our results showed a higher IC50 o f  platelet  
aggregation. Thus, in the presence of  b o t h  
endothel ia l  cells and platelets ,  15-HPETE 
should be a more  specific inhib i tor  o f  prosta-  
cyclin format ion .  
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Alkenyl and Alkyl Ether Phospholipids 
in Pig Mesenteric Lymph Node Lymphocytes 1 
TAKAYUKI SUGlURA, YASUO MASUZAWA and KEIZO WAKU, Faculty of 
Pharmaceutical Sciences, Teikyo University, Sagamikocho, Tsukuigun, Kanagawa 199-01, Japan 

ABSTRACT 

Significant amounts of alkenyl and aikyl ether phosphoglycerides were found in pig mesenteric 
lymph node lymphocytes. The choline phosphoglycerides are composed of 2.6% alkenyl ether and 
25.7% alkyl ether compounds besides 71.7% diacyl analogs. The ethanolamine phosphoglycerides 
consist of 50.2% alkenyl ether, 7.8% alkyl ether and 42.0% diacyl compounds. The fatty chain compo- 
sitions at the 1- and 2-positions of each lipid class were analyzed. 

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

The composition and metabolism of phos- 
pholipids in lymphocytes has been studied 
by several investigators (1-7) and the role of 
phospholipids during lymphocyte activation has 
also been discussed. It has been demonstrated 
that there is a rapid increase in the activity of 
lysolecithin acyltransferase with subsequent 
changes in the acyl moieties of phospholipids 
after stimulating the lymphocytes with mito- 
gens (3,6). However, these studies were gener- 
ally carried out on mixtures of diacyl and 
ether-containing phosphoglycerides (plasma- 
logen and 1-alkyl-2-acyl-GPC or GPE) and data 
on individual phosphoglycerides are not avail- 
able. It is necessary to study ether-containing 
phosphoglycerides in order to clarify the role 
of the phospholipids in lymphocytes, since 
they are so different from diacyl compounds 
in several biochemical properties, e.g., in 
biosynthetic routes (8), fatty chain composi- 
tion (9), turnover rates (10,11) and in substrate 
specificities for enzymes (8,12). 

This investigation shows that high levels of 
ether-containing phosphoglycerides (which ac- 
count for ca. 25% of total phospholipids) are 
found both in choline and ethanolamine 
fractions of lymphocytes and that their fatty 
chain compositions are considerably different 
from diacyl phosphoglycerides. 

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

All chemicals were of reagent grade and 
solvents were distilled before use. 

Preparation of Lymphocytes 

Pig lymphocytes were prepared by a modifi- 
cation of the Allan and Michell method (13). 

1Abbreviations: Fatty chains are designated by 
number of carbon atoms:number of double bonds, 
e.g., 18 : 1 for oleic acid ; GPC, glycerophosphocholine ; 
GPE, glycerophosphoethanolamine. 

Mesenteric lymph nodes were removed from 
young pigs (average age 6 mo) and were placed 
immediately into ice-cold Eagle's medium. The 
lymph nodes were freed from surrounding 
tissues, cut into small pieces and dispersed to 
yield lymphocytes. The resulting dispersion was 
filtered through a cotton wool plug and centri- 
fuged. The sedimented cells were treated with 
0.83% NH4C1-Tris-HC1 buffer (pH 7.4) to 
remove erythrocytes and washed 3 times with 
medium. The final preparation contained 
mainly small lymphocytes (>98%) as assessed 
by microscopic examination and the cell 
viability was 80-90% by Trypan blue dye 
exclusion test. 

Extraction and Fractionation of Lipids 

The lipids were extracted as described by 
Bligh and Dyer (14). Choline and ethanolamine 
fractions were isolated as described previously 
(9). Each fraction gave a single spot on a pre- 
coated silica plate (Merck, Darmstadt). The 
purity of the individual phosphoglycerides was 
also checked by the Dawson method (15). 
Throughout the fractionation procedure, a 
small amount of butylated hydroxytoluene was 
added to the solvents. 

Separation and Quantitative Analyses 
of AIkenyl, Alkyl  and Diacyl GPC or GPE 

l-Radyl-2-acyl-3-acetylglycerol was prepared 
from both choline and ethanolamine phospho- 
glycerides as described previously (9). Three 
types of diradyl acetates, 1-alkenyl-2-acyl-3- 
acetylglycerol, 1-alkyl-2-acyl-3-acetylglycerol 
and 1,2-diacyl-3-acetylglycerol, were separated 
by thin layer chromatography (TLC) according 
to the Renkonen and Luukkonen method 
(16). The quantities of the fatty acyl moieties 
of each lipid class were estimated by gas liquid 
chromatography (GLC), using 17:0 methyl 
ester as an internal standard. The occurrence of 
alkenylacyl, alkylacyl and diacyl phospho- 
glycerides was confirmed by mild alkaline and 
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acid hydrolys is  of  chol ine  and  e t h a n o l a m i n e  
f rac t ions  accord ing  to Dawson  (15) .  

Determination of Fatty Acid Distribution 

F a t t y  acyl  residues of  t he  l ipids were ana- 
lyzed as the  m e t h y l  esters by  GLC (9). To 
invest igate  the  pos i t iona l  d i s t r i bu t i on  of  f a t t y  
acids in  1,2-diacyl-3-acetylglycerol ,  f a t t y  acids 
at t he  1-posi t ion were l ibe ra ted  by  Rhizopus 
delemar l ipase (Seikagaku Kogyo Co.) and  t he  
resu l t ing  monog lyce r ides  were separa ted  b y  
TLC and  t r a n s m e t h y l a t e d  as descr ibed previ- 
ously  (10) .  Snake  v e n o m  phospho l ipase  A 2 
(Naja na/a atra) was also used to r emove  t he  
f a t ty  acid residues f rom the  2-pos i t ion  of  
chol ine  and e t h a n o l a m i n e  phosphog lyce r ides  
(9). The  resu l t ing  l y so -compounds  were sepa- 
ra ted  by  TLC and  t r a n s m e t h y l a t e d .  The  posi- 
t i ona l  d i s t r i bu t ion  of  f a t t y  acids o b t a i n e d  by  
these  2 m e t h o d s  showed  similar pa t t e rns .  

Determination of Alkanyl 
and Alkyl Chain Distribution 

l -Alkenyl -2-acyl -3-ace ty lg lycerol  was t r ea t ed  
w i th  acet ic  acid con ta in ing  1% HgC12 and  the  
a ldehydes  l ibe ra ted  were  d e t e r m i n e d  as des- 
cr ibed earlier (9).  T r ime thy l s i ly l  derivat ives of  
1-alkylglycerol  were p repared  f rom 1-alkyl-2- 
acyl-3-acetylglycerol  and  ana lyzed  b y  GLC 
(10).  

RESULTS AND DISCUSSION 

Chol ine  and  e t h a n o l a m i n e  phosphog lyce r -  
ides were f o u n d  to  be  the  p r e d o m i n a n t  c o m p o -  
nents ,  a c c o u n t i n g  for  45% and  24% of  the  t o t a l  
phosphol ip ids ,  respect ively ,  as d e t e r m i n e d  by  
2 -d imens iona l  TLC (17) .  

1-Radyl-2-acyl-3-acetylglycerol  derivat ives of  
chol ine  and  e t h a n o l a m i m e  phosphog lyce r ides  
f rom pig l y m p h o c y t e s  were separa ted  b y  TLC 
as s h o w n  in Figure 1. Quan t i t i e s  of  each  t y p e  o f  
1-radyl-2-acyl-3-acetylglycerol  were d e t e r m i n e d  

FIG. 1. TLC separation of 1-alkenyl-2-acyl-3- 
acetylglycerol, 1-alkyl-2-acyl-3-acetylglycerol and 1,2- 
diacyl-3-acetylglycerol derivatives of choline and 
ethanolamine phosphoglycerides (CPG and EPG) 
from pig lymphocytes. The plate was developed with 
petroleum ether/ethyl ether/acetic acid (90:10:1) 
and then with toluene. The spots were visualized with 
50% sulfuric acid and charring. 

by  GLC assays of  a m o u n t s  o f  f a t t y  acyl  moi-  
et ies in each lipid class (Table  I, exp.  1). The  
a m o u n t s  of  a lkenylacyl ,  a lkylacyl  and  diacyl  
c o m p o u n d s  were also es t imated  by  mild alka- 
l ine and  acid hydro lys i s  of  the  phosphog lyce r -  
ides (Tab le  II, exp.  2). T h e  chol ine  f r ac t ion  
con ta ins  a cons iderab le  a m o u n t  of  alkyl  e t h e r  
c o m p o u n d s  (25.7%),  whereas  the  p o r t i o n  of  
a lkenyl  e the r  c o m p o u n d s  is on ly  small  (2.6%).  
In cont ras t ,  t he  e t h a n o l a m i n e  f r ac t ion  con ta ins  
a s ignif icant  a m o u n t  of  a lkenyl  e the r  com- 
p o u n d s  (50.2%) and  a relat ively small  a m o u n t  
of  alkyl  e the r  c o m p o u n d s  (7.8%). In an  earl ier  
s tudy,  it was r epo r t ed  t h a t  t h e  spleen is also 

TABLE I 

Class Composition of Choline and Ethanolamine Phosphoglycerides 
from Pig Mesenteric Lymph Node Lymphocytes a 

Choline phosphoglycerides 

(mol %) 

Ethanolamine phosphoglycerides 

(mol %) 

Class Exp. 1 b Exp. 2 c Exp. 1 Exp. 2 

Alkenylacyl 2.6 +- 0.6 2.2 • 1.0 50.2 • 3.3 49.9 -+ 3.6 
Alkylacyl 25.7 • 2.8 23.2 • 3.6 7.8 • 1.0 7.9 • 1.1 
Diacyl 71.7 • 3.1 74.6 -+ 3.8 42.0 • 3.7 42.2 • 2.9 

aThe mean percentages • SD were taken from different samples. 
bValues were obtained from the quantities of the fatty acyl moieties of each lipid class in exp. 1. (n=6). 
CValues were obtained by successive hydrolysis of the phosphoglycerides in exp. 2. (n=3). 
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rich in alkyl ether compounds (18). It may be 
possible that lymphoid tissues generally contain 
high amounts of alkyl ether compounds. 

The fatty chain composition of choline 
phosphoglycerides is shown in Table II. The 
fatty chain at the 1-position of each lipid class 
is mainly composed of 16:0, 18:0 and 18:1; 
however, the distribution among the choline 
phosphoglycerides is considerably different�9 
Most striking is the high percentage of 18:1 
(56.8%) at the 1-position in alkyl ether com- 
pounds, though a considerable amount of 18:1 
(25.2%) is also found at the 1-position in diacyl 
compounds. The fatty chain at the 1-position 
of alkenyl ether compounds is most highly 
saturated. The fatty chain at the 2-position is 
relatively similar in each lipid class, although 
the proportion of 20:4 is smaller in the diacyl 
compounds than in ether-linked compounds. 
A significant amount of 16:0 is observed at the 
2-position in each lipid class. 

The fatty chain distribution of ethanolamine 
phosphoglyceride is shown in Table III. The 
distribution of the fatty chains at the 1-position 
in each lipid class are again quite different from 
each other. The highest amount of 16:0 (43.8%) 
is located in alkenyl ether compounds. On the 
other hand, almost half of the fatty chains 
at the 1-position are accounted for by 18:1 in 
alkyl ether compounds and by 18:0 in diacyl 
compounds. The fatty chain composition at the 
2-position shows a similar pattern both in 
alkenyl ether and diacyl compounds. The 
main constituent is 20:4 (46.9% and 56.2%) 
and other fatty acids between 16:0 and 22:6 
are widely distributed. In alkyl ether com- 
pounds, a higher amount of 16:0 (18.0%) 
and 22:4 (22.5%) are observed at the 2-position 
in place of a relatively small a m o u n t  of 20:4 
(24.9%). 

The fatty chain composition of diacyl 
compounds obtained in this investigation is in 
general agreement with the results of an earlier 
study (6). It has been reported that lympho- 
cytes contain a considerable amount of 16:0 
at the 2-position and 18:1 at the 1-position in 
choline phosphoglycerides (6). Similar results 
were observed, not only in diacyl compounds 
but also in alkyl ether compounds in this study, 
although in some cases only a small amount of 
16:0 could be observed at the 2-position in 
diacyl compounds. This unusual distribution 
of fatty chains is also observed in tumor cells 
(19). The fatty chain compositions of ether- 
containing phosphoglycerides in lymphocytes 
show marked differences compared with those 
in other tissues (9-11,20). 

Although ether-containing phosphoglycer- 
ides are widely distributed in animal tissues, 
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t h e i r  b io log i ca l  ro le  is y e t  u n c l e a r .  R e c e n t l y ,  
it  h a s  b e e n  s h o w n  t h a t  a r a c h i d o n i c  ac id  is 
t r a n s f e r r e d  to  e t h a n o l a m i n e  p l a s m a l o g e n  f r o m  
o t h e r  p h o s p h o l i p i d s  in  p l a t e l e t s  e x p o s e d  to  
t h r o m b i n  (21) .  F u r t h e r m o r e ,  D e m o p o u l o s  et  al. 
( 2 2 )  r e p o r t e d  t h a t  1 - a l k y l - 2 - a c e t y l - s n - g l y c e r o - 3 -  
p h o s p h o c h o l i n e  h a s  a p o t e n t  b i o l o g i c a l  a c t i v i t y  
to  p l a t e l e t s  a n d  t h i s  c o m p o u n d  is a p p a r e n t l y  
i d e n t i c a l  to  t h e  n a t i v e  p l a t e l e t - a c t i v a t i n g  f a c t o r  
( P A F )  de r ived  f r o m  b a s o p h i l s .  I t  is p o s s i b l e  
t h a t  e t h e r - c o n t a i n i n g  p h o s p h o g l y c e r i d e s  p l a y  a n  
i m p o r t a n t  ro le  a lso  in  l y m p h o c y t e s  in  t h e  
c o u r s e  o f  i m m u n o l o g i c a l  p r o c e s s e s .  In  f u r t h e r  
i n v e s t i g a t i o n s ,  we  h o p e  to  c o m p a r e  in  de t a i l  t h e  
e t h e r - c o n t a i n i n g  p h o s p h o g l y c e r i d e s  o f  m i t o g e n -  
s t i m u l a t e d  l y m p h o c y t e s  w i t h  r e s t i n g  cells.  
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METHODS 

Synthesis of a-Hydroxy Stearyl Coenzyme A 
M.S. CHAUHAN and K. DAKSHINAMURTI,  Department of Biochemistry, 
Faculty of Medicine, University of Manitoba, Winnipeg, Canada, R3E OW3 

ABSTRACT 

Synthesis of ~-hydroxy stearyl CoA fromN-hydroxysuccinimide ester of a a-hydroxy stearic acid 
and coenzyme A is reported. The CoA derivative has been isolated, purified and characterized from its 
spectral data and chemical properties. 

INTRODUCTION 

White matter of the adult brain contains a 
considerable proportion of c~-hydroxy fatty 
acids (1,2). The very long chain a-hydroxy 
fatty acids are unique components of both 
cerebrosides and sulfatides and comprise more 
than one-half of the total cerebroside fatty 
acids (3). The hydroxy fatty acids are formed 
from the corresponding nonhydroxy fatty 
acids (4) and are oxidized to nonhydroxy fatty 
acids containing one less carbon atom (5). It is 
unknown whether the hydroxy fatty acids also 
undergo elongation like the nonhydroxy fatty 
acids (6). We have been interested in studying 
the metabolic fate of hydroxy fatty acids in 
brain using synthetically prepared coenzyme A 
ester of these fatty acids. 

The synthesis of various S-acyl CoA has been 
achieved by acid chloride, anhydride, thiol ester 
exchange and N-hydroxy succinimide ester 
methods (7-14). Although acid chloride and 
anhydride methods work well for the synthesis 
of S-acyl CoA from mono- and dicarboxylic 
fatty acids, they present difficulties when 
competitive groups such as hydroxy or amino 
are present on the aliphatic chain of the fatty 
acid or when polymeric anhydrides are formed, 
as in the case of pimelic acid (12). Besides, 
there are problems in the preparation of such 
acylating agents since reagents such as thionyl 
chloride, phosphoryl chloride, oxalyl chloride 
or ethyl chloroformate react not only with the 
acid functionality but also with the hydroxy 
group thereby leading to undesirable products. 

N-Hydroxysuccinimide in the presence of 
equivalent amounts of dicyclohexylcarbo- 
diimide and hydroxy fatty acid at room tem- 
perature forms N-hydroxy succinimide ester of 
the hydroxy fatty acid as the sol.e product 
because of the preferred reaction at the car- 
boxylic group. The ester, upon treatment with 
coenzyme A, yields the desired product in 
quantitative yield. 

MATERIALS AND METHODS 

a-Hydroxystearic acid, technical grade, was 
purchased from ICN Pharmaceuticals, Inc., 
PIainview, NY. It was crystallized twice from 
methanol before use. Thioglycolic acid, N- 
hydroxysuccinimide and coenzyme A (lithium 
salt, 85%) were obtained from Sigma Chemical 
Company, St. Louis, MO. Various organic 
solvents, e.g., ethyl acetate, acetone, diethyl- 
ether and tetrahydrofuran, were purchased 
from Fischer Scientific Company, Fair Lawn, 
NY, and were 99.9 mol % pure and used 
without further purification. Dicyclohexyl- 
carbodiimide was purchased from Eastman 
Kodak Company, Rochester, NY. Tetrahydro- 
furan was freshly distilled from lithium 
aluminium hydride before use to eliminate any 
contamination of peroxides. The infrared (IR) 
spectra were obtained on a Perkin-Elmer model 
337 Spectrophotometer as Nujol mulls and 
ultraviolet (UV) on a Unicam SP 800 B Spec- 
trophotometer. Nuclear magnetic resonance 
(NMR) spectra were recorded with a Varian 
model 56/60 A Spectrometer in deuterio- 
chloroform, using tetramethylsilane as an 
internal standard. Mass spectra were obtained 
on a Finnegan 1015 quadruple mass spectro- 
meter. Melting points were determined on a 
precalibrated "Thermopan" apparatus. Thin 
layer chromatography (TLC) was performed on 
0.1-mm thick silica gel plates purchased from 
Eastman Kodak Company, Rochester, NY. 

Preparation of N-Hydroxysuccinimide Ester 
of c~-Hydroxy Stearic Acid 

N-Hydroxysuccinimide (1.15 g) and a- 
hydroxystearic acid (3.0 g) were dissolved in 
dry ethyl acetate (600 ml) with slight warming. 
The solution was brought to room temperature 
and dicyclohexylcarbodiimide (2.06 g) in 75 ml 
of dry ethyl acetate added. The reaction 
mixture was stirred at room temperature 
overnight. Dicyclohexylurea precipitated during 
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the reaction was removed by filtration; the 
filtrate was stripped off the organic solvent on a 
rotary evaporator. The residue was crystallized 
twice from methanol to give 3 g of the product, 
nap 86-87 C. It showed a single spot on TLC 
plate in chloroform or chloroform containing 
0.2% methanol and was characterized as fol- 
lows: IR: 3500 cm -1, OH; 1818 cm -1, ester CO; 
1786 and 1724 cm -1, ring CO; NMR: ~ 8.85, 
singlet, heteroring methylenes; the rest of the 
absorptions from 6 2,20-1.0 result from 
aliphatic protons. The mass spectrum did not 
show the molecular ion. The fragment at m/e 
283 corresponds to the loss of N-hydroxy 
succinimide, consistent with our previous 
findings (14). 

Preparation of ~-Hydroxy Stearyl CoA 

N-Hydroxysuccinimide ester of a-hydroxy 
stearic acid (794 rag) thioglycolic acid (46 rag) 
and coenzyme A (50 rag) were dissolved in 
tetrahydrofuran/water mixture (2:1, 75 ml) 
and the solution stirred under nitrogen at room 
temperature. 1 N sodium hydroxide solution (2 
ml) was added slowly so that the pH of 
the solution did not exceed 8.0. The reaction 
was complete in 4 hr as shown by 5,5'-di- 
thiobis-(2-nitrobenzoic acid) (DTNB) test. 
Tetrahydrofuran was removed from the reac- 
tion mixture under reduced pressure at room 
temperature and to the remainder aqueous cold 
solution was added 6 ml of 10% perchloric acid 
to precipitate any unreacted N-hydroxysuc- 
cinimide ester, a-hydroxy stearyl-S-thioglycolic 
acid and a-hydroxy stearyl CoA. The solution 
was filtered and the residue washed with 0.8% 
perchloric acid (20 ml) followed by peroxide 
free diethylether (5 x 30 ml) and acetone (3 x 
10 ml) to remove any a-hydroxy stearic acid, 
o~-hydroxy-S-thioglycolic acid and N-hydroxy- 
succinimide ester. The residue was taken in 15 
ml water and the pH of the solution brought to 
5.5 with sodium bicarbonate, the solution was 
filtered and the residue washed with an addi- 
tional 10 ml of water, the combined filtrate was 
treated with 10% perchloric acid (3 ml) to 
precipitate ct-hydroxy stearyl CoA. The solu- 
tion was centrifuged and the residue washed 
with 0.8% perchloric acid (5 ml), acetone (2 x 5 

ml) and finally diethylether (3 x 5 ml). a- 
Hydroxy stearyl CoA was finally dried under 
nitrogen and weighed, 60 mg (87%). 

Characterization 

0~-Hydroxy stearyl CoA did not show the 
DTNB test for the free thiol group. This test, 
however, became positive upon hydrolysis with 
alcoholic potassium hydroxide. The UV spec- 
trum of a-hydroxystearyl CoA showed a 
thioester peak at 232 nm when measured 
against a reference solution of coenzyme A. 
This peak disappeared upon treatment with 
alcoholic potassium hydroxide. An assay of the 
coenzyme ester from its hydroxmate derivative 
formation indicated it to be 90% pure. 
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A Simple Chromatographic Method for Purification of Egg 
Lecithin 

JORN RIIS NIELSEN, Department of Treponematoses, Statens Seruminstitut, 
Copenhagen, Denmark 

ABSTRACT 

Egg lecithin was purified from the CdCl2-1ecithin complex by column chromatography on 
Alumina. The yield from 5 eggs was 2.8 g. The purified lecithin had correct chemical values for pure 
lecithin and a fatty acid composition similar to lecithin prepared by other methods. The method 
probably can be adapted for purification of other lipids containing the phosphocholine moiety and for 
purification of synthetic lecithin. 

INTRODUCTION 

In the most frequently used screening tests 
for syphilis, antibodies are demonstrated in 
blood and cerebrospinal fluid after binding to 
an antigen consisting of lecithin, cardiolipin and 
cholesterol. Our laboratory has for at least 20 
years used the Pangborn method (1) for pro- 
ducing egg lecithin (hen) for use in the antigen. 
Experience has shown that new lots of lecithin 
constantly cause difficult standardization of the 
antigen. The difficulties result from differences 
in purity and content of fatty acids in different 
lots of lecithin. To obtain the standardized 
antigen it is essential to use some simple prepa- 
ration methods which are easily reproduced 
and give pure lecithin with no trace of lyso- 
lecithin. 

Most methods for preparation of lecithin 
from egg yolks are based on the work of 
Pangborn (1), in which lecithin is purified as the 
CdC12-1ecithin complex (CLC) and then trans- 
formed into lecithin. This transformation, 
which consists of washing out CdC12 with 
aqueous ethanol, is tedious and difficult to 
reproduce because of emulsification. Further- 
more, the product normally contains traces of 
lysolecithin, a hemolytic agent that can in- 
fluence reactivity in screening tests which use 
erythrocytes. In other methods (2-4), the CLC 
procedure is circumvented by using column 
chromatography of crude egg yolk extract. 
These methods require high capacity columns 
and rechromatography of the product to 
remove lysolecithin and sphingomyelin. 

This paper describes a modification of 
Pangborn's method that uses CLC to concen- 
trate the phosphate containing lipids in the 
crude extract. The critical transformation of 
the CLC to lecithin and the removal of remain- 
ing impurities is done chromatographically in 
one step. 

EXPERIMENTAL 

Materials 

Alumina (aluminium oxide 90, basic, 
Brockmann Grade I, 70-230 mesh ASTM) and 
materials for thin layer chromatography (TLC) 
analysis (precoated Silica Gel 60) were obtained 
from Merck. All chromatographic solvents used 
were~of analytical purity (Merck). 

Palmitic acid (16:0), stearic acid (18:0), 
oleic acid (18: 1), linoleic acid (18: 2) and their 
methyl esters were obtained from Fluka. 
Palmitoleic acid (16: 1), arachidonic acid (20:4) 
and their methyl esters were from Sigma. All 
the fatty acids and esters were of analytical 
purity. 

Chromatographic Methods 

Adsorption chromatography. Alumina (100 
g) activated at 100 C overnight was packed in 
chloroform in a glass tube 40 cm long and 3.0 
cm id. After packing (bed ht 12 cm), the bed 
was stabilized by elution with chloroform (150 
ml). Chromatographic solvent was evaporated 
with a rotary vacuum evaporator under N 2 at 
300 mm Hg and 30 C; these conditions 
provided good condensation of the toxic 
solvent vapors at the temperature of tap water 
(10 C). 

Thin layer chromatography. TLC was 
performed using 5/ l l  samples, and chloroform/ 
methanol/12.5 % aqueous ammonia (65:25:4 
v/v) as solvent. After development, the plates 
were dried and the spots visualized with molyb- 
dophosphoric acid spray (Merck). 

Gas liquid chromatography. GLC was 
performed with a Hewlett-Packard model 5840 
A dual column gas chromatograph equipped 
with terminal 5840 A for electronic measure- 
ment of retention times and peak areas. The 
chromatograph was equipped with 2 glass 
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columns (1.8 x 2 mm id) filled with 10% 
polydiethylene glycol succinate on Chromosorb 
W AW 80/100. The columns were run with 
nitrogen (60 ml/min) and at temperatures 
programmed from 120 C to 190 C with a 4 
C/min gradient. Injection temperature was 225 
C and flame ionization detection was at 275 C. 

Chemical Analysis 

Phosphate determination was done accord- 
ing to Martin and Doty (5) using perchloric- 
acid-hydrolyzed samples. Nitrogen was esti- 
mated by the Kjeldahl method. Cadmium was 
estimated by EDTA-titration using Eriochro- 
mschwarz T as indicator (6). Dry weight 
determinations were made as described by 
Pangborn (7). 

Fatty Acid (FA) Analysis 

Solid lecithin was refluxed 2 hr with 2 N 
KOH in 50%aqueous methanol, acidified with 6 
N HC1, extracted 3 times with petroleum ether 
(30-50 C) and washed 3 times with distilled 
water. Half of the petroleum ether extract was 
evaporated with N2, dissolved in ethanol and 
the fatty acid (FA) was titrated as described by 
Hanahan (8). The other half was taken to 
dryness with nitrogen and esterified by re- 
fluxing the residue 45 min with 20% boron 
trifluoride in methanol (3 ml); distilled water (3 
ml) was added and the mixture was extracted 
with 3 portions of 3 ml hexane. This extract 
was used for the GLC analysis. For preparation 
of standard fatty acid methyl ester (FAME), 
pure FA were weighed and esterified together 
as described for the lecithin FA. The FA for 
esterification were selected according to the 
normal FA content in egg lecithin and pre- 
liminary GLC analysis. 

Purification of Lecithin 

Yolks from 5 fresh hen eggs were stirred for 
a few seconds in a Waring blender. The yolks 
were extracted 3 times using 96% ethanol (190 
ml) each time. The mixture was filtered in a 
Buchner funnel after each extraction. The clear, 
yellow, combined filtrate was set aside for 1 hr 
at 0 C in order to sediment impurities and was 
then filtered. To this primary extract was 
slowly added 50% aqueous CdCI2 until no 
further precipitation occurred (ca. 6 ml). The 
mixture was centrifuged after 1 hr at room 
temperature. The precipitate was washed twice 
with 96% ethanol, dissolved in water-saturated 
diethyl ether (50 ml) and reprecipitated with 
99.9% ethanol (50 ml) and centrifuged. This 
treatment was then repeated. The purified CLC 
was dissolved in chloroform (80 ml) and 
applied to the Alumina column; just before the 

M E T H O D S  

sample level had fallen below the top of the 
bed, the sides of the column tube were washed 
with dichloromethane containing 7% methanol 
(v/v). Two portions of 10 ml each were used. 
This washing is essential to prevent precipita- 
tion of the CLC with the eluting solvent. After 
this washing, the eluting solvent (925 ml 
dichloromethane + 70 ml methanol + 5 ml 25% 
aqueous ammonia) was applied. The column 
was eluted with 950 ml of this solvent at a flow 
rate of 8 ml/min; the solvent was then switched 
to 100% methanol. A total of 13 fractions (100 
ml each) were collected. Two preparations were 
made: D consisted of fractions 2-6; C consisted 
of fractions 7-11. The solvent was evaporated 
and the dry material dissolved in 99.9% 
ethanol, giving clear, colorless solutions. 

RESULTS AND DISCUSSION 

Five normal egg yolks contain ca. 30 g of 
lipid (9). As shown in Table I, extraction with 3 
changes of ethanol takes out ca. one-third of 
this amount. A fourth extraction takes out 
more lipid, but only small amounts of lecithin 
are extracted as estimated from TLC analysis. 

The dry weight determination (Table I) and 
the TLC analysis (Fig. la) show that almost all 
the lecithin is eluted in 500 ml (fractions 2-6). 
Figure la further shows that most of the 
impurities are retained by the column and are 
first eluted with the 100% methanol (fraction 
12). Preparation D was chromatographically 
pure lecithin whereas preparation C contained 
traces of impurities (Fig. lb);  preparation C was 
therefore discarded. Preparation D was filtered 
through a sintered glass filter (porosity G-5) 
and stored in sealed ampoules. Table II shows 
the results of the chemical examination. Per- 
cent phosphorus (%P), Percent nitrogen (% N), 
P/N mole ratio and FA/P mole ratio are within 
the theoretically calcd values for pure lecithin. 
No cadmium could be detected either in the FA 
extract or in the aqueous phase derived from 

T A B L E  I 

Dry Weight  D e t e r m i n a t i o n  on  
F r a c t i o n s  in L e c i t h i n  P u r i f i c a t i o n  

To ta l  To ta l  
F r a c t i o n  V o l u m e  Dry  w t  

(ml)  (g) 

A: P r i m a r y  e x t r a c t  566  9 .8  
B: Pur i f ied  CdCl2-1eci th in  

c o m p l e x  80 5.4 
C: F r a c t i o n s  7-11 6 0 .3  
D: F r a c t i o n s  2-6 55 2 .8  
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FIG. 1. TLC chromatograms showing (a) elution 
pattern of lecithin and impurities (arrows)from the 
Ahnnina column, and (b) that A (the primary extract), 
B (the purified CdC12-1ecithin complex) and C (pool 
of fractions 7-11) contained decreasing amounts of 
impurities (arrows), whereas D (pool of fractions 2-6) 
was pure. 

lec i th in  hydro lysa te .  This  agrees wi th  in fo rma-  
t ion  tha t  more  t h a n  99% of the  CdC12 appl ied 
to the  A l u m i n a  c o l u m n  as the  CdC12-1ecithin 
complex  was e lu ted  wi th  6 N hyd roch lo r i c  acid 
af ter  m e t h a n o l  e lu t ion .  

Figure 2 presen ts  the  GLC c h r o m a t o g r a m  
ob t a ined  with s tandard  F A M E  and lec i th in  
FAME.  The  m e t h y l  esters in the  s tandard  
F A M E  were also run  separa te ly  and  individual  
peaks were ident i f ied  by  the i r  t imes  of  re ten-  
t ion.  The  di f ferences  in r e t e n t i o n  t imes  
be tween  individual  peaks in s tandard  F A M E  
and the appropr i a t e  peaks  in lec i th in  FAME 

TABLE I1 

Chemical Analysis on Preparation D (Pure Lecithin) 

Fraction This study Theoretical 

P % 3.99 4.01 a 
N % 1.79 1.81 a 
P/N-mol ratio 1.01 1.00 
FA/P-mol ratio 1.98 2.00 

abased on mean molecular weight 772 g/tool for 
lecithin, see Results and Discussion. 

6 1'o 14 1'8 
RT [mini 

FIG. 2. GLC chromatogram of standard FAME 
(fatty acid methyl esters, lower curve) and lecithin 
FAME (upper curve), peak numbers are: 1, methyl 
palmitate; 2, methyl palmitoleate; 3, methyl stearate; 
4, methyl oleate; 5, methyl linoleate and 6, methyl 
arachidonate. 

were less than  0.1%, excep t  for  pa lmi to le ic  
acid, where  the  d i f ference  was 0.5%. The  6 
m e t h y l  esters in s tandard  F A M E  gave di f ferent  
peak areas, (Tab le  III)  a l t h o u g h  the  same 
a m o u n t s  of  t h e  indiv idual  F A  were t a k e n  for  
es ter i f icat ion.  There fore ,  response  fac tors  (rela- 
t ive to  pa lmi t ic  acid) for  the  indiv idual  F A  
were ca lcula ted  and  peak  areas o f  the  indiv idual  
esters in lec i th in  F A M E  were cor rec ted  by  
mul t ip l i ca t ion  wi th  the  appropr i a t e  relat ive 
response  factor .  The  relat ive F A  c o m p o s i t i o n  
(wt  %) in  l ec i th in  was t h e n  d e t e r m i n e d  assum- 
ing the  cor rec ted  peak  area was p r o p o r t i o n a l  
to  the  F A  compos i t ion .  The  F A  c o m p o s i t i o n  
t hus  d e t e r m i n e d  in the  pur i f ied  lec i th in  agrees 
wi th  o t h e r  r epor t s  (Table  IV). The  m e a n  
molecu la r  weight  (MW) for  lec i th in ,  based  o n  
the  calcd F A  c o m p o s i t i o n  was 772,  wh ich  

TABLE III 

Peak Area Obtained in GLC Experiment (Figure 2) 

Standard FAME Lecithin FAME 
Peak No. FA/ (w/w) Peak area peak area 

1 15.5 174,500 643,400 
2 15.5 222,200 57,270 
3 17.6 143,100 297,700 
4 18.1 185,800 671,400 
5 16.6 223,400 394,400 
6 16.7 339,300 236,000 
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TABLE IV 

Reported Fatty Acid Composition in Egg Lecithin 

This Ansell Hasegawa and 
Fatty acid study et al, (11) Suzuki (12) a 

Palmitic 28.0 32 32.4 
Palmitoleic 2.0 0 0.3 
Stearic 17.9 16 16.6 
Oleic 32.0 30 33.0 
Linoleic 14.4 17 13.5 
Arachidonic 5.7 4 4.0 

aValues calcd from reported FA contents in mono- 
acetyl-diglyceride from ovolecithin. 

agrees with the % P and % N found (Table II). 
The major  peaks in the purified leci thin as 

shown  in Figure 2 are compared  in Table IV. 
The broad peak f rom leci thin FAME and 
s tandard FAME, located be tween  peaks 5 and 
6, was seen only in some of  the runs. The 
incons is tent  appearance  of  this peak, which had 
an area of  1 2% of  the tota l  area, is not  under-  
s tood.  Minor peaks also were de tec ted ,  but  not  
ident i f ied.  Altogher ,  6 minor  peaks were 
de tec ted  in the leci thin FAME. Total area of 
these minor  peaks was 5% of  the total  area of 
all peaks de tec ted .  Neglecting the  broad peak 
and the minor  peaks, the ident i f ied fa t ty  acids 
account  for 95% of the FA in the purified 
lecithin.  

This m e t h o d  for pur i f ica t ion of  leci thin gives 
chemical ly and chromatographica l ly  pure 
lecithin.  The yield f rom 5 eggs was 2.8 g. This is 
the same am oun t  ob ta ined  by Pangborn  (1) (7 g 
f rom 12 yolks)  and Rathlev (10) (0.4-0.5 
g/yolk).  This m e t h o d  can be scaled up using a 
larger co lumn,  is easy to reproduce  and purifi- 

METHODS 

cat ion can be done  in 1 day. Five separate runs 
of purif icat ion gave identical  pa t te rns  in the 
TLC analysis (Fig. 1). The chemical  data and 
GLC data p resen ted  in this paper are f rom 1 of 
the 5 runs. 

, T h e  chromatographic  m e t h o d  described 
would probably  also be useful for  pur i f icat ion 
of o ther  lipids containing the phosphocbo l ine  
moie ty  and for  pur i f icat ion of  synthe t ic  
lecithins. 
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Lipid Oxidation: Biologic Effects and Antioxidants-- 
A R e v i e w  1 
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ABSTRACT 

The detection and measurement of lipid oxidation in biological systems and some biologic effects 
of this oxidation are reviewed. The role of lipid oxidation in the process of photocarcinogenesis and 
the protective effect of antioxidants against this process also are discussed. The mechanism of such 
protection is unknown and studies directed at elucidating the mechanism of antioxidant effect in 
photocarcinogenesis and in some other pathological conditions believed to involve lipid oxidation are 
needed. In addition to this, epoxidation of lipids observed in monolayer studies requires further 
investigation, particularly in the presence of some other unsaturated molecules. The possible signif- 
icance of such a study-particularly in the presence of polycyclic aromatic hydrocarbon carcinogens, 
where formation of epoxides is generally accepted as active intermediates-is also discussed. In addi- 
tion, present knowledge on the role of lipid peroxides in the destruction of proteins and biomem- 
branes, in chemically induced toxicity and in generation of singlet oxygen is presented. 

INTRODUCTION 

It has long been known that fats go rancid 
by slow au tox ida t ion  during storage. In recent  
years, there has been a renewed interest  in 
studying the mechanism of lipid oxida t ion  
and in the detect ion of oxidized products ,  
part icularly in biological systems. It is now 
recognized that  lipid oxida t ion  in biological 
membranes  is a very destructive process. To 
date, lipid ox ida t ion  has been implicated in 
liver cell injury caused by chemicals (1-4) such 
as CC14, BrCC13, 1,1,2,2-tetrachloroethane,  
e thylene  bromide  and ethanol.  Lipid peroxi-  
dat ion has been proposed as a possible mecha-  
nism in the clinically impor tan t  phenomenon  of 
ozone toxic i ty  (5,6) in which lung damage 
induced by ozone and ni t rogen dioxide results 
(7). In addi t ion to these effects, reactions 
be tween peroxidized lipids and proteins have 
been shown to  cause loss of  enzyme activities 
(8,9), polymer iza t ion  (10-14),  po lypept ide  
chain scission (15), accelerated format ion  of 
b rown pigments (8,14,16) and the destruct ion 
of  labile amino acid residues such as hist idine,  
lysine, cysteine and meth ion ine  (12). Photo-  
sensitized oxida t ion  of  lipids has been invoked 
in the process of  photocarcinogenesis  (1%23).  
Black and Chan have repor ted  that  cholesterol-  

1presented at the International Congress on Oil- 
seeds and Oils, Feb. 1979, New Delhi, India. 

2Author to whom correspondence should be 
addressed. 

a-oxide  is generated both  in vitro and in vivo by 
irradiat ion of  cholesterol  in the presence of  
oxygen.  Cholesterol<t-oxide is repor ted  to show 
weak carcinogenic activity and was suggested as 
a proximate  carcinogen in the process of  
photocarcinogenesis  by these workers. In 
support  of  this postulate,  Lo and Black (17,23) 
have repor ted  that  feeding a diet rich in anti- 
oxidants  affords considerable pro tec t ion  against 
photocarcinogenesis  and delays the growth of  
tumors  in comparison to control  animals fed 
unsupplemented  diet. 

In this article, lipid oxida t ion  is reviewed in 
general with particular emphasis on some of its 
biologic effects. The role of ant ioxidants  as 
protect ive agents against photocarcinogenesis  
and some other  pathological  condit ions 
involving lipid oxidat ion also are discussed. 

LIPID OXIDATION 

Oxidation in Bulk Phase 

" D a r k "  ox idat ion .  Several studies on autoxi-  
dat ion of fat ty acids have been reported pre- 
viously (24-28). A mechanism which is now 
generally accepted is that au toxidat ion  of 
lipids involves a free radical mechanism as 
shown in Figure 1. The oxidat ion  is initiated by 
allylic H" abstraction fol lowed by oxygen 
attack on the carbon radical thus generated. 
In recent  years, using gas chromatography 
(GC)-mass spectroscopy (MS), Frankel  et al. 
(29-32) and others  (33-35) have done a detailed 
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R H  + 0 2 ~ R .  + ' O H  

R "  + 0 2 ~ R O O "  

R O O .  + R H  ~ R O O H  + R .  

R . + R ,  ~ R R  

R .  + R O O .  -~  R O O R  

R O O "  + R O O ,  ~ R O O R  + O 

FIG. 1. Autoxidation of lipids: RH represents a 
fat molecule in which H is an aUylic hydrogen. 

s tudy  of the  com pos i t i on  of a u t o x i d a t i o n  
p roduc t s  of  m e t h y l  oleate,  m e t h y l  t inolea te  and  
m e t h y l  l ino lena te  (Table  I) and of the i r  mix- 
tures  in d i f fe ren t  p ropo r t i ons .  As s h o w n  in 
Table  I, t he  ma jo r  p r o d u c t s  ob t a ined  in autoxi-  
da t ion  of  m e t h y l  oleate  inc lude  8-, 11-, 9- and 
10-hydroperoxides .  It  is in te res t ing  tha t  con- 
cen t r a t i ons  of  8- and  l l - h y d r o p e r o x i d e s  in 
these s tudies  are h igher  t han  9- and 10-hydro-  
peroxides .  Methy l  l inoleate ,  on  the  o the r  hand ,  
gives equal  a m o u n t s  of 9 - a n d  13-hydroper-  
oxides,  ind ica t ing  t ha t  init ial  H" abs t r ac t ion  
occurs  at doub ly  allylic ca rbon  11. Bulk phase  
ox ida t i on  of m e t h y l  l ino lena te  yields the 
expec ted  p roduc t s  derived f rom abs t r ac t ion  of 
hyd rogen  radical  f rom 9- and  11- ca rbons  which  
are doub ly  allylic posi t ions .  However ,  the  
p roduc t  d i s t r ibu t ion  (9- and  1 6 - O O H > > l  2- and  
13,OOH) of  h y d r o p e r o x i d e s  is no t  as expec t ed  
by  the  general  m e c h a n i s m  shown  in Figure 1. 
On the  basis of mechan is t i c  s tudies  r epo r t ed  up 
to this  t ime,  it appears  tha t  p r imary  processes  
involved in a u t o x i d a t i o n  still c o n f o r m  to the  

general  free radical  m e c h a n i s m  s h o w n  in Figure 
1; the  final d i s t r ibu t ion  of the  produc ts ,  how- 
ever, would depend  on  secondary  reac t ions  
such as r ea r r angemen t  of the  i n t e rmed ia t e  
allylic radicals or  of  the  f inal  p roduc t s ,  f u r the r  
ox ida t ion  and d i s p r o p o r t i o n a t i o n  reac t ions .  In 
view of this,  it has  been  suggested (32)  t ha t  the  
reduced  yield of  12- and 13-hydroperox ides  
(18-25%),  in compar i son  to 9- and 16-hydro-  
peroxides  (75-81%) f rom m e t h y l  l inolenate ,  
may  resul t  f rom the  un ique  1,5-diene s t ruc tu re  
of  the  fo rmer  g roup  leading to the  f o r m a t i o n  of 
the  6 - m e m b e r e d  cyclic pe rox ides  or more  likely 
by  the i r  t e n d e n c y  to cyclize in to  pros tag landin-  
like endope rox ides  (Fig. 2). F r o m  the  pract ical  
aspect ,  it implies t ha t  despi te  any secondary  
reac t ions  involved,  the  bulk  phase  " d a r k "  
ox ida t ion  of lipids can be inh ib i t ed  by free 
radical  quenchers .  The  a n t i o x i d a n t s  c o m m o n l y  
used in the  food indus t ry  are 3(2)-tert-butyl-4- 
hyd roxyan i so l e  (BHA) ;  3,5-di-tert-butyl-4- 
h y d r o x y t o l u e n e  (BHT) ;  4 -hydroxy-me thy l -2 ,6 -  
di-tert-butylphenol ( I onox -100 ) ;  mono-tert-  
b u t y l h y d r o q u i n o n e  (TBHQ),  3 ,3 ' - th iod ipro-  
p ionic  acid (TDPA) ;  2 , 4 , 5 - t r i h y d r o x y b u t y r o -  
p h e n o n e  (THBP);  di lauryl  t h i o d i p r o p i o n a t e  
(DLTDP) ;  n -p ropy l  gallate (PG);  and nord ihy-  
droguaiare t ic  acid (NDGA) .  

Photosensitized Oxidation 

A l t h o u g h  mos t  fats  and lipids do no t  absorb  
visible or near  un t rav io le t  (UV)  light,  pho to -  
sensi t ized ox ida t i on  caused by c h r o m o p h o r e  

TABLE I 

Autoxidat ion of Fatty Acids 

Fatty acid Reaction conditions Principal products Ref. no. 

1. Methyl oleate bulk phase; "dark" Hydroperoxides, 8,11 > 9,10 30 
25-80 C 

2. Methyl oleate bulk phase; photosensitized 9 and 10 OOH 39 
(erythrosine); room temp. 

3. Methyl oleate bulk phase; photosensitized 8,9,10 and 11 OOH 39 
(riboflavine); room temp. 

4. Methyl linoleate bulk phase; "dark"; 9 and 13 OOH 31 
40-50 c (1:1) 

5. Methyl linolenate bulk phase; "dark"; 9 and 16 OOH (75-81%) 32 
25-50 C 12 and 13 OOH (13-25%) 

6. Methyl linolenate bulk phase; photosensitized 9, 12, 13 and 16 conjugated 39 
(erythrosine), room temp. diene OH 

"7. Methyl linolenate bulk phase; photosensitized 9, 12, 13 and 16 conjugated 39 
(riboflavine), room temp. diene OOH 

8. Linoleic acid monolayer on silica gel, cis-9,10- and cis-12,13-monoepoxy 51 
60 C linoleic acids 

9. Linoelaidic acid monolayer on silica gel, trans-9,10- and trans- 12,13-rnonoepox y 51 
60 C linoelaidic acid 
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O--O O--O 
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R ' - 2  
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OOH 
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~ R  ~ R  15 16 

14 11 ~ 11 ~O 1 Y 1 3  ~ Heat 

11 ~ R 
OOH 
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O O H  

R = (CH2) 6 COOCH 3 

FIG. 2. Autoxidation of methyl linolenate: rearrangement of 12- and 13- hydroperoxides (32,69). 

impurities present such as chlorophyll ,  porphy- 
rins, myoglobins and pheophytins has long been 
known (36,37). In general, photosensitized 
oxidation of lipids is believed to involve singlet 
oxygen (37) produced by photosensitized 
excitation of triplet oxygen by chromophore 
impurities. Several mechanisms (38) such as 
"ene,"  radical-, ionic-, peroxirane- or dioxetane- 
intermediates have been proposed for addition 
of singlet oxygen to olefins. Of all the mecha- 
nisms proposed, the "ene" mechanism (Fig. 3) 
and peroxirane intermediates are most consis- 
tent with experimental facts (38). Chan (39) 
has reported,  however, that some photosensi- 
tized oxidation of lipids may involve triplet 
state oxygen. Using 2 different sensitizers, 
erythrosine and riboflavine, for oxidation of 
methyl  oleate and methyl linolenate, he showed 
that erythrosine sensitization involves singlet 
oxygen (Fig. 4, type II) whereas riboflavine- 
sensitized oxidations involve triplet oxygen 
(Fig. 4, type I). Since singlet oxygen reactions 
with nonconjugated olefins are known to 
involve 1,2-attack (Fig. 3) whereas oxidation by 
triplet oxygen involves free radicals, a distinc- 
tion between 2 mechanisms was achieved by 
structural elucidation of the hydroperoxides 
formed, by the aid of GC-MS (39). Methyl 
oleate, upon photosensitized oxidation with 
erythrosine, afforded 9-and 10-hydroperoxides 
only whereas riboflavine-sensitized reactions 
gave a mixture of 8-, 9-, 10- and l l -hyd ro -  
peroxides. Similarly, methyl linolenate 
generated a mixture of 9-, 12-, 13- and 16- 
conjugated diene hydroperoxides in both 
erythrosine- and riboflavine-sensitized reac- 
tions, except that erythrosine-sensitized reac- 
tions also afforded 10 -and  15-nonconjugated 

diene hydroperoxides which were not observed 
at all in the riboflavine reaction. Since forma- 
tion of  nonconjugated diene hydroperoxides is 
possible only through singlet oxygen (attack at 
10 or 15 position; Fig. 5), the erythrosine- 
sensitized reactions were considered to involve 
102" Riboflavine-sensitized oxidations primarily 
involve radical formation like "dark"  oxidation 
but notable differences in the 2 processes were 
observed (39). Unlike "dark"  oxidation,  
photooxidat ion involving triplet oxygen did not  
involve chain reactions. Besides, no induction 
period was observed in the photooxidations 
whereas the "dark"  oxidations involve long 
induction period. This was supported by 
the relatively small inhibitory action of the 
antioxidant  BHT in the riboflavine reactions. 
From the practical viewpoint, this implies 
that prevention of photosensitized oxida- 
t ion involving type I or type II mechanisms 
should not  be possible through the antioxidants 
commonly used to inhibit "dark"  oxidation.  
Singlet oxygen quenchers such as carotene, 
tr iethylamine and nickel chelates are quite 
effective inhibitors of photooxidative deteri- 

O H  

H .... ~ OOH 

"ENE" MECHANISM 

o 
H I H 

102 ID It 

PEROXIRANE INTERMEDIATE 

FIG. 3. Reaction of 102 with olef'ms (38). 
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Sens. + A + h v ~ [ i n t e r m e d i a t e s  I ]  

[ intermediates I 1 + 02 ~ Products + Sens, 

Sens, + 02 + h r - - [ i n t e r m e d i a t e s  I I ]  

[ intermediates I I ]  + A ~ p r o d u c t s  + Sens. 

REVIEW 

Type I 

Type I I  

Sens. + h v ~ l s e n s .  

isens. ~ 3sens. 

3sens. + 3 0 2 ~  Sens. + 104 

FIG. 4. Proposed mechanism for photosensitized 
o x i d a t i o n  by triplet (Type I) and singlet (Type 11) 
oxygen (39). 

o=o~. .  

oo, 

FIG. 5. Photosensitized (erythrosine) oxidation of 
linolenic acid. Formation of 10- and 15-nonconjugated 
diene hydroperoxides (39). 

o r a t i o n  in lipids. Naturally occurring a-toco- 
pherols quench singlet oxyger efficiently 
but are themselves oxidized in the ? -ocess (40). 
Effective inhibitors for type I oxidation are not 
very well known. 

Autoxidation in Monolayers 

The use of adsorbed monomolecular films as 
models for the study of nonenzymatic mem- 
brane lipid autoxidation has been attempted by 
several investigators (41-51). Honn and co- 
workers (41) using silica gel as the support for 
soybean oil, were the first to correlate the 
effect of different ratios of substrate2to-solid 
support on autoxidation. Porter et al. (44,45) 
demonstrated that the maximal r~e  of autoxi- 
dation was exhibited by the lino eic acid-to- 
silica ratio close to that for a monolayer. Porter 
et al. (44,45) also studied the effects of prooxi- 
dants and antioxidants on the rat, :,:' lipid 
autoxidation. 

Unlike oxidation in bulk phase, oxidation of 
linoleic and linoelaidic esters in monolayers 
form predominantly cis or trans epoxy com- 
pounds (51). Methyl oleate, however, does 
not give any detectable amount of the epoxy 
compound. Kinetically, the reaction is reported 
to be of first order in contrast to bulk phase 
oxidation where the reaction is kinetically more 
complex. Mechanistically, the reaction is 

rationalized as an addition of peroxy radical 
generated by initial abstraction of allylic 
hydrogen (Eq. I) on double bond. This is 
followed by loss of alkoxy radical from the 
intermediate, resulting in the formation of 
epoxides (Eq. II). 

a o o .  . Roo'+ H" [11 

Since no detectable amount of the epoxide 
is observed in the monolayer oxidation of 
methyl oleate, it would be interesting to 
observe if methyl oleate epoxide is formed 
when a mixture of the esters of oleic and 
linoleic acids is oxidized. If interepoxidation 
reactions of this kind are observed in fatty acid 
esters, it will be of further interest to investi- 
gate their reactions with other molecules such 
as polycyclic aromatic hydrocarbons (52) and 
cholesterol (17-23), the epoxides of which have 
been implicated as "proximate" carcinogens in 
chemical and photocarcinogenesis, respectively. 
This kind of study may further shed light on 
the mechanism involved in enhancement of 
carcinogenic activity in the polycyclic aromatic 
hydrocarbons by unsaturated fatty acids (53). 

DETECTION AND MEASUREMENT OF 
LIPID O X I D A T I O N  

Recently Gray (54) has reviewed the detec- 
tion and measurement of lipid oxidation in 
vitro, specifically in food products. We shall 
therefore confine ourselves to biological 
systems only. Assays used in these systems can 
basically be divided into the following cate- 
gories: (a) conjugated diene assay; (b) estima- 
tion of hydrocarbon gases; (c) detection of 
malonaldehyde and fluorescent products; and 
(d) loss of polyunsaturated fatty acids. 

Conjugated Diene Assay 

It has been observed by several workers that 
lipids containing dienes or polyenes on peroxi- 
dation show a shift in double bond  position 
leading to conjugation (55-57). Mechanistically, 
it involves initial abstraction of H" from the 
doubly allylic position followed by double 
bond migration resulting in conjugated dienes 
which show an intense absorption at 233 nm 
(Eq. III). Similarly, conjugated trienes show an 

x u 
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absorption at 288 nm. This has been widely 
used for detection and estimation of lipid 
peroxidation in liver cell injury by hepatotoxic 
agents. A limitation of the method is, however, 
that it is nonspecific and the extinction coeffi- 
cients used for biological systems are only 
approximate. 

Other methods based on estimation of 
conjugated dienes use classical Diels Alder 
reactions. Ellis and Jones (58) used this method 
for estimation of conjugated dienes in tung 
oil. Maleic anhydride was used as a dienophile 
and quantitation was done by estimating the 
unreacted anhydride. This method, however, 
requires high temperatures and long reaction 
times, and is thus not suitable for biological 
systems. Wailer and Recknagel (59) have suc- 
cessfully extended the scope of this reaction to 
biological systems by using 14C-labeled tetra- 
cyanoethylene (TCNE) as an extremely reactive 
dienophile. Quantitative determination of con- 
jugated dienes is done by estimating the incor- 
poration of radioactive labels in the adducts. 
Limitations of the method are that: (a) conju- 
gated trienes and tetraenes also form adducts 
with the dienophile, whereas cis-cis dienes do 
not make an adduct because of their transoid 
configuration; (b) phosphate groups react with 
TCNE (this difficulty was overcome, however, 
by reducing phosphate groups with lithium 
aluminium hydride before analysis); and (c) 
preparation of labeled TCNE involves labeled 
KCN, which is a deadly poison and requires 
extremely careful handling. 

Hydrocarbon Gases 

Riley et al. (60) first reported in Science  in 
1974 that hydrocarbon gases of low molecular 
weight (MW) were released upon treatment of 
mice with CC14 . Since then, several reports have 
appeared indicating measurement of these gases 
as an index of lipid peroxidation in biological 
systems (61-66). A general route for the forma- 
tion of these gases as visualized by Evans et al. 
(67) is shown in Equation IV. Hydroperoxide 
decomposition to alkoxy radical is the key step 
in the proposed scheme which is followed by 
lT-scission and hydrogen abstraction resulting in 
the formation of hydrocarbon gases, t3-Scission 
of alkoxy radical is a well known process (68) 
and involves unpairing of electrons in the 
bond located beta to the free radical. This 
process generates hydrocarbon free radicals and 
stable carbonyl compounds. As a support for 
this mechanism, it has been observed that 

X•O Y Ill [ / ' ~ [ I  + GH2R + H ' i '  H3CR J i g ]  
o 

489 

transition metals, particularly the iron and 
copper catalysts, help form these gases in 
relatively greater amounts. Since free radicals of 
hydrocarbons can follow other routes for 
their termination besides hydrogen abstraction, 
a variety of products are theoretically possible. 
Most important of these alternative routes 
include dimerization, unsaturation caused by 
loss of H" radical and further r fol- 
lowed by the processes just mentioned. In view 
of this, it would be difficult to develop a 
quantitative relationship between state of 
peroxidation and the amount of a particular gas 
generated. Besides, calculated molar ratios show 
that hydrocarbon gases are only minor lipid 
oxidation products (69). Since "OH is more 
stable as -OH whereas H" preferably stays as 
H +, it is conceivable that transition metals in 
their lower oxidation states would aid the 
formation of alkoxy radicals (Eq. V) whereas 
their higher oxidation states would favor 
generation of peroxy radicals (Eq. VI). Since, in 
biological systems, transition metals are present 
mostly in higher oxidation states, routes leading 
to hydrocarbon gases are of only minor impor- 
tance. Despite these limitations, Tappel et al. 
and other workers (64-67) have devised 
methods for quantitative measurement of 
hydrocarbon gases and have indicated their use 
in estimating the extent of oxidation of lipids. 

FIOOH + M +n ~ RO" * OH + M +n§ I V ]  

Roo .  + u + ' + t  . Roo "  + . ++  u+ .  [vI] 

Detection of Malonaldehyde and 
Fluorescent Products 

Detection of malonaldehyde (Fig. 6), 
commonly known as the thiobarbituric acid 
(TBA) test, has been used widely both in vivo 
(68) and in vitro (54) for the detection of lipid 
peroxidation. Experimental procedure involves 
treatment of oxidized lipid with thiobarbituric 
acid which results in the formation of a highly 
colored complex that is measured by colori- 
metric method (X max 532 nm). Limitations 

O O HS ~KL ..~.O H + HS.~r j N O HO. N~ S 

OH 0 0 

I 
Conjugated Shift 
Base (f luorescent) 

FIG. 6. Reaction of malonaldehyde with thiobarbi- 
turic acid and with compounds containing -NH 2 
groups (69,74). 
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and pitfalls of this method in vitro are ade- 
quately covered by Gray (54) and may well hold 
for biological systems. Since malonaldehyde 
itself is a very reactive material and is known to 
make cross linkages with proteins in biological 
systems, it is questionable whether malon- 
aldehyde is the ultimate product in lipid 
oxidation which reacts with TBA or if some 
other reactive material generates malon- 
aldehyde under the conditions of TBA test. 
Pryor et al. (69) have suggested that, at least in 
part, the prostaglandin type of endoperoxides 
are a possible precursor of malonaldehyde 
under the test conditions. Since reaction of 
malonaldehyde with proteins and other cellular 
constituents results in fluorescent products, the 
detection of lipid oxidation in biological tissues 
by fluorescence has been found to be 10-to-100 
times more sensitive than the TBA test (70-74). 
Although this method is very sensitive and is 
gaining wide acceptance, the chemistry of the 
formation of fluorescent products and their 
specific characterization needs further explora- 
tion. 

Loss of Polyunsaturated Fatty Acids 

This technique, developed by May and 
McCay (75), uses the loss of polyunsaturated 
fatty acids moieties as an index for the detec- 
tion and measurement of lipid peroxidation. 
In this method, total fatty acid composition of 
the tissue lipid is determined by gas liquid 
chromatography (GLC) before and after lipid 
oxidation. The loss in amount of polyunsatu- 
rated fatty acids in oxidized lipid is then 
compared to that in the control. A major 
difference between this and other methods is 
that it involves a direct analysis of the tissue 
lipids themselves as opposed to the detection of 
products resulting from peroxidation. In this 
respect, this technique provides one of the most 
direct methods for detection and measuring the 
extent of lipid peroxidation in biological 
systems. 

BIOLOGIC EFFECTS OF 
LIPID PEROXIDATION 

Lipid Oxidation and Photocarcinogenesis 

It is now widely accepted that UV light, 
specifically between 280-320 nm, can cause 
cancer (76). The mechanism of photocarcino- 
genesis is, however, not well understood. The 
basic mechanistic theories for photocarcino- 
genesis, DNA damage and repair, lysosomal 
destruction and photochemical mechanisms 
have been discussed in a recent review by Black 
and Chan (19). Although all these theories have 
their merits and demerits, we shall focus here 

on some aspects of photochemical theory 
which invokes sterol and lipid oxidation as 
the primary steps in the process of photocar- 
cinogenesis. An intensive series of studies by 
Black and associates has centered around the 
observation that irradiation of skin, both 
in vitro and in vivo, leads to the photooxidation 
of sterols (77,78). One of the observed photo- 
products, cholesterol-a-oxide, has been shown 
to be weakly carcinogenic (79), leading to the 
speculation that in vivo photooxidation might 
be the route to a "proximate carcinogen" of 
photocarcinogenesis. The mechanism for the 
formation of cholesterol-a-oxide is unknown 
and deserves further investigation as it may 
reveal the presence of some other active species 
involved in irradiation of skin. It has been 
suggested that the epoxide formation possibly 
involves free radicals because it was observed 
that cholesterol-5a,6a-epoxide levels in skin of 
animals fed an antioxidant- (free radical 
quencher) supplemented diet reached a peak 4 
weeks after that of animals fed regular diet. 
Since formation of the epoxide is observed 
both in vitro (photolysis in water) and in vivo, 
its formation possibly involves an attack of 
peroxy radicals generated from cholesterol 
itself or from other lipids on the 5-6 double 
bond of cholesterol (Fig. 7). It may be recalled 
here that stereospecific formation of epoxy 
compounds is also observed in monolayer 
autoxidation of fatty acid methyl esters. 
Whatever the mechanism involved for the 
formation of the cholesterol epoxide, the 
subsequent studies of Black and Chan indicate 
there appears to be no direct relationship 
between light-induced formation of the epoxide 
and photocarcinogenesis. Moreover, the most 
effective wavelengths for the formation of the 
epoxide are reported to be 254 and 265 nm, 
which do not contribute to the solar spectrum 
reaching earth. Photosensitized reactions, how- 
ever, involving triplet oxygen, as observed in 
riboflavine-sensitized oxidation of lipids (39), 
are possible in skin and deserve further exami- 
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FIG. 7. Possible mechanism for the formation of 
cholesterol-5a,6a-epoxide. 
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nation. Without considering in detail the studies 
done by Black et al. and the associated inter- 
pretations, there are 3 specific observations in 
Black's work which invite further examination: 
(a) irradiation of normal skin with carcinogenic 
UV light led to oxidation of at least one normal 
constituent (78); (b) feeding a diet containing a 
mixture of added antioxidants delayed the 
appearance of photooxidation products (23); 
and (c) animals fed the antioxidant-containing 
diet were. afforded considerable protection 
against photocarcinogenesis (17). 

Whether or not a specific chemical mediator 
for carcinogenesis has been identified, the 
mechanism by which antioxidants could afford 
such protection is of interest. One possibility, 
certainly, is through direct or indirect screening 
of the skin. Since oral grooming is typical 
behavior in mice, and since the antioxidant 
mixture used made up 2% of the diet, detect- 
able skin surface contamination is probable; 
alternatively, one or more of the components 
could have reached the skin indirectly through 
intestinal absorption and cutaneous excretion. 
Of the antioxidants used (BHT, ascorbate, 
reduced glutathione and c~-tocopherol acetate), 
only the tocopherol (E max. 288 nm) is a likely 
candidate for chromophore status in normal 
light. DeRios et al. (80) have reported reduced 
erythema responsiveness in antioxidant-fed 
animals, but the light source in this case was a 
medium pressure mercury arc. Since shortwave 
(254 nm) UV light is a major contributor to the 
erythema effectiveness of this source, all 
components of the mixture could provide some 
protective screening. 

That photochemical alteration of skin sterols 
has been observed in vitro (22) is evidence that 
such changes are not secondary effects of 
metabolic alterations. On the other hand, 
Black et al. (21) observed changes in metabolic 
activity of light-induced tumors compared to 
unirradiated skin, reflected in 14C.acetat e 
incorporation into various lipid classes. Whether 
the changes were tumor-specific or true of 
irradiated skin generally was not examined in 
this study. The possibility remains that any 
observed changes in cutaneous lipids of irra- 
diated animals could involve direct or indirect 
photochemical effects or altered metabolic 
activity. 

Most normal skin lipids are unlikely to 
function as chromophores for mid-UV light (>  
290 nm); exceptions include carotenoids, some 
dehydrosterols and possibly other polyenes. 
Lipid peroxides were reported, however, by 
Dubouloz and Dumas (81) following irradiation 
of skin and others have reported enhanced free 
radical signals in irradiated skin (82). Thus, the 

likelihood of endogenously photosensitized 
reaction in skin does exist. Since oxidation of 
cholesterol and accumulation of its photo- 
products reaches a maximum well before tumor 
appearance, it would be most reasonable to 
look for systematic cumulative lipid changes 
during early stages of irradiation. 

Interaction of Lipid Peroxides with Proteins 

The observation that malonaldehyde, an 
ultimate product in oxidation of polyunsatu- 
rated fatty acids, can make cross linkages with 
proteins (8,14,16,70) aroused a new interest 
in the study of lipid peroxides-protein inter- 
actions (8-16). Conversely, free radicals 
generated by peroxidation of lipids have been 
reported to initiate free radical formation in 
proteins which may, in turn, result in dimeriza- 
tion or polymerization (10-14). The polymeri- 
zation process  is considered to be more 
damaging to biomembranes. Most of the studies 
on lipid peroxide-protein interaction are done 
in vitro on sulfur amino acids because of the 
oxidative sensitivity of the sulfhydryl group. 
Roubal and Tappel (12) have reported that 
peroxidation can cause destruction, in varying 
degrees, of individual amino acids including 
arginine, serine, glutamic acid, methionine, 
tyrosine, phenylalanine and threonine. In 
studying the chemical nature of such interac- 
tions, Gardner et al. (83) has reported that 
N-acetyl cysteine, catalyzed by 10-SM ionic 
iron in 80% ethanol, adds to linoleic hydro- 
peroxide forming a thio bond. Reaction of a 
specific isomer of the hydroperoxide, 13-hydro- 
peroxy-trans-11,cis-9-octadecadienoic acid, and 
N-acetylcysteine forms a number of products, 2 
of which were identified as 9-S-(N-acetylcys- 
t e i n e ) -  13-hydroxy-10-e thoxy- t rans - I  1-octa- 
decenoic acid (I) and 9-S-(N-acetylcysteine)- 
1 O, 13-dihydroxy-trans-1 l-octadecenoic acid 
(II) (Fig. 8). Yong and Karel (84) have reported 
that reaction of histidine with methyl linoleate 
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FIG. 8. Principal products of reaction between 
13-hydroperoxy-trans-ll, c&-9-octadecadienoic acid 
and N-acetylcysteine (81). 
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FIG. 9. Reaction of L-histidine and peroxidized 
lipids (82). 

hydroperoxide (dispersed on a filter paper) 
affords imidazole lactic acid and imidazole 
acetic acid as major products. The reaction is 
considered to be taking place through free 
radical-mediated deamination and decarboxyla- 
tion (Fig. 9). Nielson (85) has shown that 
interaction between peroxidized phospholipid 
(cardiolipin) and protein (albumin) results in 
covalent bonding. 

The foregoing discussion clearly indicates 
that chemical interaction between peroxidized 
lipid and proteins is feasible but the nature of 
such interactions in vivo is not clear yet. 
More realistic model systems and further 
studies in vivo are required before any clear 
picture of these processes would emerge. 

Generation of Singlet Oxygen 

The finding by chemical means that singlet 
oxygen is generated in the self-reaction of sec 
butyl peroxy radicals (86) led to the specula- 
tion that peroxy radicals may be responsible for 
the generation of 102 in the NADPH-dependent 
microsomal lipid peroxidation system (87). 
Nakano et al. have confirmed spectroscopically 
the generation of 102 in such a system and have 
further demonstrated the generation of singlet 
oxygen from linoleic acid peroxy radicals. 
Peroxy radicals were produced from linoleic 
acid hydroperoxide by oxidation with ceric ion. 
The proposed mechanism (86,88) for the 
generation of singlet oxygen involves formation 
of tetroxide and seems to be in agreement 
with experimental observation (Eq. VII). 
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Recently, it was shown that 2,5-diphenylfuran, 
when incubated with linolenic hydroperoxide 
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0p in Tris buffer (pH 8.5) for 30 min, afforded 
cis-dibenzoylethylene (89), a product obtained 
by reaction of 2,5-diphenylfuran with singlet 
oxygen. It was inferred from these studies that 
a singlet oxygen-like factor was produced from 
linolenic acid hydroperoxide under the experi- 
mental conditions. Incubation of linolenic acid 
hydroperoxide, however, with diphenylanthra- 
cene ( D P A ) a n d  7,12-dimethylbenz[a]anthra- 
cene (DMBA) under the conditions described 
did not yield any detectable amount of endo- 
peroxides (Logani, Austin, and Davies, unpub- 
lished results) or their rearranged products 
(90-92). Since i thas  been reported that forma- 
tion of cis-dibenzoylethylene from 2,5- 
diphenylfuran may not necessarily involve 
singlet oxygen (93), the use of more specific 
traps is required to establish the generation of 
singlet oxygen from lipid hydroperoxides. 
Although at this time the hazards of singlet 
oxygen in biological systems are not very well 
defined (94), the presence of this active specie 
can be quite damaging to biological membranes 
and has been implicated in photocarcinogenesis 
(95) and photodynamic action (94,96). 

Chemically Induced Toxicity 

It has tong been suspected that toxicity 
caused by several chemicals involve lipid peroxi- 
dation (1-4). The major limitation in these 
studies has been to detect and quantitate the 
amount of peroxidation directly in vivo. 
Because of the instability of organic peroxides, 
direct quantitation of lipid hydroperoxides 
cannot be relied upon in biological systems. 
Different analytical methods for quantitation 
and detection of lipid peroxides and their 
limitations have been discussed previously in 
this article and a combination of several techni- 
ques is therefore recommeded to obtain any 
reliable results. Despite these limitations, there 
is growing evidence that lipid peroxidation is 
induced by several chemicals, particularly by 
hepatotoxic agents. Based on conjugated diene 
assay, it has been shown that liver injury 
induced by CC14,BrCC13, l,l ,2,2-tetrachloro- 
ethane, ethylene dibromide and ethanol in- 
volves lipid peroxidation (50). The increase in 
expired ethane levels was further used by Riley 
et al. (60) to demonstrate the involvement of 
lipid peroxidation in CC14 toxicity. Participa- 
tion of peroxides in liver injury caused by 
ethanol has been indicated by Di Luzio and 
Hartman (97) using increased formation of 
malonaldehyde in liver homogenates of rats as 
an assay for lipid peroxidation. More recently, 
Litov et al. (3) have supported these results 
using the increased levels of pentane as an index 
of lipid peroxidation. A similar increase in 
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levels of hydrocarbon gases (ethane and pen- 
tane) has been reported when rats were exposed 
to 1 ppm level of ozone for 1 hr (3). 

The effect of antioxidants in modifying the 
influence of these chemicals appears to support 
the peroxidation (free radical) theory. Di Luzio 
(98) demonstrated that pretreatment with 
antioxidants inhibited ethanol-induced fatty 
liver. A similar effect of vitamin E on produc- 
tion of ethane and pentane has been observed 
in ozone and ethanol toxicity (3). In further 
support of the peroxidation theory, N,N'- 
diphenyl-p-phenylenediamine (DPPD), an effi- 
cient free radical quencher, was found to 
significantly delay the effect of vitamin E 
deficiency in male Sprague-Dawley rats (66). 
Despite all this evidence in support of peroxi- 
dation hypothesis, the mechanism and the 
significance of peroxidation induced by chemi- 
cals is unknown and deserves further investiga- 
tion. 

CONCLUSIONS 

The implication that lipid peroxidation is 
involved in the process of photo carcinogenesis 
in the destruction of proteins in biological 
membranes and enzymes and in the chemically 
induced toxicity is supported by detection of 
free radical signals of inhibiting the effect of 
antioxidants and above all by detection of 
products considered to be originating specifi- 
cally from lipid peroxides only. The use of 
modern sophisticated analytical techniques 
such as electron spin resonance (ESR), nuclear 
magnetic resonance (NMR), carbon magnetic 
resonance (CMR), GC-MS, isotopic labeling, 
high pressure liquid chromatography (HPLC), 
UV and fluorescent spectroscopy has greatly 
aided in detection and characterization of 
peroxidation products. Except for the charac- 
terization of lipid oxidation products, the 
conclusions based Oll detection of free radicals 
or on the effect of antioxidants are by 
inference only. Moreover, most of the studies 
are done in vitro where the effects of other 
components present in biological systems have 
not been taken into account. For instance, Wu 
et al. (99) have shown that the rate of disap- 
pearance of unsaturated fatty acids in the 
autoxidation as monolayers on silica gel per se 
changes considerably when palmitic acid, 
cholesterol or cholesteryl palmitate is incor- 
porated in the system. Similarly, DNA has been 
reported to retard the rate of lipid oxidation in 
microsomal suspensions (100). Furthermore, at 
this stage, the significance of peroxidation in 
terms of different pathological conditions is not 
apparent. Although the significance of peroxi- 
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dation in pathology is inferred from the 
inhibitory effect of antioxidants, the mecha- 
nism of such inhibition is unknown in most of 
the cases. For example, there is evidence from 
chemical carcinogenesis studies that antioxi- 
dants can inhibit aromatoc hydrocarbon 
carcinogenesis. The antioxidants, BHA and thio 
compounds (disulfuranne, dimethyldithiocar- 
bonate, benzyl thiocyanate), have been 
reported to inhibit mammary tumorigenesis by 
benzpyrene (101). BHA reportedly inhibits 
binding of benzpyrene to DNA whereas the 
related compound BHT stimulates the activity 
of mixed function oxidases reputedly involved 
in carcinogenic activation (101). Studies 
directed at elucidating the mechanism of 
antioxidant effect are therefore needed to 
unravel the significance of lipid oxidation in the 
etiology of photocarcinogenesis and in other 
biological effects discussed here. 
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Factors Affecting Fatty Acid Oxidation 
in Bovine Mammary Tissue 1 
G.P. DIMENNA2and R.S. EMERY, Department of Dairy Science, 
Michigan State University, East Lansing, MI 48824. 

ABSTRACT 

Oxidation of fatty acids was studied in bovine mammary tissue slices in order to evaluate their 
potential contribution to energy metabolism. Rates of fatty acid oxidation decreased with increasing 
chain length: acetate > octanoate > palmitate or oleate. Rates of oxidation of long chain, but not 
short chain, fatty acids increased over time, which could not be explained by carnitine palmitoyl- 
transferase (CPT) activity. This phenomenon is not an artifact of the incubation system or caused by 
substrate solubility, as rates of palmitate oxidation were constant in rat kidney cortex slices. Preincu- 
bating mammary tissue with or without unlabeled palmitate showed that increasing rates of palmitate 
oxidation is not caused by use of endogenous fatty acids. Palmitate at 0.26 mM, equivalent to arterial 
fatty acid concentration, gave maximal rates of oxidation. The &oxidation enzymes may restrict fatty 
acid oxidation as oxidation of [ 1-14 C] palmitate exceeded that of [U- 14C] paimitate. Acetate inhibited 
palmitate oxidation (75%) but not esterffication, suggesting that acetate inhibits palmitate oxidation 
by substrate competition at the mitochondrial level or via malonyl-CoA inhibition of CPT. Glucose 
inhibited palmitate oxidation (67%) and stimulated esterification. Low palmitoyl-CoA levels would 
favor glyceride synthesis over oxidation, since the apparent K m for palmitoyl-CoA of the glycerol-3- 
phosphate acyltransferases is lower than that for CPT. Thus, glucose presumably diverts palmitate 
from oxidation to glycerolipids. Clofenapate, a glyceride synthesis inhibitor, decreased triacylglycerol 
formation, and marginally increased palmitate oxidation. We estimated that long chain fatty acids can 
potentially account for 6-10% of the oxidative metabolism of mammary tissue. 

INTRODUCTION 

Milk synthesis is a very energy-demanding 
process and during the peak of lactation dairy 
cows are often in negative energy balance. 
Milk fat represents a loss of energy to the cow. 
Therefore, by increasing the oxidative metab- 
olism of fatty acids in mammary cells, more 
energy would be available for the production 
of more milk and milk protein. This would be 
especially useful to high-producing cows at a 
peak of lactation since production may be 
limited by the extent of energy deprivation. 
However, Annison et al. (1) could not detect 
oxidation of  long chain fatty acid in the mam- 
mary gland of  fed lactating goats, but long 
chain fatty acids comprised up to 40% of 
oxidative metabolism in mammary gland of  
fasted lactating goats (2). 

Thus, in order to assess the feasibility of 
stimulating fatty acid oxidation in mammary 
gland, the primary objective of this study was 
to determine what factor(s) regulates fatty acid 
oxidation in bovine mammary tissue. 

MATERIALS AND METHODS 

Tissue Collection and Incubation 

Tissue slices were incubated in Krebs-Ringer 

lpublished with approval of the Director of the 
Agricultural Experiment Station as Journal Article 
No. 9292. 

2Department Physiological Sciences, University of 
California, Davis 95616. 

bicarbonate (KRB) buffer with 0.7 mM CaC12 
(3). Buffers were made the night before use and 
adjusted to pH 7.4 prior to collection of tissue. 
The incubation buffer contained bovine serum 
albumin (BSA Fraction V, fatty acid-poor, 
Sigma Chemical Co., St. Louis, MO). It was 
determined that palmitate oxidation was 
unaffected by varying BSA concentration in the 
media. In consideration of the 4 strong fatty 
acid binding sites on BSA, it was decided to 
keep the fatty acid-to-BSA molar ratio constant 
at 4. 

Palmitate and oleate were prepared for 
incubation as follows: (a) 1.0 ml of  [1-14C] - 
palmitate, [1-14C] oleate, or [U-14C]palmitate 
(free acids, Amersham Corp.) in benzene (.01 
mCi) was dried under N2; (b) palmitate or 
oleate (free acid, Sigma Chemical Co.) was 
added to the desired concentration; and (c) the 
mixture was dissolved in 1.0 ml of absolute 
ethanol and stored at 4 C prior to use. [ 1J4C]- 
Octanoate (sodium salt, Amersham Corp.) was 
stored in ethanol, and to this solution, octa- 
noate (sodium salt, Sigma Chem. Co.) was 
added to the desired concentration. [1Jac ]  - 
Acetate (sodium salt, Amersham Corp.) plus 
acetate (sodium salt, Sigma Chem. Co.) was 
stored in distilled water at -15 C prior to use. A 
0.01-ml aliquot of the fatty acid in ethanol 
solution was added to 3 ml of KRB buffer in 
25-ml flasks in a shaking water bath (37 C, 60 
cycles/min, Dubnoff Metabolic Shaker). The 
flasks were then gassed for 10-15 sec with 
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O2/CO2 (95:5) and capped with rubber stop- 
pers fitted with plastic center wells (Kontes 
Glass Co.) containing a 2-cm 2 fluted filter 
paper. The flasks were then left shaking to 
allow dissolution of fatty acid. Rates of pal- 
mitate oxidation were equivalent when ethanol 
was used as a carrier as opposed to the aqueous 
ammonia salt of palmitate (4). 

Mammary tissue pieces were excised from 
udders of lactating Holstein cows, obtained 
from the university herd or a local abbatoir. 
Cows were usually fed until  time of slaughter, 
but they may have been fasted 1 day in some 
cases. A 3-day fast reduced paimJtate oxidation 
to about one-half that in tissue from fed cows 
(data not shown). The tissue pieces were 
immediately placed in an insulated flask con- 
taining 37 C KRB buffer (2 units oxytocin/100 
ml, Sigma Chem. Co.). Tissue was then rinsed in 
37 C buffer (no oxytocin), cubed, trimmed to 
minimize nonparenchymal tissue, and sliced 
using a Stadie-Riggs microtome to yield slices 
of ca. 0.5 mm in thickness. The slices were 
placed in a common flask containing 37 C 
buffer, then rinsed several times. Slices were 
gently blotted to remove excess fluid, trimmed 
to minimize nonparenchymal tissue, weighed 
(usually 60 to 80 mg), then added to incu- 
bation flasks to commence incubation. Treat- 
ments within experiments were run in quad- 
ruplicate flasks and values were averaged. 

Production of 14CO2 was corrected against 
blanks (flasks incubated for 0 min with tissue). 
Incubation was terminated by injecting 0.3 ml 
of 5 N H2SO4 into the media followed by 
injection of 0.3 ml of methyl benzathonium 
hydroxide (Hyamine Hydroxide| Sigma Chem. 
Co.) into the center well to trap CO2. The 
flasks were shaken for 1 additional hr, after 
which the center well and its contents were 
transferred to scintillation vials. Samples were 
counted in a Nuclear-Chicago Model 720 
liquid seintiUation counter for 2 10-min counts 
in 10 ml of Aqueous Counting Scinfillant (ACS, 
Amersham Corp.). Counting efficiency, using 
[14C] benzoic acid (New England Nuctear) as an 
internal standard, was 82.5% in the presence of 
0.3 ml of Hyamine Hydroxide. 

Lipid Extraction and Chromatography 

After C02 was collected, tissue slices from 4 
flasks were pooled and rinsed 4 times in dis- 
tilled water to remove "loosely attached" 
fatty acids. Lipids were then extracted from the 
tissue slices with chloroform/methanol (2:1) 
according to 17olch et al. (5). A 0.5-ml aliquot 
of the chl~,roform/methanol extract was 
counted in 1 ~) ml of ACS. Counting efficiency 
was 75%. Recovery of [ 1)4C] palmitate by the 
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Folch method was 95%. Total recovery of dpm 
as CO2, tissue and media was 93-98% of that 
added. The lipid extract was washed twice with 
0.2 vol of 0.05 M KC1, and a 0.5-ml aliquot 
counted in 10 ml of ACS. Counting efficiency 
was 79%. Accumulation of radioactivity in the 
aqueous phase was less than 10% of the total 
activity in the tissue. Excess anhydrous Na2 SO4 
was added to the chloroform phase to remove 
"trapped" water. The chloroform solution was 
then dried under N~ and resuspended in 0.3-0.5 
ml of chloroform/methanol (2:1) for thin layer 
chromatography (TLC). 

A 30-50 /al aliquot of the lipid extract was 
spotted on Silica Gel-60 TLC plates (0.25 mm 
gel thickness, precoated on glass, E.M. Merck 
Co.) to determine esterified fatty acid fractions. 
The TLC plates were developed with hexane/ 
diethyl ether/glacial acetic acid (70:30:2). A 
neutral lipid standard (Sigma Chem. Co.) 
containing monoglyceride, 1,2- and 1,3-digly- 
cerides, triglyceride and fatty acid was co- 
chromatographed. The plates were then dried 
and sprayed with 0.2% dichloroflourescein in 
ethanol for visualization. The spots were 
scraped off and counted in 10 ml of ACS to 
determine percentage distribution. The effi- 
ciency of elution of radioactivity from the gel 
was essentially 100% and quenching was nil. 

Carnitine Palmitoyltransferase 
(CPT, EC 2.3.1.21) 

CPT activity was assayed spectrophoto- 
metrically in mammary mitochondria according 
to Bieber et al. (6). Mammary mitochondria 
from 3 cows were assayed for CPT with varying 
concentrations of carnitine and palmitoyl-CoA 
(Sigma Chem. Co.) in order to determine 
appropriate substrate concentrations. Enzyme 
activity was linear with protein concentrations 
to 0.24 mg/ml. Protein was determined by the 
Lowry et al. method (7). L-Carnitine was a 
generous gift to Dr. L.L. Bieber of the Bio- 
chemistry Department of Michigan State 
University. 

Statistical Analysis 

Experiments were blocked according to 
treatment and time. Statistical evaluations were 
by analyses of variance, orthogonal contrasts 
and t-tests. For some sets of data, there was 
mild heterogeneity of variance even after log 
transformation. Standard statistical tests, how- 
ever, are known to be relatively valid in spite of 
departures from the assumption of homoge- 
neous variance. 

RESULTS AND DISCUSSION 

When investigating what controls a meta- 

LIPIDS, VOL. 15, NO. 7 



MAMMARY FATTY ACID OXIDATION 499 

1 0 0 0  

9 0 0  
(1) 

8 0 0  

700 

.... --,_ l,oo sos ,., 
3 0 0  

Bovine mammary 

(6) 

2 0 0  

1 0 0 ~ ,  i / , / /  / 
(5)J~,,,/~ (12) 

0 J. , L , , , , 
30  6 0  9 0  120 150 180 210 240  

Time (rain) 

FIG. L Palmitate oxidized to CO 2 (pmol sub- 
strate/mg tissue) as a function os time for  bovine 
m a m m a r y  and rat k idney tissue. Vertical bars indicate 
s tandard error. 

bor ic  p a t h w a y  in  v i t r o ,  it  is n e c e s s a r y  t o  e s t a b l i s h  
m a x i m a l  r e a c t i o n  c o n d i t i o n s  f o r  t h e  i n c u b a t i o n  
s y s t e m  to  b e  u s e d .  P a l m i t a t e  o x i d a t i o n  p e r  m g  
t i s s u e  w a s  u n a f f e c t e d  b y  a m o u n t  o f  t i s s u e ,  B S A  
a n d  e t h a n o l  in  t h e  i n c u b a t i o n  m e d i a  w i t h i n  
l i m i t s  u s e d ,  a n d  o n l y  s l i gh t l y  e n h a n c e d  b y  
g a s s i n g  t h e  m e d i a  p r i o r  t o  i n c u b a t i o n  ( d a t a  n o t  
p r e s e n t e d ) .  H o w e v e r ,  t h e  r a t e s  o f  p a l m i t a t e  
o x i d a t i o n  in  m a m m a r y  t i s s u e  s l ices  we re  f o u n d  
to  i n c r e a s e  in  a c u r v i r i n e a r  f a s h i o n  o v e r  t i m e ,  

TABLE I 

Effect o f  Glucose and Acetate on Palmitate 
Oxidation and Esterification 

CO 2 a GL a 
Treatments  (pmol palmita te /mg x min) 

Palmitate 1,2b, d 9.7 d 
P + Glucose 0.4 e 12.3 e 
P + Acetate 0.3 e 9.6 d 
P + G + A  c 0.3 e 12.3 e 

aStandard errors of  difference between means  for 
CO 2 and GL (glycerolipid, mono-,  di-, triglyceride + 
phospholipid) are 0.10 and 0.74 and number  o f  
replicates is 6). 

bRates are average of  those  obtained at 60, 120 
and 180 rain al though oxidation typically doubled 
between 60 and 180 rain. 

Cpalmitate, glucose and acetate at 0.26, 2.8 and 
0.6 mM. 

d,eMeans in co lumns  with different superscripts are 
different (P < 0.01). 

s h o w n  in  F i g u r e  1. B o v i n e  d a t a  w e r e  o b t a i n e d  
f r o m  a n i m a l s  t h a t  w e r e  m o s t  l i ke ly  f a s t e d  fo r  1 
d a y  p r i o r  t o  s l a u g h t e r .  H o w e v e r ,  t h e  r a t e s  o f  
p a l m i t a t e  o x i d a t i o n  a re  s imi l a r  to  t h o s e  ob -  
t a i n e d  f r o m  fed  a n i m a l s  (8)  ( T a b l e s  I a n d  II) .  

B a r a c - N i e t o  (9) ,  u s i n g  s imi l a r  i n c u b a t i o n  
c o n d i t i o n s ,  f o u n d  t h a t  r a t  k i d n e y  c o r t e x  s l ices  
o x i d i z e  0 . 9 8  m M  p a l m i t a t e  at  a c o n s t a n t  r a t e  o f  
8 .3  p m o l / m g  x ra in .  T h u s ,  in  o r d e r  t o  de t e r -  
m i n e  i f  t h i s  i n c r e a s i n g  o x i d a t i o n  r a t e  w i t h  t i m e  
was  u n i q u e  to  m a m m a r y  t i s s u e  o r  a n  a r t i f a c t  o f  
t h e  i n c u b a t i o n  s y s t e m ,  t h e  r a t e  o f  p a l m i t a t e  
o x i d a t i o n  w a s  d e t e r m i n e d  in  r a t  k i d n e y  c o r t e x  
s l ices  in  t h e  s a m e  m a n n e r  as t h a t  d e t e r m i n e d  
fo r  m a m m a r y  t i s s u e  s l ices .  T h e  d a t a  in  F i g u r e  1 
s h o w  t h a t  r a t e s  o f  p a l m i t a t e  o x i d a t i o n  in 
r a t  k i d n e y  c o r t e x  s l ices  w e r e  n e a r l y  c o n s t a n t  
o v e r  t i m e .  T h u s ,  i n c r e a s i n g  r a t e s  o f  p a l m i t a t e  

TABLE II 

Effect of  Clofenapate and Glucose on Palmitate 
Oxidat ion and Esterification 

CO 2 a DG a TG a 
Trea tments  (pmol palmita te]mg x min)  

GL a 

Palmitate 0.5 e 1.2 6.4g 8.7 
P + glucose 0.2 f 3.0 6.9g 11.9 
P + clofenapate b 0.7 e 1.8 3.5 h 7.0 
P + G + C c 0.3 f 3.3 1.7 h 7.2 

aStandard errors of  difference between means for CO2, DG (diacylglycerol), TG (tri- 
acylglyeerol), and GL are 0.07, 0.53, 0.86, 1.39 and number  of  replicates is 5 for CO 2 
and 3 for other  parameters.  Incubation was 60 min. 

bClofenapate was a generous gift o f  Imperial Chemical Industries, Ltd., of  London,  
England. 

Cpalmitate, glucose and clofenapate at 0.26, 2.8 and 0.5 mM. 
e,f,g,hMeans in columns with different superscripts are different (P < 0.10). 
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ox ida t i on  wi th  increasing t i m e  of  i n c u b a t i o n  is 
no t  an  ar t i fac t  of  t he  i n c u b a t i o n  cond i t ions .  

Since m a m m a r y  t issue f a t t y  acid concen-  
t r a t i ons  of  4 mM have b e e n  r epo r t ed  (10) ,  use 
of  e n d o g e n o u s  f a t ty  acids w i th  t ime  o f  incu-  
b a t i o n  could accoun t  for  increasing ra tes  of  
pa lmi t a t e  ox ida t ion .  To tes t  th is  hypo thes i s ,  
m a m m a r y  t issue slices were p r e i n c u b a t e d  for  
var ious t imes  w i t h o u t  subs t ra te ,  a f te r  wh ich  
pa lmi ta t e  was added .  The  ra te  of  14C-palmitate 
o x i d a t i o n  doub l ed  b e t w e e n  60 and  180 m i n  in 
t he  t issue slices p r e i n c u b a t e d  for  0 ra in  (Tab le  
III).  However ,  p r e i n c u b a t i o n  o f  t issue slices for  
60 min  max ima l ly  s t imula ted  pa lmi ta t e  oxi- 
da t ion  and  abol i shed  the  effect  of  t ime  on  
pa lmi ta t e  o x i d a t i o n  cons i s t en t  wi th  r emova l  of  
c o m p e t i t i o n  f r o m  e n d o g e n o u s  subs t ra te .  The  
presence  of  pa imi ta t e  dur ing  p r e i n c u b a t i o n  
should b lock  pa lmi ta t e  o x i d a t i o n  b y  replenish-  
ing e n d o g e n o u s  pools  of  f a t t y  acid. M a m m a r y  
tissue slices were again p r e i n c u b a t e d  for  var ious  
t imes,  bu t  un labe led  pa lmi ta t e  was p resen t  
dur ing  p r e i n c u b a t i o n  a f te r  wh ich  [1-14C]- 
pa lmi ta te  was added.  Ra te  of  o x i d a t i o n  t r ip led  
b e t w e e n  60 and  180 ra in  w i t h  0 ra in  pre- 
i n c u b a t i o n  (Tab le  IV). However ,  p r e i n c u b a t i o n  
of  t he  t issue slices for  60 m i n  wi th  un labe led  
subs t ra te  max ima l ly  s t imu la t ed  pa lmi t a t e  oxi- 
da t ion  and  abol ished t he  e f fec t  of  i n c u b a t i o n  
t ime.  There fore ,  increasing rates  of  pa lmi t a t e  
ox ida t i on  w i th  t ime  are i n d e p e n d e n t  of  the  
presence  of  subs t ra t e  p r io r  to  i ncuba t i on .  

The  effect  of  subs t ra t e  c o n c e n t r a t i o n  on  
pa lmi ta t e  o x i d a t i o n  in m a m m a r y  t issue slices is 
s h o w n  in Table  V. Rates  of  pa lmi t a t e  o x i d a t i o n  
were m a x i m a l  at  0 .26 mM at 60 and  180 min.  
This  level of  pa lmi t a t e  wou ld  co r r e spond  to  
ar ter ia l  p lasma fa t ty  acid c o n c e n t r a t i o n s  in  t h e  
fed cow (8).  Also t he  ra te  of  pa lmi t a t e  oxi- 

TABLE III 

Effect o f  Preincubating Mammary Tissue Slices in 
Buffer with No Substrate on Palmitate Oxidation a 

Time with substrate (min) 

Preincubation 60 180 
(min) (pmol substrate/mg x min) 

0 0.7b, d 1.4b, e 
30 1.0 c 1.9c, e 
60 1.5 d 1.7 
90 1.1 1.4 

aStandard error of difference between means is 
0.21, and number of replicates is 3. 

bAt 0 min pre-incubation 0.7 < 1.4 (P < 0.01). 
CAt 30 min pre-incubation 1.0 < 1.9 (P < 0.01). 
dAt 60 rain with substrate 1.5 > 0.7 (P < 0.01). 
eAt 180 min with substrate 1.9 > 1.4 (P < 0.05). 
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da t ion  doub l ed  b e t w e e n  60 and  180 min  at all 
c o n c e n t r a t i o n s  tes ted .  Ha l f -maximal  veloci ty  
was r eached  at  ca. 0.1 raM. The re fo re ,  m a x i m a l  
ra tes  of  pa lmi t a t e  o x i d a t i o n  are o b t a i n e d  w i th  
physiological  f a t t y  acid c o n c e n t r a t i o n s  and  t he  
ef fec t  of  i n c u b a t i o n  t ime  is i n d e p e n d e n t  of  
subs t ra t e  c o n c e n t r a t i o n  expec t ed  in m a m m a r y  
tissue. Thus,  it seems t h a t  in  m a m m a r y  t issue 
f a t t y  acid o x i d a t i o n  is n o t  regula ted  b y  the  
f a t t y  acid c o n c e n t r a t i o n  n o r m a l l y  present .  

A compar i son  was m a d e  of  t he  ef fec t  of  
f a t t y  acid chain  l eng th  o n  f a t t y  acid o x i d a t i o n  
(Table  VI). The  data  clearly show tha t  oxi- 
d a t i o n  decreases  as cha in  l eng th  increases up  to 
C16.  Ace t a t e  is ox id ized  at subs tan t i a l ly  greater  
ra tes  t h a n  is pa lmi ta t e ,  o lea te  or  o c t a n o a t e ,  
wh ich  agrees w i th  Bickers ta f fe  et  al. (8)  w h o  
f o u n d  t h a t  ace ta te  is t he  pre fe r red  ox ida t ive  
subs t ra t e  in  the  bov ine  m a m m a r y  gland.  Swen- 
son  and  Dimick  (11) f o u n d  subs tan t i a l  ra tes  o f  
m e d i u m  chain  f a t t y  acid o x i d a t i o n  in t he  
goat  m a m m a r y  gland.  A n n i s o n  et al. (1)  could  
no t  de tec t  o x i d a t i o n  of  long  chain  f a t t y  acids 

TABLE IV 

Effect of Preincubating Mammary Tissue Slices with 
Unlabeled Palmitate on Palmitate Oxidation a 

Time (min) 

Pre-incubation 60 180 
(min) (pmol substrate/mg x min) 

0 0.6 b,c 1.8 b 
30 1.4 2.0 
60 2.1 c 2.0 
90 2.2 2.0 

aStandard error of difference between means is 
0.39 and number of replicates is 2. 

bAt 0 rain preincubation 0.6 < 1.8 (P < 0.05). 
CAt 60 min 2.1 > 0.6 (P < 0.05). 

TABLE V 

Palmitate Oxidation vs Palmitate Concentration 

Concentration 
(mM) 60 

Time (min) 

180 

0.065 0.3 a 0.6 b 
0.13 0.5 x 1.2 c,y 
0.26 0.8 x 1.8 d,y 
0.33 0.8 x 1.8 d,y 

aStandard error of difference between means is 
0.26 and number o f  replicates is 4. 

b,c,dMeans in columns with different superscripts 
are different (P < 0.10). 

X,YMeans in rows with different superscripts are 
different (P < 0.02). 
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( L C F A )  in t he  m a m m a r y  glands of  fed goats.  
Pa lmi ta te  and  oleate  are ox id ized  at equal  rates.  
O x i d a t i o n  of  o c t a n o a t e  and  aceta te  changes  
margina l ly  wi th  t ime,  whereas  o x i d a t i o n  of  
pa lmi t a t e  and  olea te  is d o u b l e d  by  i n c u b a t i o n  
t ime .  

Dif ferences  in ra tes  of  o x i d a t i o n  wi th  
d i f fe ren t  cha in  l eng th  can be expla ined  b y  
several reasons.  Shor t  cha in  and  m e d i u m  chain  
f a t t y  acids can be  ac t iva ted  in t he  i n t r ami to -  
chondr i a l -ma t r ix  space, t hus  bypass ing  the  
ca rn i t ine -med ia t ed  t r a n s p o r t  mechan i sm,  where-  
as L C F A  ox ida t i on  is c a r n i t i n e - d e p e n d e n t ,  
s ince t h e y  are ac t iva ted  o n  t he  ou t s ide  of  t he  
i n n e r  m i t o c h o n d r i a l  m e m b r a n e  (12) .  This  
suggests t h a t  ca rn i t ine  pa lmi toy l t r ans fe ra se  
(CPT) act iv i ty  l imi ts  f a t t y  acid ox ida t ion .  Also,  
LCFA,  b y  v i r tue  o f  the i r  site of  ac t iva t ion ,  are 
accessible to  the  c o m p e t i n g  es te r i f i ca t ion  
pa thway .  The  h igher  ra tes  of o c t a n o a t e  oxi- 
d a t i o n  a n d / o r  the  lack o f  increasing o x i d a t i o n  
rate  w i th  t ime  may  ind ica te  regu la t ion  o f  L C F A  
at t he  level of  /3-oxidation since the  resul ts  o f  
o the r s  suggest t h a t  L C F A  o x i d a t i o n  is regula ted  
by  the  /3-oxidation enzym es  (13-15) .  In  sum- 
m a t i o n ,  shor t  and  m e d i u m  cha in  f a t t y  acids are 
ox id ized  at  m u c h  grea ter  ra tes  t h a n  LCFA,  and  
increas ing o x i d a t i o n  wi th  t ime  is u n i q u e  to 
LCFA. 

In o rder  to  d e t e r m i n e  w h e t h e r  ra tes  of  
pa lmi t a t e  o x i d a t i o n  were l imi ted  b y  CPT 
act ivi ty ,  t issue slices were i n c u b a t e d  w i th  
pa lmi ta t e  for  var ious  t imes  a f t e r  wh ich  mi to -  
chondr i a  were isola ted and  assayed for  CPT 
act iv i ty  accord ing  to Bieber  et  al. (6).  The  

resul ts  of  Table  VII  show tha t  CPT act ivi ty  is 
no t  in f luenced  by  i n c u b a t i o n  t ime,  a l t h o u g h  
th is  does  no t  prove  t h a t  the  effect ive  act iv i ty  in 
vi t ro  was a l tered.  However ,  it can be  es t imated  
t ha t  t he  CPT act ivi t ies  are m u c h  greater  t h a n  
m ax ima l  ra tes  o f  pa lmi t a t e  ox ida t ion .  There-  
fore,  l imi t a t ion  of  pa lmi t a t e  o x i d a t i o n  by  CPT 
ac t iv i ty  seems unl ike ly ,  wh ich  is cons i s ten t  w i th  
s tudies  on  isola ted l iver m i t o c h o n d r i a l  prepa-  
r a t ions  (16-19) .  

I f  L C F A  o x i d a t i o n  is l imia ted  by  t he  ~- 
o x i d a t i o n  enzymes ,  t h e n  grea ter  ra tes  of  
o x i d a t i o n  wi th  [ 1-t4C] pa lmi t a t e  in c o m p a r i s o n  
to  [U-14C]pa lmi ta te  would  be expec ted  be- 
cause of  a c c u m u l a t i o n  of  par t ia l ly  degraded 
acids. The  da ta  in  Table  VIII  indeed  reveal  t h a t  
o x i d a t i o n  of  [1-14C] is grea ter  t h a n  [U-14C] - 
pa lmi ta te .  Also, t ime  of  i n c u b a t i o n  appears  to  
have a more  p r o n o u n c e d  ef fec t  on  [U-14C] - 
pa lmi t a t e  ox ida t ion ,  near ly  a 3-fold increase.  
Moreover ,  Waterson  and  Hill (15)  showed  t h a t  
enoy l -CoA hydra t a se  d e m o n s t r a t e d  m u c h  great-  
er subs t ra te  specif ici ty  for  shor t  and  m e d i u m  
cha in  subs t ra tes  t h a n  for  long chain  subst ra tes .  
Thus,  i t  appears  t ha t  the  enzymes  o f  fl-oxi- 
da t ion  may  l imit  pa lmi ta t e  ox ida t ion .  

Acyl -CoA esters  are at a b r a n c h p o i n t  be- 

TABLE VII 

Effect of Incubation Time on Carnitine 
Palmitoyltransferase (CPT) Activity 

Time (min) 

0 60 180 

CPT activity 10.15 a,b 8.82 7.63 
TABLE VI 

Fatty Acid Oxidation vs Chain Length 

Time (min) 

60 180 
Fatty acid a (pmol substrate/mg x min) 

Palmitate 0.7b, d 1.3 d 
Oleate 0.7 d 1.3 d 
Octanoate 9.1 e 11.3 e 
Acetate 49.7 c 5 7 . 7  c 

apalmitate, oleate and octanoate at 0.26 mM, 
acetate at 0.6 mM. 

bStandard error of difference between means is 
0.56 and number of replicates is 4 for palmitate, 
oleate and oetanoate. Rats are not on a gram-atom 
carbon basis. 

CRates are average of 3 separate experiments 
from animal sources which differ from those for 
palmitate, oleate and octanoate; standard deviations 
are 17.9 and 17.8 for 60 and 180 min. 

d,eMeans in columns with different superscripts are 
different (P < 0.01). 

aRates expressed as nmol CoA formed/mg mito- 
chondrial  protein x rain. 

bStandard error of difference between means is 
3.17 and number of replicates is 5. 

TABLE VIII 

Oxidation of [ 1-~4C ] Palmitate vs [ U- 14C ] Palmitate 

Time (min) 

60 180 
Isotope (pmol substrate/mg x min) 

[ 1-14C] palmitate 0.7 a,b,x 1.2b'Y 
[ U- 14 C ] palmitate  O. 3 c,x O. 8 c, Y 

aStandard error of difference between mean is 
O. 11 and number  o f  replicates is 4. 

b,CMeans in columns with different superscripts 
are different (P < 0.01). 

x,YMeans in rows with different superscripts are 
different (P < 0.05). 
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tween acylation to sn-glycerol-3-phosphate 
(G3P) or carnitine. Blood glucose serves as the 
source of G3P in mammary tissue (20) and the 
G3P pathway is the major pathway for the 
formation of triacylglycerols in milk (10,21,22). 
Acetate is quantitatively the most important 
source of-metabolic  energy in the ruminant  
mammary gland. Acetate may inhibit palmitate 
oxidation by competing for the available pool 
of free CoA in the mitochondria (23) or cyto- 
plasm, or by contributing to malonyl-CoA 
accumulation, which inhibits CPT (24,25). 
Thus, it was of prime importance to determine 
the fate of exogenous palmitate in mammary 
tissue slices incubated in the presence of 
glucose and acetate. 

As shown in Table I, palmitate oxidation 
was markedly inhibited by glucose and acetate. 
The decreased palmitate oxidation in the 
presence of glucose was associated with a 
concomitant increase in palmitate esterifi- 
cation. Rao and Abraham (26) also found 
similar changes in palmitate use with glucose in 
mammary tissue slices from lactating mice. As 
mentioned, palmitoyl-CoA is at a branchpoint 
between esterification to G3P or carnitine. The 
apparent K m for palmitoyl-CoA for CPT in 
bovine mammary tissue is 21 /aM as shown in 
Figure 2. However, Kinsella and Gross (27) 
found apparent K m of 4/aM palmitoyl-CoA for 
the acyl-CoA:G3P acyltransferase enzyme. 
Thus, both enzymes exhibit very high affinities 
for palmitoyl-CoA, but that of G3P acyltrans- 
ferase is higher. In turn, at relatively low 
palmitoyl-CoA concentrations, esterification 
would be the favored route, which is consistent 
with data in Table I in which rates of esteri- 
fication are much greater than those of oxi- 
dation. Although acyl-CoA concentration was 
not directly determined in mammary tissue, the 
level of long chain acyl-CoAs at the mito- 
chondrial surface would presumably be lower 
than fatty acid concentration in the media. 
Indeed, Tubbs and Garland (28) reported long 
chain acyl-CoA levels of 53 /aM in rat liver. 
Also, the apparent K m for G3P is 0.26 mM for 
G3P acyltransferase (27) and lactating bovine 
mammary tissue levels of 0.14 mM for G3P 
have been reported (29). So it would be ex- 
pected that supplying precursors of G3P in the 
media would enhance fatty acid esterification. 
Levels of G3P doubled in mammary tissue slices 
from lactating mice when incubated with 
glucose (26). In summation, glucose seems to 
inhibit palmitate oxidation by diverting pal- 
mitate to glycerolipids. 

The data in Table I show that acetate 
inhibits palmitate oxidation, but rates of 
patmitate esterification are unchanged. Thus, it 

0"121 ( ~ / ~ / ;  

o.0~. 0.01 0.08 0.12 0.16 

1 

(Pa lmi toy l  - CoA),  pm 

FIG. 2. Double reciprocal plot of substrate concen- 
tration vs camJtinc pa]mitoy]transt'erase activity in 
mammary mitochondria. 

appears that acetate blocks palmitate oxidation 
by competing with the mitochondrial pool of 
CoA or by inhibiting CPT via malonyl-CoA. 
Since acetate does not inhibit palmitate esteri- 
fication, acetate probably does not compete 
with palmitate for the available pool of cyto- 
plasmic CoA. 

It has been shown that as rates of palmitate 
esterification increase, rates of palmitate 
oxidation decrease. Clofenapate, a derivative of 
clofibrate, at 0.5 mM reduced the incorporation 
of [aH]glucerol into lipid fraction by 50% in 
liver slices (30). Therefore, the effect of block- 
ing palmitate esterification by inclusion of 0.5 
mM clofenapate into media on palmitate 
oxidation was investigated. As shown in Table 
II, clofenapate significantly inhibited triacyl- 
glycerol (TG) formation both in the presence 
and absence of glucose, whereas total glycero- 
lipid (GL) formation was slightly depressed. 
However, rates of palmitate oxidation were 
only slightly enhanced by clofenapate. This 
could be the result of clofenapate selectively 
inhibiting diacylglycerol acyltransferase (30), 
which causes a build-up of partial glycerides 
(phospholipids, monoacylglycerols and diacyl- 
glycerols). Therefore, clofenapate was effective 
in reducing triacylglycerol formation, but 
tended to augment palmitate oxidation. 

Using typical rates of palmitate oxidation at 
180 min for mammary tissue slices obtained 
from cows in which total udder weight was 
determined, it was estimated that palmitate 
oxidation could potentially account for 15 ml 
of O2 consumption by the whole udder per min 
using a RQ of 0.70 for the oxidation of lipids. 
This rate of O2 consumption is 6.3% of the rate 
of O2 uptake (243 ml/min) by the udder of fed 
lactating cows (8). Using the higher rates of 
palmitate oxidation, fatty acids could poten- 
tially account for 10% of the oxidative metab- 
olism of mammary tissue. These estimates 
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w o u l d  r e p r e s e n t  o n l y  a n  u p p e r  l i m i t  o n  f a t t y  
ac id  o x i d a t i o n  a n d  w o u l d  n o r m a l l y  be  m u c h  
less  b e c a u s e  o f  i n h i b i t i o n  b y  a c e t a t e  a n d  
g l u c o s e .  
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Glucagon and N6,O2'-Dibutyryl Adenosine 3':5'-Monophosphate 
Inhibition of Lipogenesis and Phosphofructokinase Activity 
of Hepatocytes from Meal-fed Rats 
RAYMOND S. OCHS and ROBERT A. HARRIS, Department of Biochemistry, 
Indiana University School of Medicine, 1100 West Michigan St., Indianapolis, IN 46223 

ABSTRACT 

Glucagon and N6,O2'-dibutyryl adenosine 3':5'-monophosphate (dibutyryl cyclic AMP) inhibit 
net glucose utilization, lactate plus pyruvate accumulation and fatty acid synthesis by isolated hepato- 
cytes prepared from meal-fed rats. A crossover in the metabolite profile of the glycolytic intermediates 
o c c u r s  between fructose-6-phosphate and fructose-l,6-bisphosphate, suggesting either inhibition of 
phosphofructokinase or activation of fructose diphosphatase, or both. Direct assay of the enzymes in 
cell-free extracts of the hepatocytes indicates that dibutyryl cyclic AMP inhibits phosphofmctokinase 
but has no effect upon fructose diphosphatase. The assay for phosphofructokinase was modified by 
the use of ITP in place of ATP for the phosphate donor as the ATP-linked assay is complicated by an 
apparent time-dependent activation of the enzyme. These findings strongly suggest that cyclic AMP 
inhibition of phosphofructokinase explains in part cyclic AMP inhibition of aerobic glycolysis and 
lipogenesis by rat liver hepatocytes. 

INTRODUCTION 

We have earlier suggested that an important 
feature of regulation of hepatic fatty acid 
synthesis is the level of lactate and pyruvate 
generat.ed by glycolysis (1-3). Glucagon and 
N6,O2"-dibutyryl cyclic AMP (dibutyryl cyclic 
AMP) inhibit both aerobic glycolysis (1-6) 
and fatty acid synthesis by isolated hepatocytes 
(1-7). We have further proposed that cyclic 
AMP inhibition of glycolysis is achieved at the 
same enzymatic steps responsible for the 
stimulation of gluconeogenesis (1,2). Crossover 
analysis of the intermediates of glycolysis in 
the meal-fed rat liver (1) is identical to that of 
the gluconeogenic pathway from lactate of the 
fasted rat liver (8,9) and points to sites between 
fructose-6-phosphate and fructose-l,6-bisphos- 
phate and between phosphoenolpyruvate and 
pyruvate. Inhibition of pyruvate kinase explains 
the latter crossover point, this enzyme being 
subject to inactivation by a cyclic AMP- 
dependent, phosphorylation mechanism (10- 
12). This enzyme has now been implicated 
both in the stimulation of gluconeogenesis 
(12) and in the inhibition of glycolysis and 
fatty acid synthesis (3). On the other hand, 
the mechanism responsible for the crossover 
between fructose-6-phosphate and fructose-l,6- 
bisphosphate elicited by cyclic AMP has not 
been clearly resolved. It could be explained by 
inhibition at phosphofructokinase (13,14), 
activation of fructose diphosphatase (15) 
or both (16). Inhibition of phosphofructo- 
kinase by a cyclic AMP-dependent mechanism 
appears to account in large part for the stimu- 
lation of gluconeogenesis by glucagon (17,18). 

Previous studies from this laboratory failed 
to show any change in phosphofructokinase or 
fructose diphosphatase activity with hepato- 
cytes incubated with cyclic AMP (2). However, 
this study reports that with proper conditions 
for extraction and assay of the enzyme, phos- 
phofructokinase of isolated hepatocytes pre- 
pared from meal-fed rats is converted to a less 
active form by glucagon and dibutyryl cyclic 
AMP. In contrast, a change in fructose diphos- 
phatase activity could still not be demon- 
strated. The apparent inactivation of phospho- 
fructokinase by glucagon and dibutyryl cyclic 
AMP is suggested to account in part for the 
previously shown (1-6) inhibition of aerobic 
glycolysis and fatty acid synthesis by these 
compounds. While the study was in preparation 
for publication, Clark et al. (19) reported that 
dibutyryl cyclic AMP inhibition of glycolysis 
by hepatocytes prepared from chicken liver can 
be explained by inactivation of phospho- 
fructokinase. 

MATERIALS AND METHODS 

Isolation of Hepatocytes, Incubation 
and Preparation of Digitonin Extracts 

Hepatocytes were prepared from meal-fed 
female Wistar rats (240-280 g) by the Berry and 
Friend method (20) with modifications des- 
cribed previously (1). Incubations were carried 
out with 120-200 mg wet wt of hepatocytes in 
25 ml Erlenmeyer flasks in a final vol of 4 ml 
of Krebs-Henseleit saline supplemented with 
2.5% albumin (charcoal treated and dialyzed, 
Fraction V, Sigma Chemical Co., St. Louis, 
MO) at 37 C in an atmosphere of 95% 02 
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and 5% COs. After  15 min of incubation, the 
hepatocytes were sedimented by centrifugation 
for 30 sec in a clinical centrifuge. The super- 
natant  was discarded and the pellets suspended 
with a Potter-Elvehjem homogenizer with 1 ml 
of a solution 50 mM in morphol inopropane 
sulfonic acid, pH 7.0, 0.2 M in sucrose, l mM 
in EDTA and 3.25 mM in digitonin. The 
suspension was centrifuged 1.5 rain in an 
Eppendorf  centrifuge and the supernatant 
removed. This digitonin extract of the hepato- 
cytes was stored on ice (up to 4 hr) before 
assaying phosphofructokinase and fructose 
diphosphatase activity. 

Assay of Phosphofructokinase 
and Fructose Diphosphatase 

A split beam spectrophotometer  (Cary 118) 
was used. All components  of the phospho- 
fructokinase assay with the exception of 
fructose-6-phosphate were mixed with an 
aliquot of the digitonin extract of the hepato- 
cyte. From this solution, 0.95 ml was with- 
drawn for both  sample and reference cuvettes. 
A fructose-6-phosphate solution (50 /al) was 
then added to the sample cuvette and water 
(50/~1) to the reference cuvette. The difference 
in absorbance was recorded at 30 C as a func- 
t ion of time. This method of assay circum- 
vented the rapid NADH oxidation displayed by 
digitonin extracts of hepatocytes.  The final 
assay contained a suitable aliquot of the digi- 
tonin extract of the l iepatocytes,  0.25 pmol  of 
ATP or ITP, 5 /amol of  MgC12, 0.15 /,tmol of 
NADH, 32 units of  triose phosphate isomerase 
(E.C. 5.3.1.1), 1.5 units of  glycerol phosphate 
dehydrogenase (E.C. 1.1.1.8), 0.41 units of 
aldolase (E.C. 4.1.2.7), 50 /.tmol of N-tris(hy- 
droxymethyl)methyl-2-aminoethane sulfonic 
acid (TES), pH 7.4 and various concentrations 
of fructose-6-phosphate. Because digitonin 
extracts of hepatocytes contain all the gly- 
colytic enzymes, the possibility was considered 
that fructose-l ,6-bisphosphate produced by 
phosphofructokinase was converted in part to 
lactate rather than quantitatively to glycerol- 
3-phosphate. This was shown not to be a 
problem in an experiment in which the reaction 
was followed spectrophotometrical ly for NADH 
use and then stopped with perchloric acid. 
Lactate and glycerol-3-phosphate were mea- 
sured by the Hohorst et al. method (21). 
Accumulat ion of lactate did not  occur whereas 
the accumulation of  glycerol-3-phosphate was 
that  expected from the use of NADH. 

For  the assay of fructose diphosphatase, 
sample and reference cuvettes were set up as 
already described. The reaction was conducted 
at 30 C and initiated by the addit ion of  fruc- 
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tose-l ,6-bisphosphate and water to the sample 
and reference cuvettes, respectively. The final 
assay (1 ml) contained an aliquot of the digi- 
tonin extract of  the hepatocytes,  50 /~mol of  
TES, pH 7.4, 5 /.tmol of MgC12, 0.15 /.tmol of  
NADP+, 10 units of phosphoglucose isomerase 
(E.C. 5.3.1.9) and 4 units of glucose-6-phos- 
phate dehydrogenase (E.C. 1.1.1.49). 

For  both assays, linearity with amount  of  
extract used was established. The amounts of 
coupling enzymes were empirically determined 
to give maximal rates of  reaction. 

Assay of Matabolites 

Solutions of fructose-l ,6-bisphosphate were 
standardized enzymatically using the assay 
mixture described for phosphofructokinase. 
Solutions of fructose-6-phosphate were stan- 
dardized in the same manner by adding purified 
rabbit muscle phosphofructokinase.  Lactate 
and pyruvate were assayed by the Hohorst et al. 
method (21), glucose by the Slein method (22) 
using NAD+ instead of  NADP+ and the NAD+ 
linked glucose-6-phosphate dehydrogenase (Type 
XXI), glucose-6-phosphate and fructose-6- 
phosphate were assayed by the Lang and Michal 
method (23) and fructose-l ,6-bisphosphate by 
the Michal and Beutler method (24). 

Determination of Fatty Acid Synthesis 

Rates of  fat ty acid synthesis were deter- 
mined by the incorporat ion of tri t iated water, 
as described previously (1). 

Sources of Material 

Chemicals were of the highest puri ty avail- 
able. Enzymes from Sigma were partially 
desalted by centrifugation of the (NH4)2SO4- 
saturated suspensions and reconsti tution with 
water. 

R ESU LTS 

Inhibition of Aerobic Glycolysis 
by Dibutyryl Cyclic AMP 

As shown in previous studies from this 
laboratory (1-3), d ibutyry l  cyclic AMP inhibits 
net glucose use by hepatocytes prepared from 
meal-fed rats (Table I). This effect correlates 
with a diminished accumulation of lactate plus 
pyruvate and is further characterized by an 
increase in glucose-6-phosphate plus fructose-6- 
phosphate and a decrease in fructose-l ,6-  
bisphosphate levels (Table I). The decreased 
fructose-l ,6-biphosphate results suggest that  
either phosphofructokinase is inhibited or 
fructose diphosphatase is activated as a conse- 
quence of  elevated levels of  cyclic AMP. Thus, 
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TABLE I 

Effect of Incubation of Hepatocytes with D i b u t y r y l  
Cyclic AMP on Rate of Glucose utilization a 

Measurement 

Results obtained : 

Without dibutyryl With 50 /aM 
cyclic AMP dibutyryl cyclic AMP 

Net glucose utilization b 
Lactate accumulation c 
Pyruvate accumulation c 
Glucose-6-P plus fructose-6-P d 
Fructose- 1,6-bisphosphate d 

71 • 5 7 • 10" 
1.14 -+ 0.16 0.16 -+ 0.09* 
0.32 -+ 0.04 0.05 • 0.02* 
0.35 • 0.02 0.66 -+ 0.06* 
0.017• 0.011 -+ 0.001" 

alncubations were conducted for 60 min except in the case of the phosphorylated 
intermediates which were determined after 30 rain of incubation. Results are means • SEM 
for 3 hepatoeyte preparations from meal-fed rats. Statistical comparisons were made by the 
Student's t-test for paired data: *P < 0.05. 

bNet glucose used calcd from the rate of glycogen used minus glucose released, Mmol/ 
hr/g wet wt. 

CConcentration in the incubation medium after 60 min of incubation, #mol/ml. 
dConcentration in the cells after 30 rain of incubation, #mol/g wet wt. 

the  activities of  these enzymes  in cell-free 
ext rac ts  prepared  f rom h e p a t o c y t e s  which  had 
been  t rea ted  wi th  d ibu tyry l  cyclic AMP were 
investigated.  

Effect of Dibutyryl Cyclic AMP on the 
Fructose Diphosphatase Activity 
of Isolated Hepatocytes 

Fruc tose  d iphospha tase  activity,  assayed 
wi th  f ruc tose - l , 6 -b i sphospha te  at an initial 
concen t ra t ion  of  25 #M, was no t  d i f fe ren t  for  
digi tonin ext rac ts  prepared  f rom hepa tocy t e s  
incuba ted  wi th  or w i thou t  50 /aM d ibu tyry l  
cyclic AMP (wi thou t  3.2 + 0.6;  wi th  3.0 -+ 0.6 
#mol/min/g wet  wt ;  means  -+ SEM for  3 hepa to-  
cyte  prepara t ions) .  Fu r the rmore ,  no d i f ference  
in f ructose  d iphospha tase  activity resul t ing 
f rom incuba t ion  o f  h e p a t o c y t e s  wi th  d ibu ty ry l  
cyclic AMP could be demons t r a t ed  over a wide 
range of  f ruc tose - l , 6 -b i sphospha te  concen-  
t ra t ions  (Fig. 1). 

Effect of Dibutyryl Cyclic AMP on the 
Phosphofructokinase Activity 
of Isolated Hepatocytes 

Al though  negative results  were ob ta ined  for  
any effect  o f  d ibu ty ry l  cyclic AMP on  f ruc tose  
d iphosphatase ,  evidence was found  for  di- 
bu ty ry l  cyclic AMP inact ivat ion of  phospho-  
f ruc tokinase  (Table II and Figs, 2-5). Provided 
that  low f ruc tose-6-phospha te  concen t ra t ions  
were used and 5t-AMP was no t  included in the  
assay medium,  ext rac ts  of  h e p a t o c y t e s  incu- 
ba ted  wi th  d ibu ty ry l  cyclic AMP cons is tent ly  
gave lower  rates  o f  phospho f ruc tok inase  activ- 
ity. Representa t ive  absorbance  changes corres- 
pond ing  to  NADH use are given in Figure 2 

for the  phosphof ruc tok inase  assay conduc ted  
wi th  and wi thou t  St-AMP and wi th  ATP as the  
phospha te  donor .  Without  5'-AMP, a striking 
di f ference  was observed b e t w een  the  activities 
o f  digi tonin ext rac ts  prepared  f rom hepa tocy t e s  
incubated  wi thou t  d ibu ty ry l  cyclic AMP (Fig. 
2A) and hepa tocy t e s  incuba ted  wi th  d ibu tyry l  
cyclic AMP (Fig. 2B). A l though  d ibu tyry l  
cyclic AMP clearly had the  ef fec t  o f  decreasing 
enzy me  activity,  it was diff icult  to  express the  
results quant i ta t ively  because activity o f  the 
e n z y m e  cont inual ly  increased wi th  t ime during 
the  assay. Nevertheless,  Figure 3 could be 
cons t ruc ted  f rom such data by  p lo t t ing  "ini t ial  
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FIG. 1. Fructose diphosphatase activity vs fructose 
diphosphate concentration. Digitonin extracts of 
hepatocytes incubated without (o) and with (zx) 
dibutyryl cyclic AMP for 15 rain were used to assay 
enzyme activity. 
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FIG. 2. Time course of phosphofructokinase assays 
with ATP as the phosphate donor. Traces show the 
changes in absorbanee occurring with time in the 
phosphofructokinase assay. Digitonin extracts of 
hepatocytes incubated for 15 min with or without 
dibutyryl cyclic AMP (50 /zM) were used. The initial 
fructose-6-phosphate concentration was 0.125 mM; 
5'-AMP concentration was 1 mM, when used. A: 
hepatocytes incubated without dibutyryl cyclic 
AMP, phosphofructokinase assay conducted with 
5'-AMP; B: hepatocytes incubated with dibutyryl 
cyclic AMP, assay conducted without 5'-AMP; C: 
hepatocytes incubated without dibutyryl cyclic AMP, 
assay conducted with 5'-AMP; D: hepatocytes incu- 
bated with dibutyryl cyclic AMP, assay conducted 
with 5'-AMP. 
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FIG. 3. Phosphofructokinase activity vs fructose- 
6-phosphate concentration with ATP as the phosphate 
donor. Digitonin extracts of hepatocytes incubated for 
15 min without (o) and with (~) 50 tLM dibutyryl 
cyclic AMP were used. 

rates" obtained under these conditions; the 
initial rate is defined as the velocity for the first 
min after initiation of the reaction with fruc- 
tose-6-phosphate. As shown in Figure 3, a 
substantial difference is apparent at low fruc- 
tose-6-phosphate concentrations between the 
phosphofructokinase activity of control and 
dibutyryl cyclic AMP-treated hepatocytes. The 
difference becomes much less at higher fruc- 
tose-6-phosphate concentrations, indicating 
that the major effect of  exposure of cells to 
cyclic AMP is to shift the fructose-6-phosphate 
saturation curve for the enzyme to the right, 
having less effect upon the maximum velocity. 

With 5'-AMP in the assay medium or fruc- 
tose-6-phosphate at concentrations greater than 
0.4 mM (not shown), phosphofructokinase 
activity does not increase with time (Figs. 
2C and 2D). However, when assayed in the 
presence of  5'-AMP (Figs. 2C and 2D) or in the 
presence of  high fructose-6-phosphate concen- 
trations (Fig. 3), the activity of the enzyme 
was almost the same for digitonin extracts 
prepared from hepatocytes incubated with or 
without dibutyryl cyclic AMP. Thus, the 
greatest difference was noted under assay 
conditions where the enzyme undergoes a 
transition to a more active form. We found that 
the problem of apparent phosphofructokinase 
activation during the assay could be circum- 
vented by using ITP in place of ATP as the phos- 
phate donor. As shown m Figure 4, linear rates 
were obtained with ITP replacing ATP, with 

| 1 7 4  @ | 
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T 

FIG. 4. Time course of the phosphofructokinase 
assay with ITP as the phosphate donor. Conditions 
were identical to those of Figure 2 (See legend to 
Fig. 2) except ITP was substituted for ATP in the 
assay for phosphofructokinase. 

or without 5'-AMP in the assay. Digitonin 
extracts of hepatocytes incubated with di- 
butyryl cyclic AMP and assayed with ITP as 
phosphate donor also gave lower rates of 
phosphofructokinase activity than extracts of 
control hepatocytes (Fig. 4A and 4B). Includ- 
ing 5'-AMP in the assay greatly blunted the 
difference caused by the cyclic nucleotide 
(Figs. 4C and 4D). Table II summarizes the 
results obtained with 3 preparations of  hepato- 
cytes. The digitonin extracts were assayed 
for enzyme activity at a low initial concen- 
tration of  fructose-6-phosphate (0.125 mM) 

t 
with and without 1 mM 5-AMP. A striking 
difference in phosphofructokinase activity 
between control and dibutyryl cyclic AMP- 
treated hepatocytes was observed when 5'-AMP 
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TABLE II 

Effect of Incubation of Hepatocytes with Dibutyryl Cyclic 
AMP on the Activity of Phosphofructokinase a 

Addition to the hepatocyte incubation 

Phosphofructokinase activity 

Without 5'-AMP With 5'-AMP 

gmol/min/g wet wt 

None 0.21 -+ 0.03 0.53 +- 0.03 
Dibutyryl cyclic AMP 0.07 -+ 0.01 b 0.45 -+ 0.02 c 

aHepatocytes were incubated with dibutyryl cyclic AMP (50 ~M)for 15 min. Digitonin 
extracts, prepared as described in Materials and Methods, were assayed for phosphofructo- 
kinase with ITP as the phosphate donor and 0.125 mM fructose-6-phosphate. The final 
concentration of If-AMP when included in the assay was 1 mM. Results are expressed as 
means + SEM for 3 hepatocyte preparations and comparisons for significance made using 
the Student's paired t-test. 

bp < 0.05, when compared to control (i.e., none) without 5'-AMP added to the phos- 
phofructokinase assay. 

cp < 0.05, when compared to control (i.e., none) with 5'-AMP added to the phospho- 
fructokinase assay. 

was exc luded  f rom t he  assay mix tu re .  When  
5 ' -AMP was presen t ,  a m u c h  smaller  d i f fe rence ,  
albei t  s tat is t ical ly s ignif icant  b y  the  S t u d e n t ' s  
t - test  for  paired samples,  was observed .  

A l t h o u g h  the  veloci ty  t races  of p h o s p h o -  
f ruc tok inase  ac t iv i ty  were l inear  over  t ime  w i th  
ITP b u t  no t  ATP as the  p h o s p h a t e  donor ,  
t he  resul t ing  f ruc tose -6 -phospha te  s a tu ra t i on  
curves ob t a ined  were qual i ta t ive ly  the  same for  
b o t h  ( c o m p a r e  Fig. 3 o b t a i n e d  w i th  ATP and  
Fig. 5 o b t a i n e d  wi th  ITP).  Thus ,  regardless  o f  
the  p h o s p h a t e  d o n o r  used to  assay t he  enzyme ,  
t he  ma jo r  ef fec t  of  i n c u b a t i o n  of  h e p a t o c y t e s  
wi th  d i b u t y r y l  cyclic AMP is to  shi f t  t he  

i i , i i 
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FIG. 5. Phosphofructokinase activity vs fructose- 
6-phosphate concentration with ITP as the phosphate 
donor. Digitonin extracts of hepatocytes incubated for 
15 min without (o) and with (zx) 50 gM dibutyryl 
cyclic AMP were used. 

f ruc tose -6 -phospha te  s a tu ra t i on  curve to the  
right,  on ly  a very  small  d i f fe rence  be ing  ob- 
served at sa tu ra t ing  levels of  f ruc tose-6-phos-  
phate .  Hence,  cyclic AMP modi f ies  the  e n z y m e  
such t h a t  more  f ruc tose -6 -phospha te  is requi red  
for  a given level o f  ac t iv i ty  un t i l  t h e  e n z y m e  
is sa tu ra ted  wi th  th is  subs t ra te .  

Inhibition of the Activity of 
Phosphofructokinase by Glucagon 

The  act ivi ty  of  p h o s p h o f r u c t o k i n a s e  of  
isola ted h e p a t o c y t e s  was also found  to be  
sensit ive to  glucagon.  With  3 h e p a t o c y t e  
p repa ra t ions  i n c u b a t e d  and assayed for  phos-  
p h o f r u c t o k i n a s e  ac t iv i ty  as descr ibed  in Table  
II, con t ro l  h e p a t o c y t e s  gave values of  0.21 + 
0.03,  whereas  h e p a t o c y t e s  t r ea t ed  for  15 min  
wi th  10 -6 M glucagon gave values of  0 .08 -+ 
0.01 /gmol /min/g  wet  wt  (P < 0.05).  As s h o w n  
in Figure 6, ha l f -max imal  i n h i b i t i o n  occur red  
at  ca. 10 -9 M glucagon u n d e r  t he  c o n d i t i o n s  of  
these  expe r imen t s .  This  g lucagon t i t r a t i o n  
curve  is similar to  those  r e p o r t e d  previously  
f rom this  l a b o r a t o r y  (2,3)  for  g lucagon inhi-  
b i t i o n  of  ne t  glucose use,  l ac ta t e  and  py ruva t e  
accumula t i on ,  py ruva t e  k inase  act iv i ty  and  
f a t t y  acid synthesis .  

DISCUSSION 

This  s tudy  d e m o n s t r a t e s  t h a t  t he  p h o s p h o -  
f ruc tok inase  act ivi ty  of  isola ted h e p a t o c y t e s  
is decreased b y  d i b u t y r y l  cyclic AMP and 
glucagon.  The  act iv i ty  of  the  oppos ing  enzyme,  
f ruc tose  d iphospha ta se ,  does  n o t  appea r  to  be  
af fec ted .  Since d i b u t y r y l  cycle AMP and  
g lucagon cause a crossover  in the  m e t a b o l i t e  
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profile between fructose-6-phosphate and fruc- 
tose-l,6-bisphosphate, inactivation of phospho- 
fructokinase appears to explain in large part 
inhibition of aerobic glycolysis by these com- 
pounds. Inhibition of glycolysis also results in 
inhibition of lipogenesis. This is clearly shown 
by the fact that adding exogenous lactate plus 
pyruvate overcomes some of the inhibition of 
fatty acid synthesis imposed by dibutyryl cyclic 
AMP. However, it is not the entire story be- 
cause much higher concentrations of exogenous 
lactate and pyruvate are necessary in the 
presence of dibutyryl cyclic AMP to restore 
a comparable rate of fatty acid synthesis. This 
means that another site of cyclic AMP inhi- 
bition has to be involved and recent findings 
(7,25,26) make it likely that the site is acetyl- 
CoA carboxylase. 

Velocity traces obtained in the assay of 
phosphofructokinase with ATP as the phos- 
phate donor were consistently nonlinear. 
Apparent activation of the enzyme occurred 
throughout the time course of the measure- 
ments. This held only below a fructose-6- 
phosphate concentration of 0.4 mM and was 
not observed in assays conducted with ITP 
as the phosphate donor. This may be because 
all of the adenine nucleotides are allosteric 
effectors of phosphofructokinase (27); ATP 
inhibiting at high concentrations, ADP acti- 
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FIG. 6. Effect of glucagon in hepatocyte incu- 
bations on the activity of phosphofructokinase. 
Hepatocytes were incubated with various concen- 
trations of glucagon for 15 rain. Digitonin extracts 
were made as described in Materials and Methods and 
assayed for phosphofructokinase activity with ITP 
as the phosphate donor and fructose-6-phosphate at 
0.125 mM. 

vating, and 5'-AMP relieving ATP inhibiton. 
Because ITP does not function as a nucleotide 
regulator for the reaction catalyzed by phos- 
phofructokinase but can serve as the phosphate 
donor (28), it was used as an alternative to ATP 
in many of the studies reported here. 

Differential extraction of phosphofructo- 
kinase from the hepatocytes by digitonin might 
be argued as a possible explanation for the 
difference in activity between control and 
glucagon- or dibutyryl cyclic AMP-treated 
hepatocytes. Digitonin creates pores in the 
plasma membrane large enough for most 
enzymes to escape, but not large enough for 
the release of the polymeric form of acetyl- 
CoA carboxylase (E.C. 6.4.1.2) (29). However, 
this is not a factor with the release of phospho- 
fructokinase because comparable differences in 
phosphofructokinase activity between control 
and dibutyryl cyclic AMP-treated hepatocytes 
were obtained with 1% Triton X-100 replacing 
digitonin in the extraction procedure. Further- 
more, differential extraction should lead only 
to a change in Vma x and not to a change in 
the concentration of fructose-6-phosphate 
required to half saturate the enzyme. Finally, 
lactate dehydrogenase was released by digitonin 
to the same extent with both control and 
dibutyryl cyclic AMP-treated hepatocytes, 
indicating that a change in the release of 
enzymes per se was not induced by dibutyryl 
cyclic AMP and glucagon. 

Problems in the assay of phosphofructo- 
kinase of crude extracts accure in part from the 
necessity of using an indicator reaction coupled 
to the generation of fructose-l,6-bisphosphate. 
This compound is not only a substrate for 
fructose diphosphatase, but is also an activator 
of phosphofructokinase (30). Yet, direct assay 
of both enzymes indicates phosphofructokinase 
rather than fructose diphosphatase as the locus 
of cyclic AMP action. A large difference in 
phosphofructokinase activity between digitonin 
extracts prepared from control and dibutyryl 
cyclic AMP-incubated hepatocytes was ob- 
served without but not with 5'-AMP in the 
assay mixture. The reason for this effect of 
5t-AMP is not completely understood. 5'-AMP 
is routinely included in the assay mixture for 
phosphofructokinase (31) in order to inhibit 
fructose diphosphatase which competes with 
aldolase for fructose-l,6-bisphosphate. Hence, 
measurements made with crude extracts with- 
out 5'-AMP in the assay mixture give only a 
qualitative indication of the activity of tile 
enzyme under a particular set of conditions 
because such measurements could reflect 
changes in fructose diphosphatase activity. 
Nevertheless, the greatest differences between 
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con t ro l  and  d i b u t y r y l  cyclic AMP- t rea ted  
h e p a t o c y t e s  are observed  w i t h o u t  5 ' -AMP 
in the  assay m i x t u r e  and  it does  no t  appear ,  
f rom di rec t  m e a s u r e m e n t s  of  the  enzyme ,  
tha t  changes  in ac t iv i ty  of  f ruc tose  d iphos-  
pha tase  are involved.  Our  work ing  h y p o t h e s i s  
is t ha t  cyclic AMP causes an  a l t e r a t i on  in phos-  
p h o f r u c t o k i n a s e  which  m a k e s  it more  respon-  
sive to  5 ' -AMP ac t iva t ion  or  5P-AMP reversal  of  
ATP inh ib i t i on .  

It  is clear tha t  the  d i f fe rence  in ac t iv i ty  
be tween  con t ro l  and  d i b u t y r y l  cyclic AMP- 
t rea ted  h e p a t o c y t e s  is g rea te r  at low t h a n  at 
h igh f ruc tose -6 -phospha te  concen t r a t i ons .  As 
such,  th is  differs  f rom the  p re l imina ry  r epo r t  
of  Cook  et al. (32)  o f  a change in Vma x of  
p h o s p h o f r u c t o k i n a s e  in m o u s e  liver per fused  
wi th  glucagon.  It  also differs  f rom t he  a p p a r e n t  
change in Vma x r epo r t ed  b y  Brand  et al. 
(33-35)  to  be  caused b y  p h o s p h o r y l a t i o n  o f  the  
enzyme.  Our  results  agree, however ,  w i th  the  
change in So.s for  f ruc tose -6 -phospha te  re- 
po r t ed  to occur  in response  to g lucagon  or 
d i b u t y r y l  cyclic AMP b y  Pilkis et  al. (17) ,  
Cas tano  et al. (18)  and  Clark et al. (19) .  Cas- 
t a n o  et al. (18)  es tabl i shed  t h a t  the  changes  in 
e n z y m e  act ivi ty  caused by  glucagon pers is ted 
even a f te r  par t ia l  pu r i f i ca t ion  of  t he  e n z y m e  
by  Sephadex  G-25 and  agarose-ATP c h r o m a t o g -  
raphy .  Thus,  this  s t udy  conf i rms  those  of  
Pilkis et  al. (17) ,  Cas tano  et al. (18)  and  Clark 
et  al. (19)  and  makes  t h e  i m p o r t a n t  p o i n t s  t h a t  
ITP is a useful  subs t i tu t e  for  ATP as t h e  phos-  
pha t e  d o n o r  in the  assay o~f p h o s p h o f r u c t o -  
kinase act ivi ty  in c rude  ex t rac t s  and t h a t  n o  
co r r e spond ing  change in ac t iv i ty  of  f ruc tose  
d iphospha ta se  is involved.  

Kagimoto  and  U y e d a  (36)  r ecen t ly  r e p o r t e d  
glucagon s t imu la t i on  in vivo of  labeled inor-  
ganic p h o s p h a t e  i n c o r p o r a t i o n  i n to  rat  liver 
p h o s p h o f r u c t o k i n a s e .  However ,  the  ac t iv i ty  
d i f fe rence  for  p h o s p h o f r u c t o k i n a s e  found ,  
con t r a ry  to tha t  r epo r t ed  here  and  b y  o the r s  
(17-19) ,  was man i fe s t ed  as an  increase  in  the  
sensi t ivi ty of  t he  e n z y m e  to  ATP inh ib i t i on .  
ATP i n h i b i t i o n  of  the  e n z y m e  is k n o w n  to  be 
reversed by  5 ' -AMP and it is r epo r t ed  here ,  
as well as by  Pilkis et  al. (17) ,  t h a t  inc lud ing  
5 ' -AMP in the  assay largely abol i shes  t he  
d i f fe rence  in ac t iv i ty  of  t he  e n z y m e  ex t r ac t ed  
f rom con t ro l  and  cyclic AMP- t rea ted  cells. 
Thus,  t he  results  o f  Kag imo to  and  U y e d a  (36)  
m a y  mere ly  ref lect  the  d i f fe ren t  cond i t i ons  
chosen  to assay the  enzyme.  To be cons i s ten t ,  
however ,  the  cyclic AMP-inac t iva ted  e n z y m e  
would have to  be  sensi t ive to  ITP inh ib i t i on ,  in 
con t ras t  to  t he  na t ive  e n z y m e  ( , 8 ) ,  and  5 -AMP 
would  have to reverse t h a t  i nh ib i t i on .  This  is 
u n d e r  inves t igat ion.  

A l t h o u g h  t h e  available evidence  s t rongly  
argues t h a t  we are deal ing w i th  a cyclic AMP- 
d e p e n d e n t  i n t e r conve r s ion  of p h o s p h o f r u c t o -  
k inase  b e t w e e n  act ive and  inact ive  fo rms  by  the  
p h o s p h o r y l a t i o n - d e p h o s p h o r y l a t i o n  mechan i sm,  
add i t iona l  s tudies  are clearly needed  to  def ine  
t he  l ink  to  the  cyclic AMP system. Regardless  
of  t he  exact  mechan i sm,  rapid  inac t iva t ion  
of  p h o s p h o f r u c t o k i n a s e  b y  a cyclic AMP- 
d e p e n d e n t  m e c h a n i s m  can  a c c o u n t  in  large 
par t  for  cyclic AMP i n h i b i t i o n  of hepa t i c  
glycolysis  and  l ipogenesis .  
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Effect of Dietary Fatty Acid Composition on the Biosynthesis 
of Unsaturated Fatty Acids in Rat Liver Microsomes 
NORIMASA KURATA 1 and O.S. PRIMETT, 2 The Hormel 
Institute, University of Minnesota, Austin, MN 55912 

A BST R AC T 

A study was made of the influence of semisynthetic diets of low and high unsaturation on the fatty 
acid composition and desaturation-chain elongation enzymatic activity of the liver microsomal frac- 
tions of male Sprague-Dawley rats of different ages. Groups of rats were fed 5 or 20% coconut oil 
(CO), or a 5 or 20% mixture of corn and menhaden oils (3:7) (CME) from weaning to 100 wk of age. 
Growth rate and food consumption were measured during this period in which animals were sacrificed 
at 36, 57, 77 and 100 wk of age. Both the level and composition of the dietary fat supplements 
produced marked effects on the fatty acid composition of the liver microsomal lipids. In general, the 
fatty acid composition of the microsomal fractions reflected that of the dietary fat and was more 
unsaturated with the higher level of fat fed. The rate of conversion of linoleic to arachidonie acid in 
assays performed in vitro with liver microsomal preparations from animals of the different groups also 
showed marked differences. The 6-desaturase-chain elongation activity was higher in the 5% than 20% 
group and corresponded to the essential fatty acid (EFA) status of the animals in these groups as 
represented by the triene-tetraene ratio of the microsomal lipid. The relationship of the 6-desaturase 
activity to fatty acid composition of the microsomal lipid indicated that if varied directly with the 
level of 20:3w9, 18: I and 16 : 1 and was inhibited by arachidonic acid. The activity of the 6-desaturase 
enzyme system was lowest in the liver microsomal fraction obtained from the animals fed the CME 
diets and appeared to be suppressed by the high levels of 20:5 and 22:6 that accumulated in the 
microsomal lipid. Accordingly, the levels of arachidonic acid were lower in the microsomal lipid of 
these groups than those of the corresponding CO groups in spite of a greater abundance of linoleic 
acid in the diet. The data suggest that the activity of the 6-desaturase-chain elongation system is 
regulated by the fatty acid composition of the microsomal lipid as influenced by the composition of 
the dietary fat. 

INTRODUCTION 

Although pathways  in the biosynthesis  of  
c o m m o n  unsaturated fat ty  acids have been 
elucidated (1,2), the inf luence of  dietary fa t ty  
acids on tissue fa t ty  acid compos i t ion  is highly 
complex and not  well defined. The cont ro l  of  
unsaturated fa t ty  acid biosynthesis  is bel ieved 
to reside mainly in the  regulat ion of  microsomal  
desaturase activity that  occurs at the  6 and 9 
posit ions in the  fat ty  acid chains (3-7). Desatu- 
rat ion at these positions, as well as at the  5 
posit ion,  is believed to  be catalyzed by specific 
enzymes (3-5) and their  regulat ion appears to 
involve the  e lectron t ransport  system (8-11). 
They are subject to diurnal changes but  the 
rhy thm of  these changes could not  be asso- 
ciated with any part icular  b iochemical  param- 
eter (12). Under  certain condit ions,  desaturases 
respond to hormona l  st imuli  (13-18), fasting 
and refeeding regimens (13,19,20),  high levels 
of  dietary carbohydrate  (13,19,21)  or  protein 
(13,15,16,21)  and an essential fa t ty  acid (EFA)  
deficie~cy (6,21-24). Hol loway and Hol loway  

1present address: Department of Clinical Labor- 
atory, Chiba Cancer Center Hospital, 666-2 Nitona, 
Chibacity. Chiba 280, Japan. 

2person to whom all correspondence should be 
addressed. 

(7,25) considered that  a l terat ion o f  stearoyl- 
CoA desaturase act ivi ty  in an E F A  deficiency 
might  result  f rom changes in membrane  f luidi ty 
brought  about  by changes in composi t ion  o f  
the lipid. Their  studies did no t  conf i rm nor  rule 
out  this possibility, a l though the  impor tance  of  
pro te in  synthesis in the  act ivi ty of  this desatu- 
rase, as repor ted  by Oshino and Sato (26) and 
St r i t tmat te r  et al. (27) was demonst ra ted .  
Peluffo et al. (28) found that  changes in 6- 
desaturase activity appeared to correlate with 
the phospholipid-tr iglyceride rat io  of  the liver 
microsomal  f ract ion of  rats fed an EFA-deficient  
diet and suggested that  the activity of  this 
enzyme  system might  be related to f luidi ty o f  
the membrane.  Accordingly,  it was proposed 
that  the  increase in 6-desaturase act ivi ty in E F A  
deficient  animals was a response to maintain  
f luidi ty  of  the membrane  by regulat ion o f  the 
ratio of  saturated-to-unsaturated fat ty  acids. 

The compet i t ive  nature  of  react ions involved 
in the  biosynthesis  of  unsaturated fat ty  acids 
have been well demonst ra ted  by in vi tro (4,28- 
31), as well as in vivo (32-36) exper iments .  
Sprecher  (4) de termined  the relative rates of  
desaturat ion and chain e longat ion in the  
in terconvers ion of  unsaturated fa t ty  acids in 
vitro and suggested that  tissue fat ty acid 
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c o m p o s i t i o n  is d e t e r m i n e d  on  t he  basis o f  the  
relat ive ra tes  of  these  r eac t ions  and  those  o f  
r e t r oconve r s ion  and  the  i n c o r p o r a t i o n  of  f a t t y  
acids in to  lipids. 

In th is  s tudy ,  re la t ionsh ips  b e t w e e n  t he  
c o m p o s i t i o n  and  level o f  d ie ta ry  fat ,  f a t t y  acid 
c o m p o s i t i o n  o f  l iver m i c r o s o m a l  l ipids and  t he  
i n t e r conve r s ion  of  l inolea te  in v i t ro  were 
inves t iga ted  in ra ts  fed diets  con ta in ing  varying 
levels o f  l inoleic and  p o l y u n s a t u r a t e d  fa t ty  
acids. 

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

Weanling male  Sprague-Dawley ra ts  pur-  
chased f rom Dan Ro l f smeyer  Co., Madison,  WI, 
were divided in to  4 groups  of  15 animals  and  
fed a basic fat-free diet  s u p p l e m e n t e d  w i th  5 or  
20% b y  wt  of  c o c o n u t  oil (CO) or  a 3 :7  mix-  
tu re  of  co rn  and  m e n h a d e n  oils (CME). The  
d i e t s ,  t he  c o m p o s i t i o n  of  wh ich  is s h o w n  in 
Table  I, were made  isocalor ic  b y  ad jus t ing  t he  
relat ive a m o u n t s  of  fat ,  c a r b o h y d r a t e  and  fiber.  
The  an imals  were weighed at  2-day in tervals ;  
food  c o n s u m p t i o n  was measu red  daily o n  5 
an imals  of  each group.  

Animals  were sacrif iced at  36, 57,  77 and  
100 wk o f  age b y  exsangu ina t i on  u n d e r  a l ight  
e the r  anes the t ic .  Var ious  t issues and  organs 
were weighed,  qu ick  f rozen  and  s tored  at  -70 C 
for  s tudies  t h a t  will be  r e p o r t e d  at a fu tu re  
date.  

Preparation of Liver Microsomes 

Freshly  excised livers were per fused  wi th  

saline and  h o m o g e n i z e d  in a Po t t e r -E lveh jem 
h o m o g e n i z e r  in 2 vol of  a so lu t ion  con ta in ing  
0.25 M sucrose,  5 mM MgC12, 0.15 M KC1, 1.5 
mM GSH and  50 mM of  po tass ium p h o s p h a t e  
buf fer ,  pH 7.0. H o m o g e n a t e s  were centrifuged_ 
at 800  x g for  10 min  to  r emove  cell debris ,  
t h e n  at 10 ,000 x g for  20 min.  The  m i c r o s o m a l  
f r ac t ion  was recovered  b y  cent r i fuging  the  
10 ,000 x g s u p e r n a t a n t  at  100 ,000  x g for  1 hr.  
The  pel le t  was suspended  in a so lu t ion  con-  
t a in ing  5 mM MgC12, 0.15 M KC1, 1.5 mM GSH 
and 50 mM po tas s ium p h o s p h a t e  buf fe r  (pH 
7.0) to  give a f inal  c o n c e n t r a t i o n  of  20 mg pe r  
ml  p ro te in ,  d e t e r m i n e d  by  t he  Lowry  et al. 
m e t h o d  (37) .  

Incubation Conditions 

ATP, CoASH,  malony l -CoA,  NADH and  
bov ine  serum a lbumin ,  con ta in ing  less t h a n  
0 .005% fa t t y  acid,  were purchased  f rom Sigma 
Chemica l  Co., St. Louis,  MO; GSH was pur- 
chased f r o m  P-L Biochemicals ,  Inc. ,  Milwaukee,  
WI; [ 1 J 4 C ] l i n o l e i c  acid (56  / . tCi/mol) was 
purchased  f rom New England  Nuclear ,  Bos ton ,  
MA, pur i f ied  by  t h in  layer  c h r o m a t o g r a p h y  
(TLC),  conve r t ed  to i ts  a m m o n i u m  salt and  
b o u n d  to bov ine  serum a l b u m i n  (38) .  All  
i n c u b a t i o n s  were carr ied ou t  at  37 C in a t o t a l  
vol  o f  2.0 ml. Fo r  m e a s u r e m e n t  of  desa turase  
act ivi ty ,  each  i n c u b a t i o n  was carr ied ou t  for  10 
m in  in the  m e d i u m  con ta in ing  the  fol lowing:  
10 /.tmol MgC12, 0.3 m m o l  KC1, 3 /2mol GSH, 
10 /.tmol ATP,  0.6 /zmol CoA, 2.5 /2tool 
NADH,  100 ~tmol po ta s s ium p h o s p h a t e  buf fe r ,  
pH 7.0,  200  n m o l  rad ioac t ive  l inoleic  acid and  

TABLE I 

Diet Composition 

5% Fat diet 20% Fat diet 
(% by wt) (% by wt) 

Casein (vitamin test) 22.50 22.50 
L-Cystine a 0.20 0.20 
Wesson salt mixture plus 

ZnC12 and MnSO 4 o H20 b 4.03 4.03 
Choline mix c 1.00 1.00 
Vitamin mix d 1.00 1.00 
Cellulose (Alphacel) 10.2 S 29.00 
Sucrose 56.02 22.27 
Fat 5.00 20.00 

aL-Cystine is added to the diet to bolster the level of sulfur-containing amino acids. 
bWesson salt mixture does not contain zinc or manganese, hence these elements are 

added to the mix as follows: 0.60 g ZnC12 and 0.90 g MnSO 4 �9 H 2 0/200 g salt mixture. 
CCholine mix consists of 22% choline dihydrogen citrate in vitamin test casein. 
dVitamin mix (1 kg) contains: 2.5 g thiamine HCI, 2.5 g riboflavin, 9.0 g nicotinic acid, 

9.0 g calcium pantothenate, 2.0 g pyridoxine HC1, 4.0 g cyanobalamin (B12), 7.5 g p-amino- 
benzoic acid, 0.1 g folic acid, 0.02 g biotin, 20.0 g meso-inositol, 0.5 g menadione (vitamin 
K), 943.0 g vitamin test casein. Fat and vitamins A, D and E are mixed into the diet daily 
and stored at 0 C overnight. Vitamin Dz, 5.0 mg; retinol acetate, 6.9 mg; c~-tocopherol 
acetate, 300 mg/kg of diet. 

LIPIDS, VOL. 15, NO. 7 



514 N. KURATA AND O.S. PRIVETT 

5 mg of microsomal protein in 0.001% triton 
X-100. 

The same conditions were used for deter- 
mination of desaturation-chain elongation reac- 
tions except that 0.6 /amol malonyl CoA was 
added to the incubation mixture. 

Incubations were stopped by the addition of 
10 ml dimethoxypropane containing 200 pl  
concentrated HC1 to 1 ml of the incubation 
medium. After a reaction time of 20 min to 
allow for conversion of the water to methanol 
and acetone, these solvents and the excess DMP 
were evaporated in a stream of nitrogen at 
room temperature, and the lipid interesterified 
with methanol as described by Shimasaki et al. 
(39). 

Radioactivities of the methyl esters were 
determined on fractions isolated by gas liquid 
chromatography (GLC) using an Aerograph 
Model 600-D gas chromatograph equipped with 
a 9:1 splitter, and a 12' x 0.124" id column 
packed with 10% Silar 10C on 100-200 mesh 
Gas-Chrom Q at 210 C with a flow rate of N 2 
of 20 cc/min. Fractions (peaks in the chro- 
matogram) corresponding to each fatty acid 
ester were collected in glass tubes attached 
directly to the outlet of the splitter, coincident 
with their detection by the flame detector, and 
transferred to scintillation counting vials by 
washing the tubes with 15 ml. scintillation fluid 
(5.5 g Permablend I/liter toluene). Radio- 
activity was counted in a packard Model 3310 
liquid scintillation spectrometer. Recovery of 
radioactivity by this technique of collection 
was ca. 70%. The activity of 6-desaturase, 
determined independently, was calculated from 
the counts of 18:3 corrected for background. 
The activities of 6-desaturase, chain elongation 
and 5-desaturase in the overall reaction were 
determined simultaneously from the total 
counts of the products corrected for back- 
ground, the proportion of the counts in the 
20:3 + 20:4 acids and the 20:4 fraction, 
respectively. In the assay conditions described 
for 6-desaturase activity, the amount of 18:3 
formed was proportional to reaction time for 
ca. 15 min and the resulting rates were propor- 
tional to protein concentration. In the assay of 
chain elongation, after a short induction period 
in which 18:3 was formed, the rate of forma- 
tion of 20:3 and 20:4 was constant also for a 
period of ca. 15 min. These results and the 
good agreement between 6-desaturase activity 
determined independently and from the overall 
reaction assured the validity of the enzyme 
assay conditions. 

Fatty acid composition of liver microsomal 
lipid was determined on methyl esters prepared 
by interesterification with HC1 as a catalyst 

(39) using a Hewlett Packard Model 5840A gas 
chromatograph. This analysis was also carried 
out with a 12' x 0.125" id column packed with 
Silar 10C on 100-200 mesh Gas-Chrom Q at 
200-250 C programmed at 2.0 C/min with a 
flow rate of nitrogen at 10 cc/min, 

R ESU LTS 

Although there were large differences in 
fatty acid composition of the 2 dietary fats 
employed and the amounts of individual fatty 
acid consumed (Table II), there were no signifi- 
cant differences in growth rate of the animals 
or food consumption (Fig. 1) in the different 
groups. 

The amount of linoleic acid consumed and 
the percentage of this fatty acid of the dietary 
calories varied greatly from group to group, as 
shown in Table II. The percentage of the 
dietary calories of this fatty acid in the 5% CO 
diet was less than that considered the normal 
requirement of EFA, whereas that in the other 
diets was more than adequate. In addition to 
supplying an adequate level of linoleic acid, the 
CME supplement contained relatively large 
amounts of 20:5 and 22:6 acids. 

Fatty acid composition analyses of the liver 
microsomal lipid showed no significant differ- 
ences within any one group at different ages of 
the animals from 36 to 100 wk. Thus, all of the 
values obtained over this period for each group 
were combined to obtain a representative fatty 
acid analysis of the microsomal lipid for each 
group, as shown in Table III. 

These analyses showed that both the level 
and composition of the fat supplements pro- 
duced significant differences in the fatty acid 
composition of the liver microsomal lipids. In 
spite of the fact that the animals of the 20% CO 
group consumed a much larger amount of fat 
(Table II), the levels of palmitoleic (16:1) and 
oleic (18 : 1) acids were significantly lower in 
this group than in the 5% CO group, and these 
differences were not compensated by differ- 
ences in the fat content of the microsomal 
fraction. As expected, the levels of both linoleic 
and arachidonic acids were higher in the 20% 
than in the 5% CO group. The 5% group con- 
tained an elevated level of 20:3609 and, accord- 
ingly, the triene/tetraene ratio was elevated 
compared to that of the 20% CO group. This 
observation is in accord with the fact that the 
animals of the 5% CO group received only 
0.38% of their dietary calories as linoleate 
compared to 1.52% for the 20% CO group 
(Table II). 

The fatty acid composition of the liver 
microsomal lipid of the animals fed the mixture 
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FIG. 1. Growth rate and food consumption of  
animals. 5% Coconut oil (CO) diet = A and ~---e; 
20% coconut oil (CO) diet = B and o - - o ;  5% corn- 
menhaden oil (CME) diet = C and a__A; 20% corn- 
menhaden oil (CME) diet = D and ~__zx. 

of corn and menhaden oils differed consid- 
erably from those of the CO groups and the 
differences were reflected in the fatty acid 
composition of the dietary fat, as shown in 
Table III. A major difference in the fatty acid 
composition of the CO and CME fat supple- 
ments was in the content of 20:5 and 22:6. 
Correspondingly, larger amounts of these fatty 
acids accumulated in the liver microsomal lipids 
of the CME groups. However, in spite of the 
fact that much larger amounts of these acids 
were consumed by the 20% than the 5% CME 
group, the levels of these acids in the micro- 
somal lipid were not significantly different in 
the 2 groups. Another apparent anomaly was in 
the levels of 16:1 and 18:1, which were higher 
in the 5% than the 20% CME group, inasmuch 
as the animals in the 20% CME group consumed 
much larger amounts of these acids. The levels 
of 18:2 and 20:4 were slightly higher in the 20% 
than the 5% CME group as might be expected 
because the 20% CME group consumed ca. 4 
times more linoleate than the 5% CME group. 
In fact, the level of arachidonic acid in the 20% 
CME group was not  significantly different from 
that of the 5% CO group which exhibited a 
borderline EFA deficiency as indicated by the 
triene/tetraene ratio and the elevated levels of 
16:1 and 18 : 1. Further, the level of arachidonic 
acid in the 5% CME group was even lower than 
that of the 5% CO group, 8.6% vs 11.5%. There 
was no 20:3co9 in the microsomal lipid or any 
other evidence of an EFA deficiency in the 
animals of the 5% CME group. 

The 6-desaturase enzyme activity, deter- 
mined independently, and the overall desatu- 
rase-chain elongation enzyme activity were 
significantly greater in the 5% than in the 20% 
CO group which in turn was significantly 
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TABLE III 

F a t t y  A c i d  C o m p o s i t i o n  o f  L iver  Microsomal Lipid (% wt) 

Dietary group 
(fat supplement) a 5% CO 20% CO 5% CME 20% CME 

Microsomat f a t t y  
acid content 

(mg/mg protein) 0.210 -+ 0.048 0.271 • 0.035 0.225 • 0.045 0.246 • 0.063 

Fatty acid composition b 

14:0 c 

16:0 

16:1 

18:0 

18:1 

18:2 

20:3to9 

20:3to6 

20:4 

20:5 

22:4 

22:5 

22:6 

20:3to9/20:4 

1.1 • 2.1 • -- -- 

20.1 • 19.6 • 25.9• 22.1• 

[ 7.2 • 3.4 • ] I 5 .4•  2.6•  

17.3 • 19.5 •  15.0• 17.8• 

[ 20.6 • 14.6 • 1.7 I I 10.2• 6 .8•  

[ 4.1 • 7.4 • 1.5 I I 8 .8•  13.9• 

[ 8 . 7  •  2 .1  • 1 .1  l - -  - -  

2 . 2  • 2.3 • 1.2• 1.4• 

[ I [ 11.5 • 0.4 20.8 • 2.5 8.6 • 0.8 11.6-+ 1.4 

- - 8 .6•  7 .3•  

2.0 • 2.3 • - - 

-- - 2 .3•  1.6• 

1.3 • 2.4 • 11.5• 12.1• 

0.76• 0.10• -- - 

aco  = coconut oil, CME = corn-menhaden oil mixture (3:7). 
bM • SD, n = 8. The values in the boxes are significantly different (P < 0.001). 
CShorthand designation of fatty acid. Number before colon = chain length, number after colon = number of 

double bonds. 

greater  than  those  o f  the  5% CME and 20% 
CME groups,  as shown in Table IV. 

These analyses (Table IV) were calculated 
f rom the combined  values de te rmined  in 
animals of  36-77 wk of  age. The values were 
combined  because,  as wi th  fa t ty  acid composi -  
t ion,  no significant d i f ferences  were observed 
over this per iod o f  t ime wi thin  any o f  the  indi- 
vidual groups.  

DISCUSSION 

This s tudy  shows tha t  b o t h  the  level and 
fa t ty  acid compos i t i on  o f  the d ie tary  fat 
p roduced  marked effects  on the compos i t i on  
and b iosynthes is  o f  unsa tura ted  fa t ty  acids in 
the liver. The 5% CO diet  used in this s tudy  
conta ined  less l inoleate than  that  considered 
adequate  to satisfy the  E F A  requ i remen t s  of  
the  rat (39-41).  Accordingly,  t he  b iochemica l  
parameters  generally associated wi th  an E F A  
def ic iency were observed wi th  this diet,  namely  
an increase in the  levels of  16:1, 18:1 and 
20:3609, and a high t r iene- te t raene  ratio.  Also, 
desaturase activity was elevated in the  liver 

microsomal  f rac t ion  as observed by o thers  in 
animals wi th  an E F A  def ic iency (6,24,25).  The 
animals o f  this group showed  no  dermal  symp-  
t o m s  of  an E F A  def ic iency and the  liver micro-  
somal lipid conta ined  significant levels o f  
linoleic (4.1%) and arachidonic  (11.5%) acids. 
Nevertheless,  the  condi t ions  in the  animals of  
this group favored e n h a n c e m e n t  of  the  activity 
of  the  6-desaturase-chain e longat ion enzyme  
system and some oleic acid was conver ted  to  
20:3609. The act ivi ty of  9-desaturase was also 
elevated in the  animals of  the  5% CO group as 
evidenced by  the  high levels o f  16:1 and 18:1 
in the  microsomal  lipid. Apparen t ly ,  the  same 
condi t ions  tha t  induced an elevation of  6- 
desaturase activity also favored 9-desaturase 
activity.  Compar i son  of  the  5% and 20% CO 
groups showed tha t  when  the  amoun t  of  
l inoleate consumed  was increased f rom 0.38% 
to 1.52% of  the  dietary calories, the  amo u n t  
depos i ted  in the  microsomal  lipid was increased 
f rom 4.1% to 7.4%. The level o f  arachidonic  
acid was increased f rom 11.5% to 20.8% in the  
microsomal  lipid of  the  20% CO animals in 
spite o f  the  fact tha t  the  activity of  the  6 -  
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TABLE IV 

Liver Microsomal Enzyme Activities (nmol/min/mg protein) 
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Dietary  group a 
(% fat supplement) 5% CO 20% CO 5% CME 20% CME 

6-desaturase b 0.460 -+ 0.10 c 0.256 • 0.052 0.128 + 0.028 0.166 -+ 0.038 
6-desaturase 0.404 • 0.066 0.284 -+ 0.048 0.162 -+ 0.014 0.182 +- 0.040 
chain elongation 0.252 • 0.052 0.178 • 0.036 0.086 + 0.012 0.094 • 0.018 
5-desaturase 0.098 +- 0.022 0.056 • 0.010 0.020 + 0.008 0.022 • 0.008 

a c o  = coconut oil; CME = corn-menhaden oil mixture (3:7). 
bDetermined separately. 
CM -+ SD, n = 6. 5% CO vs 20% is significantly different, P < 0.01 ; 5% CME is significantly different than 

5% CO and 20% CME, P < 0.001 ; 20% CME is significantly different than 5% CO and 20% CO groups, P < 0.001 
and P < 0.01, respectively. The values for 20% CME and 5% CME are not significantly different. 

desaturase-chain e longat ion enzyme  system was 
lower.  Apparent ly ,  with the consumpt ion  o f  a 
larger amount  o f  l inoleic acid, more  becomes  
available for conversion to arachidonic acid 
inasmuch as its incorpora t ion  into lipid is a 
compet ing  react ion (29). On the o ther  hand, 
the  decreased level o f  20:3609 appears to be 
related to the decreased act ivi ty o f  this enzyme 
system. The decreased 20:3609 also might  be 
a t t r ibuted in part  to the low level of  oleic acid, 
its precursor,  as a result  of  an inhibi tory  act ion 
of  arachidonic acid on 9-desaturase activity.  
Accordingly,  the  dramatic  effect  of  the  de- 
crease in 20:3609 upon  switching EFA-def ic ien t  
animals to a diet containing l inoleic acid might  
not  result so m u c h  f rom substrate compet i t ive  
inhibi t ion as the  suppression of  6- and 9- 
desaturase act ivi ty by arachidonic acid. That  
substrate compet i t ive  inhibi t ion might  not  be 
the  major  in vivo control l ing mechanism in the  
synthesis o f  20:3609 also has been suggested by 
Sprecher  (4). Early in vitro assay studies 
indicated that  arachidonic acid enhanced 
6-desaturase act ivi ty (28,41).  However ,  later 
work (5) showed that  it does inhibit  6-desatu- 
rase act ivi ty in accordance with  the hypothesis  
just  stated. 

Examina t ion  o f  the  fa t ty  acid compos i t ion  
of  the  liver microsomal  lipid relative to the  
6-desaturase-chain e longat ion act ivi ty of  the 
CME groups indicated that  the biosynthesis  o f  
unsaturated fa t ty  acids is related to the  overall  
po lyunsa tura t ion  o f  the  microsomal  lipid. The  
major  difference in the fa t ty  acid compos i t ion  
of  the microsomal  lipid of  the  CME and CO 
groups is the  high con ten t  of  20:5 and 22:6 
acids in the former.  These acids originate 
primari ly f rom the diet inasmuch as only  trace 
amounts  were found in the animals fed the  CO 
supplement ,  and the  CME supplement  did no t  
conta in  any acids that  might  serve as their  
precursors. Thus, the relatively low concen-  
t ra t ion  o f  arachidonic acid and the  high rat io o f  

l inoleic-to-arachidonic acid in the CME groups 
appear to result f rom an inhibi tory  effect  o f  the  
20:5 and 22:6 acids of  the microsomal  lipid on 
the 6-desaturat ion-chain e longat ion enzyme 
system. It appears that  the polyunsa tura t ion  of  
the microsomal  lipid exerts a control l ing effect  
on the 6-desaturase-chain e longat ion activity 
regardless o f  whether  it accumulates  f rom the  
diet, as in the  case o f  20:5 and 22:6 ,  or as a 
product  of  the react ion,  as wi th  arachidonic 
acid. These observa t ions  also indicate that  the  
inf luence of  the microsomal  fa t ty  acid compo-  
sition on 6-desaturase-chain e longat ion act ivi ty 
is a major  factor  in the cont ro l  of  fa t ty  acid 
biosynthesis  as opposed to substrate com- 
peti t ive inhibi t ion.  

It is notable  that  the 20:5 and 22:6 accum- 
ulated in the  microsomal  lipid to approximate ly  
the same levels in bo th  the  5% and 20% CME 
groups in spite of  the fact that  the  animals of  
the 20% CME group consumed much  larger 
amounts  of  these fa t ty  acids. Obviously,  the 
deposi t ion of  these fa t ty  acids in the liver 
microsomal  f ract ion is under  metabol ic  cont ro l  
which,  under  different  condit ions,  might  
inf luence the  act ivi ty  o f  the 6-desaturase-chain 
e longat ion enzyme  system. 

Ano the r  interest ing observat ion relative to 
the  fa t ty  acid compos i t ion  of  the  microsomal  
lipid o f  the  CME groups is the higher con ten t  of  
16:1 and 18:1 in the animals o f  the  5% group 
compared to the  20% group,  part icularly since 
the  animals in the 20% group consumed m u c h  
larger amounts  o f  these fat ty  acids. The lower  
conten t  of  these fa t ty  acids in the  20% CME 
group does no t  appear to result f rom an inhi- 
b i t ion o f  the 9-desaturase act ivi ty by the 
polyunsaturated fa t ty  acids of  the  microsomal  
lipid because there is l i t t le difference be tween  
the  fa t ty  acid compos i t ion  of  these acids in the  
2 CME groups. Both  16:1 and 18:1 acids 
originate,  in part,  f rom the diet and apparent ly  
are subject to metabol ic  cont ro l  as noted  for 
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t h e  2 0 : 5  a n d  2 2 : 6  ac ids .  T h u s ,  t h e  l o w e r  levels  
o f  16:1 a n d  18:1  in t h e  20% C M E  g r o u p  
c o m p a r e d  to  t h e  5% C M E  g r o u p  m i g h t  r e s u l t  
f r o m  a f o r m  o f  m e t a b o l i c  c o n t r o l  b y  t h e  l a rge  
a m o u n t s  o f  t h e s e  ac i d s  s u p p l i e d  e x o g e n o u s l y ,  
j u s t  as l i p o g e n e s i s  is d e c r e a s e d  b y  h i g h - f a t  d i e t s  
(42 ) .  

R e g a r d l e s s ,  t h i s  s t u d y  s h o w s  t h a t  t h e  t y p e  
a n d  a m o u n t  o f  fa t  in  t h e  d ie t  e x e r t s  a p r o f o u n d  
i n f l u e n c e  o n  t h e  c o m p o s i t i o n  o f  t h e  l iver 
m i c r o s o m a l  l ip id  a n d  t h a t  a p r i m a r y  f a c t o r  in  
t h e  r e g u l a t i o n  o f  t h e  b i o s y n t h e s i s  o f  u n s a t u -  
r a t e d  f a t t y  a c id s  is t h e  i n h i b i t o r y  e f f e c t  o f  
p o l y u n s a t u r a t e d  f a t t y  a c i d s  o n  d e s a t u r a t i o n -  
c h a i n  e l o n g a t i o n  e n z y m e  ac t iv i t i es .  T h e  m e c h -  
a n i s m  b y  w h i c h  m i c r o s o m a l  f a t t y  ac id  c o m p o -  
s i t i o n  f u n c t i o n s  t o  c o n t r o l  d e s a t u r a t i o n - c h a i n  
e l o n g a t i o n  a c t i v i t y  is u n k n o w n .  H o w e v e r ,  t h e  
r e l a t ive  r a t e s  o f  t h e  s e q u e n t i a l  r e a c t i o n s  in  t h e  
c o n v e r s i o n  o f  l i no l e i c  ac id  t o  a r a c h i d o n i c  ac id  
a re  i n f l u e n c e d  b y  all o f  t h e  d i e t s  in  t h e  s a m e  
p a t t e r n .  H e n c e ,  it  a p p e a r s  t h a t  t h e  d i e t a r y  f a t s  
i n f l u e n c e  t h e  e n z y m e  s y s t e m  in  t h e  c o n v e r s i o n  
o f  l ino le ic  t o  a r a c h i d o n i c  ac id  in  t h e  s a m e  w a y  
as m i g h t  b e  e x p e c t e d  b y  a n  e f f e c t  o n  a c o m m o n  
p r o p e r t y  s u c h  as f l u i d i t y  o r  o t h e r  p h e n o m e n o n  
a s s o c i a t e d  w i t h  t h e  m i c r o s o m a l  m e m b r a n e  to  
w h i c h  t h e s e  e n z y m e s  are  b o u n d .  
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The Influence of Urea on Lipogenesis in Renal Papillae of Rats 
INGE N. BOJESEN, Institute of Experimental Hormone Research, 
University of Copenhagen, N~rre Alle 71, DK-21 O0 Copenhagen, Denmark 

ABSTRACT 

The osmolality has been determined for the papillary interstitial fluids obtained from the isolated 
papillae of rats in different states of water balance. Hypertonic buffers for in vitro experiments were 
prepared by addition of urea to regular Krebs-Ringer phosphate buffers (340 mosmol/kg H 2 O) since 
urea is the most changeable solute of the renal papillary tissue in response to external influences. The 
effect of such hypertonic buffers on papiUary lipogenesis was very pronounced. The fatty acid syn- 
thesis from acetate decreased by a factor of 7-9 in response to increased osmolality from 340 to 1370 
mosmol/kg H20. In the physiological range of osmolalities (500-1800 mosmol/kg H20) , the de nero 
synthesis of papillaxy glycerolipids from glucose decreased by a factor of ca. 5. A possible specific 
inhibitory effect of hypertonic buffers on the pentose phosphate cycle was studied with a negative 
result. It is concluded that the addition of urea causes a decrease of total energy metabolism in the 
tissue. 

INTRODUCTION 

An exchange of acyl groups between glycero- 
lipids of the renal papilla of rats has been 
demonstrated in vitro (1,2). Leucocytes display 
the same phenomenon during phagocytosis (3) 
and phospholipid acyl groups can apparently be 
shifted to triacylglycerols in L mouse fibre- 
blasts and vice-versa depending on the avail- 
ability of exogenous fatty acids (4). The 
interstitial cells of the renal papilla, which 
contain the papillary triacylglycerols as droplets 
(5), resemble in some ways both cell types. 
Like fibroblasts, the interstitial cells are of  
mesenchymal origin and like leucocytes, a few 
interstitial cells showed phagocytic properties 
after induced water diuresis in rats in contrast 
to interstitial cells in rats under normal states 
of hydration and dehydration (6). Further- 
more, radioactive acetate incorporation studies 
in rat leucocytes show that exactly the same 
spectrum of radioactive fatty acids is synthe- 
sized as in the renal papilla with docosatetra- 
enoic acid as the predominant radioactive acid 
(7). An increased osmolality inhibits the 
phagocytosis of leucocytes in vitro (8). There- 
fore, these observations prompted us to study 
the lipogenesis in hypertonic media. If the 
observed exchange of fatty acids in the renal 
papilla is correlated with the phagocytic prop- 
erties of  the interstitial cells and thereby with 
the osmolality of the papillary interstitium, 
then the phenomenon should disappear when 
the osmolality increases. 

MATERIALS AND METHODS 

All radioactive compounds were obtained 
from the Radiochemical Centre, Amersham, 
England. Sprague-Dawley rats (250 g) were 
divided into 3 groups. Group I: (normal rats) 

rats with free access to water;group II: (saline- 
loaded rats) rats with only 1% NaCl-solution to 
drink for 48 hr ;group III: (water-deprived rats) 
rats deprived of  water for 24 hr. 

Incubation of Renal Papillae 

The rats were decapitated and the renal 
papillae were excised, sliced and incubated for 
different periods of  time in mediums based on 
Krebs-Ringer phosphate buffer (pH = 7.4, 340 
mosmol/kg H20 ) with 5 mM glucose and 
radioactive acetate and glucose as described 
previously (9,10). Oxygen consumption was 
measured every 30 min to control the normal 
function of  the slices during incubation. Media 
of higher osmolality were prepared by adding 
urea. 

Measurement of Tissue 
and Medium Osmolality 

Measurement of tissue osmolality was done 
by a modification of the technique described 
by Lee et al. (11). 

The isolated papilla (in many exper imen t s  
the contralateral to the one incubated) was 
placed under 0.2 ml paraffin oil (specific 
gravity 0.88) in a pointed centrifuge tube (80 
mm x 5 mm id) provided with a small hole (0.2 
to 0.4 mm in diameter). This tube was placed in 
a second tube (95 mm x 13 mm id) containing 
2 ml of  paraffin oil and fixed at the top with a 
plastic rim. Centrifugation for 20 min at 3000 
rpm caused a fluid fraction (ca. 300-400 nl) to 
separate from the tissue in the bot tom of the 
second tube; 0.2-0.4 nl of this fluid was mea- 
sured. The real osmolality was obtained from 
this freezing-point depression according to the 
Scientific Tables (12). 

The osmolality of urine samples and of 

519 



520 I.N. BOJESEN 

incubation media also was measured by freezing 
point-depression. 

Lipid Extraction and Analyses 

Lipids were extracted with a methylene 
chloride/methanol mixture (2 : 1 by vol). 
Separation of lipid classes as well as separation 
within classes was done by thin layer chro- 
matography (TLC)(15). Transesterification of 
major lipids (triacylglycerols and phospho- 
lipids) was carried out in super dried methanol 
containing 5% gaseous HC1 as described previ- 
ously (5) and the resulting methyl esters were 
analyzed by radio gas liquid chromatography 
(GLC). Quantification of triacylglycerols and 
phospholipids was performed by glycerol and 
phosphorus analyses after transesterification 
according to Hanahan and Olley (13) and 
Bartlett (14), respectively. 

R ESU LTS 

Acetate Incubations 

The papillary fatty acid synthesis was 
studied in a few experiments with [1-14C] - 
acetate as substrate and medium osmolality of 
1370 mosmol/kg H20. The rate of incorpo- 
ration of acetate into fatty acids of the papil- 
lary glycerolipids goes down by a factor of 7-9 
(Fig. 1). 

Radio-GLC of the fatty acids of triacyl- 
glycerols and phospholipids revealed that the de 
novo synthesis of fatty acids decreased rela- 
tively more than chain elongation of pre- 
existing fatty acids. 

Previous experiments with [ 14C] acetate and 
[ 14C] glucose revealed an initial preferential 
incorporation of 7,10,13,16-docosatetraenoic 
acid (22:4) into papillary phospholipids relative 
to that into triacylglycerols. After ca. 6 hr of 
incubation, the acid had roughly the same 
specific activity (sp act) in lipid droplet tri- 
acylglycerols and in membrane phospholipids 
(Fig. 6 in ref. 2). This initial preferential 
incorporation of 7,10,13,16-docosatetraenoic 
acid into plaosplaollpJds could not be demon- 
strated at high osmolality since the sp act of 
the acid in the 2 lipid classes was the same 
independent of incubation time. Thus, the 
exchange of polyunsaturated fatty acids be- 
tween papillary triacylglycerols and phospho- 
lipids observed after incubation in isosmotic 
media could not be demonstrated in hyperos- 
motic media. 

Osmolality Measurements 

The osmolality of renal papillary inter- 
stitium can vary quite considerably in response 

to external influences, largely because of the 
papillary urea content. It was desirable to know 
the exact extracellular osmolality in the papil- 
lae before they were used for experiments. 
Therefore, the osmolality of the fluids which 
could be isolated from papillae by centrif- 
ugation was measured as described in Methods. 
Determinations were carried out on papillary 
fluids isolated from rats in 3 different states of 
water balance (Table I). The osmolality of the 
fluids obtained from the papillary tissue de- 
pended on the positioning of the papillae 
during centrifugation, so that with the tip of 
the papillae downward a fluid was released with 
higher osmolality than with the reverse posi- 
tioning. This result was to be expected on the 
basis of the known osmotic gradient through 
the papilla of rat kidney during the normal 
state of hydration (15). The osmolality of the 
fluid derived from the base of the papillae will 
be very near the average osmolality of the 
largest part of the papillary interstitium. The 
value obtained in normal rat papillae (814 
mosmol/kg H20) is close to the approximate 
osmolality as estimated by Law (16) (740 

2s 

/ 
�9 A 

�9 A 

50 100 150 .aM acetate 

FIG. 1. The relationship between the in vitro rate 
of [1-14C]acetate incorporation into fatty acids of 
papillary lipids and the acetate concentration at 2 
different osmolalities. Papillary slices (50 mg) random- 
ly selected from 4 different rats were incubated With 
[a4C]acetate for different periods of time in 2 ml 
buffer solution without and with 2.06 mmol urea. 
Data for different incubation periods at 340 mosmol/ 
kg H20 (A = 1 hr; �9 = 2h r ; I  = 4 hr;and zx = 7 hr) and 
at 1370 mosmol/kg H20 (x = 1 hr; 10 = 2hr; and 
D = 4 hr). Each value represents one incubation 
experiment. 
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TABLE I 

Osmolality of Papillary Fluids Obtained by Centrifugation from 
3 Different Groups of Rats in Different States of Water Balance a 
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Group I 

mmol/kg H20 • SE 

A(n = 7) B(n = 4) 

Group II Group III 

mmol/kg H a O • SE mmol/kg H 20 Diuresis 
A(n = 12) B(n = 5) A B ml/48 hr 

Eviscerated rats 

mmol/kg H20 

A B 

1409 • 105 814 • 52 1905 • 124 885 • 39 1910 784 21 
1462 751 30 
1402 675 38 
1505 44 
1533 711 56 
1076 640 64 

980 72 
592 74 

697 514 
400 444 
428 395 
589 498 

asee Materials and Methods for description of conditions. Whole papillae were placed under paraffin oil 
(spee. gray. 0.88) in the inner of a double centrifuge tube provided with a small hole. In Atbe tip and in B the 
base of  the papilla faced the hole. The freezing point depression of the fluid collected in the outer tube was 
measured. The osmolality for groups I and II was measured in 1 kidney papilla, whereas the other was used for 
incubations. In 5 animals of group III, A and B data are from the same rat. For calculating the osmolality from 
the freezing-point depression, see ref. 12. 

mosmol /kg  H20)  on the basis of  tissue analyses 
and expressed as the  sum of  the  concent ra t ions  
2([Na +] + [K +] ) + [urea] .  On the o ther  hand,  
the osmolal i ty  of  the  papillary fluids isolated 
f rom the  tip of  papillae was no t  the  same as 
that  o f  urine derived f rom the bladder  at the 
m o m e n t  o f  decapi ta t ion.  Analyses o f  urine 
f rom groups I and III rats in all cases gave a 
urine with a much  higher  osmolal i ty  than the 
fluid derived f rom the  tip o f  the cor respond ing  
papilla. In contrast ,  the  ur ine f rom rats in group 
II had the  same or a slightly lower  osmolal i ty  
than  the fluid isolated f rom the tip o f  the 
papilla. 

The  standard error of  the  mean  (SEM) was 
less than 10% in groups I and III whereas the  
osmolal i ty  de terminat ions  of  papillary fluids 
obtained f rom NaCl-loaded rats was correlated 
to the  diuresis obtained (Table I, co lumn 3). 

Incubation with Glucose 

Papillae isolated f rom the already ment ioned  
3 groups o f  rats fo rm the basis for  the  in vitro 
s tudy of  the papillary lipogenesis f rom [U- 
14C] glucose. 

Incubat ion  of  papillary slices for  2-4 hr  wi th  
radioactive glucose as l ipogenic precursor  
resulted in labeled glycerol ipids which consti-  
tu te  85% or  more  of  to ta l  radioactive ,lipids 
independen t  o f  med ium osmolal i ty .  The largest 
f ract ion of  the  radioact iv i ty  in these lipids was 
present  in the  glycerol  backbone .  Af te r  incu- 
bat ions  in isosmotic  media the  glycerol  mo ie ty  
contained 82.2% + 1.4% (n = 9) in phospho-  
lipids and 73.7% + 3.0% (n = 7) in triacyl- 
glycerols. These percentages increased gradually 

when the  ton ic i ty  o f  the  media  was increased by  
means o f  urea addi t ions so that  at 750 mosmol /  
kg H 2 0  they  are 96% and 93%, at 1000 mos- 
mol /kg  H 2 0  97.5% and 96.5% and from 1800 
mosmol /kg  H20  and upwards 99.5% and 
99.0%, respectively.  This means that  the 
synthesis o f  fa t ty  acids f rom glucose via acetyl-  
CoA decreases by a factor  of  10 when the  
osmola l i ty  is increased f rom 400 to 1800 
mosmol /kg  H20.  This is in accordance with the  
observat ion already given that  the  lipogenesis 
f rom acetate  is decreased by a factor  of  7-9 by  
varying the  med ium osmolal i ty  f rom 340 to 
1370 mosmol /kg  H 2 0  and demonst ra tes  that  
the acetate  equivalence o f  glucose does not  
change with  the osmolal i ty .  

Papillary slices f rom normal  rats incorpora te  
354 n m o l  glucose/g papillary tissue wet wt /h r  + 
36 (n = 12) when medium osmolal i ty  is 340 
mosmol /kg  H 2 0  and glucose concent ra t ion  5 
mM. However ,  the synthesis o f  the complex  
lipids is highly dependent  on med ium urea 
concent ra t ion  (Fig. 2). The  synthesis decreases 
with a factor  o f  more  than 5 when the  osmol-  
a i r y  is increased within  the  physiological  range 
of  osmolali t ies 500-1800 mosmol /kg  H20~ If  
the natural  logari thm of  med ium osmolal i ty  is 
p lo t ted  as a func t ion  of  the rate o f  glucose 
incorpora t ion  into papillary lipids, a correlat ion 
be tween  the 2 variables is found with  a co- 
efficient  of  correlat ion 0.88 (Fig. 2). The  
possibili ty exists that  the  observed behavior  is 
merely a consequence  o f  an adaptat ion,  when 
papillae o f  a certain osmolal i ty  are transferred 
to a med ium of  quite  a different  osmolal i ty.  
However,  the curves are identical  for the  3 
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groups of rats and no minimum around zero 
was found by plotting the incorporation rate as 
a function of  the change in osmolality (medium 
osmolality -osmolality of  fresh tissue fluid). 

14C Glucose Oxidation 

It is known from the Bernanke and Epstein 
study (17) and from that of Kean et al. (18) 
that a considerable part of the glucose taken up 
by the renal papillae of dog is metabolized 
through the pentose phosphate cycle. In 
agreement with these studies in dogs, enzyme 
histochemical studies of the rat papillae (19) 
show that glucose-6-phosphate dehydrogenase 
is active in the interstitial cells of  this tissue. 
The main function of this cycle and its asso- 
ciated reactions is to supply NADPH to be used 
as the reducing agent in fatty acid synthesis. As 
already cited, the papillary interstitial cells in 
water-diuretic rats have a certain resemblance 
to leucocytes. Phagocytosis by guinea pig 
leucocytes is accompanied by a great increase in 
the ratio of 14CO2 generated from [1J4C]-  
glucose to 14CO2 generated from [6-14C]- 
glucose (from 8 to 22), indicating a specific 
stimulation of the pentose phosphate cycle 
(20). Since the interstitial cells probably are 
responsible for the major part of the papillary 
lipogenesis and the fatty acid synthesis is 
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FIG. 2. Osmolality (urea addition) dependency of 
in vitro rate of [U-l%]glucose incorporation into 
papillary lipids. Papillary slices randomly selected 
from 4 individual rats taken from 3 different groups 
were incubated 2 hr at 37 C with air as the gas phase 
in Krebs-Ringer phosphate buffer (340 mosmol/kg 
H~O) containing 5 mM glucose and different amounts 
o f  urea in order to obtain different osmolalities. The 
line was drawn by the methods of least squares. Each 
value represents one incubation experiment, x = group 
I: rats watn tree access to water (normal rats); o = 
group II: rats with only 1% NaCl-solution to drink for 
48 hr (saline-loaded rats); o = group III: rats deprived 
of water for 24 kr (water-deprived rats). 

greatly inhibited when the tonicity of the 
media was changed by means of urea additions, 
it was tempting to see whether the high rate of 
lipid synthesis observed in media of 340 mos- 
mol/kg H20 compared to the low rate of 
synthesis in incubation media of high osmol- 
ality is caused by an activation of the shunt 
pathway. 

However, such an assumption could not be 
confirmed. The CO2 production from carbon-1 
relative to glucose carbon-6 was determined in a 
few experiments. The ratio + SD of 14CO 2 
generated from [1)4C]glucose to 14CO from 

2 

[6-14C] glucose at 340 mosmol/kg H20 was 2.0 
+ 0.3 (n = 3) and at 1100 mosmol/kg H20 2.3 + 
0.6 (n = 4). This difference is not significant (P 
> 0.1) and the number of determinations is 
indeed very limited. It is quite clear though that 
there is no specific activation of the pentose 
phosphate cycle at low osmolality. 

DISCUSSION 

In a previous study it was shown that in 
isosmotic media fatty acids exchange rapidly 
between the phospholipids and the triacyl- 
glycerols of the tissue (1,2). This exchange 
phenomenon was most pronounced in the 
locally synthesized 7,10,13,16-docosatetraenoic 
acid. Our attempt to investigate the effect of 
the addition of urea to the incubation media 
on the rate of this exchange of 7,10,13,16- 
docosatetraenoic acid failed since no change of  
sp act of  the acid was observed as in isosmotic 
media during the incubation period. Without an 
asymmetry in the labeling of the 2 lipid classes, 
the exchange phenomenon can not be studied. 

The lipogenesis from acetate in isosmotic 
media (in vitro) was qualitatively as well as 
quantitatively the same as in eviscerated rats (in 
vivo) (9). Recent studies showed that the 
incorporation of glucose into the glycerol 
moiety of  papillary glycerolipids in vivo also is 
approximately the same as in vitro when the 
osmolality of the medium is isosmotic (10). 

Since the osmolality of the papillary inter- 
stitium in normal rats is highly hypertonic these 
results seemed somewhat surprizing after the 
discovery of the importance of  medium osmol- 
ality for papillary lipogenesis. However, the 
problem disappeared when it was found that 
the osmolality of  the papillary interstitial fluids 
from eviscerated rats was as low as 463 + 47 
mosmol/kg H20 (SD; n = 4) (Table I) a value at 
which the lipogenesis is not significantly lower 
than that in 340 mosmol/kg H20 media (Fig. 
2). 

The effect of adding either urea or NaC1 to 
the media on the glucose metabolism of papil- 
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lary slices f rom dogs have been studied by 
Bernanke and Epstein (17). They  found a 
gradual depression o f  lactate p roduc t ion  f rom 
glucose by increasing the osmolal i ty  of  the 
med ium to 1200 mosmol /kg  H20.  Hyper-  
tonic i ty  appeared to exert  a similar inhibi t ion 
on oxygen  uptake.  In similar studies, Kean et 
al. (18) found a decreased rate of  glycolysis by 
increasing the osmolal i ty  above 1300 mosmol /  
kg H20  by adding NaC1. Above  this level, the  
CO2 format ion  and the rate of  oxygen  con- 
sumpt ion  were also inhibited.  In agreement  
with these data, it was not iced during our  
studies that  the 14CO2 format ion  f rom [14C]- 
glucose and the  oxygen  uptake  were depressed 
in paraUel with the  glycerolipid fo rmat ion  as 
the osmolal i ty  of  the  media was increased by 
urea addi t ion (data not  shown). 

A significant p ropor t ion  of  glucose metab-  
olized by the renal papillae is processed through 
the  pentose phosphate  cycle. In leucocytes ,  
high osmolal i ty  has been shown to inhibit  
specifically the ox ida t ion  o f  [ 1-14C] glucose to 
14CO2 (8); therefore,  the effect  o f  adding urea 
to the incubat ion  media on this pa thway was 
studied. However ,  no specific effect  on the CO2 
produc t ion  f rom carbon-1 of  glucose via the 
phosphogluconate  oxidat ive pa thway was seen. 
On the basis of  this observat ion and of the 
effect of  osmolal i ty  on the energy metabol ism,  
it is most  l ikely that  the  effect  of  urea on 
papillary lipogenesis is caused by a general 
metabol ic  inhibi t ion in the tissue. 

Danon et al. (21) have studied the papillary 
prostaglandin biosynthesis in hyper tonic  buffers 
after the addi t ion of  NaC1, sucrose and urea. 
Independen t  studies in our  labora tory  (unpub- 
lished data) have conf i rmed the effect  of  
urea on the rate of  PGE 2 biosynthesis.  In 
contrast  to the effect on the synthesis of  
glycerolipids,  the rate o f  prostaglandin product-  
ion was enhanced by increasing osmolal i ty  to 
the same ex ten t  that the lipid synthesis was 
abrogated when the effect o f  physiological  
concentra t ions  of  urea was investigated. It is 
therefore  predicted that a shortage o f  glucose 
would enhance prostaglandin synthesis through 
decreased trapping of  the prostaglandin pre- 
cursor, free arachidonic acid. According to 
Tannenbaum et al. (22), this is true in fact, 

since they  have found a high prostaglandin 
p roduc t ion  when the  glucose concent ra t ion  is 
very low (less than 2 mM). This s tudy therefore  
emphasizes that  factors control l ing lipogenesis 
de termine  the rate of  prostaglandin synthesis 
just  as well as the factors control l ing lipolysis. 
Increased urea concent ra t ion  in the renal 
papilla is an example  of  an increased prosta- 
glandin synthesis as a consequence  o f  decreased 
lipogenesis. 
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Surface Viscosities of Phospholipids Alone and with Cholesterol 
in Monolayers at the Air-Water Interface 
R.W. EVANS, M.A. WILLIAMS and J. TINOCO, Department of 
Nutritional Sciences, University of California, Berkeley, CA 94270 

ABSTRACT 

Surface viscosities in lipid monolayers at the air-water interface were measured by the oscillating 
pendulum method. The logarithms of successive oscillations decreased linearly with time. Surface 
viscosity is reported here in terms of the rate constant, k, for decay of oscillation. Viscosities were 
measured as a function of surface pressure at 22 +- 2 C. Lipids investigated included cholesterol, 
1-palmitoyl-2-arachidonoyl phosphatidylcboline (PC), 4 other unsaturated PC, 1-palmitoyl-2-stearoyl 
PC, 1,2-distearoyl PC, 1-palmitoyl-lysophosphatidylcholine, l-palmitoyl-lysophosphatidylserine, 
tetrapalmitoyl bisphosphatidic acid, and the dipalmitoyl species of PC, phosphatidylethanolamine 
(PE), phosphatidyldimethylethanolamine, phosphatidylmonomethylethanolamine, phosphatidyl- 
glycerol and phosphatidic acid. Pressure-area curves are presented for the saturated phospholipids. 
Surface viscosities of most of the phospholipids were high and increased with increasing surface 
pressure. However, surface viscosities in monolayers of cholesterol, 1-pahhitoyl-2-arachidonoyl PC, 
lysophosphatidylcholine or lysophosphatidylserine were very low and barely detectable under our 
experimental conditions. One mol % of cholesterol in monolayers of dipalmitoyl PC greatly reduced 
the surface viscosity of the film and, in mixed films containing 10% or more of cholesterol, surface 
viscosity was too low to measure. Cholesterol also reduced surface viscosities in monolayers of the 
other dipalmitoyl phospholipids. It is suggested that cholesterol functions in lung surfactant by 
reducing the surface viscosity of its highly saturated phospholipid components. 

INTRODUCTION 

The monom01ecular film at the air-water 
interface is the simplest possible model for 
studying the properties of the amphiphilic 
molecules, including sterols and phospholipids, 
that are vital parts of the biological membrane. 
Advantages of the monolayer system include 
simplicity of  geometry (no curvature), control 
of surface pressure and molecular area, absence 
of potentially misleading probe molecules and 
economy in materials and equipment. The lipid 
monolayer at the air-water interface is also a 
useful model for the study of lung surfactant 
(see Discussion). 

The mobilities of lipid molecules in bio- 
logical membranes are very important for 
their functions in these membranes. Numerous 
investigations of  the fluidity of  lipids in bilayer 
membrane models have been made by various 
techniques, including nuclear magnetic reso- 
nance (NMR), electron spin resonance (ESR), 
and fluorescence depolarization, but there are 
relatively few studies of viscosities in mono- 
layer films. It seemed valuable, therefore, to 
measure surface viscosities of various different 
lipid structures in the relatively simple mono- 
layer system. 

The 3 techniques by which surface viscos- 
ities are most often measured are the canal or 
slit viscometer (suitable for very low viscos- 
ities), the rotating ring viscometer and the 
oscillating pendulum method. Theories and 
equations for interpretation of observations 

made by these methods are given by Gaines (1), 
Adamson (2), Joly (3) and Tschoegl (4; oscil- 
lating pendulum only). The different methods 
differ in sensitivity and results obtained by one 
method are usually not in quantitative agree- 
ment with those obtained by another. 

An extraordinarily high surface viscosity 
has been observed in dipalmitoyl phosphatidyl- 
ethanolamine (PE) and other saturated phos- 
pholipids, as measured by the oscillating 
pendulum method (5-7). We therefore used 
this method to study surface viscosities in a 
series of different phospholipids and to investi- 
gate the effects of cholesterol on these surface 
viscosities. Surface viscosities of most of the 
fully saturated phospholipids were very high, 
but viscosities of  unsaturated phospholipids 
were too low to measure under our conditions. 
The high surface viscosities of saturated phos- 
pholipids were profoundly reduced by 1 or 
2 mol % of cholesterol. 

MATERIALS AND METHODS 

Pressure-Area Measurements 

Measurements were made at 22 -+ 2 C with 
a surface balance (Cenco Hydrophil Balance, 
Central Scientific Co., Chicago, IL) as described 
earlier (8,9). The temperature for one set of 
measurements run on the same day did not vary 
more than + 0.5 C. A lipid solution in 50~ul of 
benzene/chloroform/methanol (90:10:6, by 
vol) was applied onto the water surface (glass- 
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distilled, pH ca. 5.2) with a Hamilton syringe 
and the measurements, started 2 min later, took 
ca. 10 min. Two or more films of each compo- 
sition were measured and duplicate aliquots of 
every sample were removed at time of spreading 
for measurement of fatty acid content by 
gas liquid chromatography (GLC). 

Surface Viscosity Measurements 

Surface viscosity was measured by the oscil- 
lating pendulum method (1-4). A cylindrical 
pendulum suspended by a thin wire was caused 
to oscillate on either a clean water surface or 
on a lipid film maintained at a known surface 
pressure (2, 5, 10, 15, 20, 30, 40, 50 or 60 
dynes/cm). The rate of damping of oscillations 
was measured. 

The pendulum bob was a cylinder of brass 
and teflon, 3 cm diameter, weight 238 g and 
moment of inertia 658 g c m  2. The tungsten 
suspension wire, ca. 0.012 cm in diameter, had 
a torsion constant of 131 dyne cm. The pen- 
dulum assembly was lowered so that the 
teflon base just made contact with the surface. 
The period of oscillation of  this assembly was 
14.1 sec. Amplitudes of oscillation were mea- 
sured by reflecting a light beam (Model 155 
He-Ne laser, 0.95 row, 623 nm; Spectra Physics 
Inc., Mountain View, CA) from a mirror On 
the suspension wire onto a graduated scale. 
The number of swings observed with each film 
under each condition ranged from 3 to over 
100. The logarithms of the amplitudes plotted 
vs swing number produced straight or nearly 
straight lines (Fig. 1). From plots of amplitude 
vs time, the rate of decay of oscillation, k sec -1 , 
was obtained. On a clean water surface, the 
value of k was ca. 9 x 10 -4 sec -1. This value 
was subtracted from values of k obtained with 
monolayers to provide a measure of  the surface 
viscosity of the monolayer. On a given day, 
duplicate measurements of k agreed within a 
factor of 2 or less, but variation from day to 
day was greater, possibly because of differences 
in temperature. Despite this variation, values 
obtained for different films or at different 
pressures showed little overlap, k Values ranged 
from k = 0.1 x 10 -4 to 3600 x 10 -4 sec -1. 
Standard errors of the mean values of k are 
shown in the figures and tables. 

Lipids 

Cholesterol and some of the phospholipids 
were purchased from commercial sources 
(Table I). Mixed acid phosphatidylcholines 
(PC) were synthesized by the anhydride method 
and purified as described earlier (8). Each 
phospholipid migrated as one component 
during thin layer chromatography (TLC) (10). 
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FIG. 1. Damping of oscillations by dipalmitoyl 
phosphatidylcholine monolayers at different surface 
pressures. Logarithms of amplitude in arbitrary units 
is plotted vs time (swings). The interval between 
points is 7.05 sec. A: 30 dynes/cm; B: 40 dynes/cm; 
C: 50 dynes/em; and D: 60 dynes/cm. Subphase, 
double-distilled water, pH ca. 5.2. 

Fat ty acids in each phospholipid were con- 
verted to methyl esters and analyzed quanti- 
tatively by GLC as described earlier (8). The 
purity of cholesterol was measured by GLC of 
the free sterol (8). Purities of  the lipids are 
given in Table I. 

In addition to the compounds listed in 
Table I, the surface viscosities of the following 
PC: palmitoyl-arachidonoyl, palmitoyl-oleoyl, 
palmitoyl-a-linolenoyl, palmit oyl-7-1inolenoyl, 
and palmitoyl-linoleoyl were also studied. 
Viscosities of these films were indistinguishable 
from that of a clean water surface as was the 
viscosity of cholesterol and of mixed films 
containing cholesterol and palmitoyl-arachi- 
donoyl PC (2, 5, 10, 20, 30, 50 mol % chol- 
esterol at 40 dynes/cm). In contrast, viscosities 
of some of the saturated phospholipid films 
were so high that measurement was impossible 
because the pendulum was immobilized in less 
than 3 swings. 

RESULTS 

Pressure-Area Measurements 

Molecular areas of  PC decreased in the order 
16:0-16:0 > 16:0-18:0 > 18:0-18:0 (Fig. 2A). 
The molecular area of  dipalmitoyl PE was 
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smaller than those of the PC (Figs�9 2B and 2A). 
In the series dipalmitoyl PE, dipalmitoyl 
phosphatidyl N-methylethanolamine, dipalmi- 
toyl N,N-dimethylethanolamine and dipalmi- 
toyl PC, each additional methyl group increased 
the molecular area in the film (Fig. 2B). All 
saturated PC and PE monolayers could with- 
stand surface pressures of 60 dynes/cm or 
more. 

Pressure-area curves for phospholipids with 
1, 2 or 4 palmitoyl chains per molecule are 
shown in Fig. 2C. The curves for phosphatidyl- 
glycerol and phosphatidic acid are similar to 
each other and to the curve of distearoyl PC 
(Fig. 2A). Tetrapalmitoyl bisphosphatidic acid 
occupied roughly twice the molecular area 
shown by dipalmitoyl phospholipids. Films 
of these 3 phospholipids could be compressed 
to pressures above 60 dynes/cm, but 1-palmi- 
toyl-lysophosphatidylcholine and 1-palmitoyl- 
lysophosphatidylserine could not be com- 
pressed above ca. 30 and 40 dynes/cm, respec- 
tively. The 1-palmitoyl-lysophosphatidylcholine 
and 1-palmitoyMysophosphatidylserine also 
formed widely expanded films. The unsaturated 
PC formed relatively expanded films and could 
not be compressed above ca. 45-50 dynes/era 
(data not shown). The pressure-area curve of 
stearic acid, measured earlier in this laboratory 
under very similar conditions (11), is included 
here to show the molecular area of a single 
saturated chain. 

Some of the pressure-area data are replotted 
in Fig. 2D to show the areas per acyl chain in 
molecules with 1, 2 or 4 saturated chains per 
molecule. These curves indicate that the 
structure of the polar group has an enormous 
effect on the molecular areas and compres- 
sibilities of the films. 

Surface Viscosities 

Surface viscosities, expressed as rate con- 
stants for decay of oscillation, k sec -~, are 
shown in Figure 3A-C. Surface viscosities of PC 
increased with increasing surface pressure and 
increasing chain length and became immea- 
surably high (the pendulum was immobilized) 
above ca. 40 and 30 dynes]era for palmitoyl- 
stearoyl PC and distearoyl PC, respectively 
(Fig. 3A). 

Surface viscosities of dipalmitoyl PE and 
its N-methylated derivatives decreased as the 
degree of methylation increased (Fig. 3B). 
The surface viscosity of unsubstituted dipalmi- 
toyl PE became unmeasurably high above 
10 dynes/cm. 

Surface viscosities of phosphatidic acid, 
phosphatidylglycerol and bisphosphatidic acid 
(all palmitoyl derivatives) behaved similarly 
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FIG. 2. (A) Pressure-area curves of saturatedphosphatidylcholines at the air-water interface at 22 _+ 2 C. The 
subphase was glass-distilled water, pH ca. 5.2; (B) pressure-area curves of dipalmitoyl phosphatidylethanolamine 
and its N-methylated homologs at the air-water interface at 22 -+ 2 C. The subphase was glass-distilled water, 
pH ca. 5.2; (C) pressure-area curves of phospholipids with 1, 2 or 4 palmitoyl chains/molecule at the air-water 
interface at 22 -+ 2 C. The subphase was glass-distilled water, pH ca. 5.2; (D) pressure-area curves at the air-water 
interface at 22 -+ 2 C for various saturated lipids plotted to show area/saturated acyl chain. The subphase was 
g/ass-distilled water, pH ca. 5.2. 
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of phosphatidic acid, phosphatidyl glycerol and bisphosphatidic acid. Subphase was glass-distilled water, pH 
ca. 5.2. 
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to the other phospholipids in that viscosity 
increased with increasing surface pressure 
(Fig. 3C). The viscosity of dipalmitoyl phos- 
phatidic acid was too high to measure above 
a pressure of 2 dynes/cm. Surface viscosities 
of lysophosphatidylcholine and lysophospha- 
tidylserine were too low to measure between 
2 dynes/cm and 30 dynes/cm. 

The effects of cholesterol on surface viscos- 
ities in films of dipalmitoyl PC are shown in 
Figure 4A and Table II. One mol % of chol- 
esterol reduced the surface viscosity of the 
mixed film by a factor of 6. At concentrations 
of cholesterol above 15 mol % surface viscosity 
became immeasurably low. 

Cholesterol also reduced the surface viscos- 
ities of dipalmitoyl phosphatidic acid, dipal- 
mitoyl phosphatidylglycerol, tetrapalmitoyl 
bisphosphatidic acid and dipalmitoyl PE and 
its methylated derivatives (Table III). These 
measurements were made at surface pressures 
just below that at which the viscosities of the 
pure films became too great to measure, except 
for dipalmitoyl PC-cholesterol mixtures, which 
were measured at 40 dynes/cm. 

D I S C U S S I O N  

Pressure-Area Curves  

Molecular areas decreased with increasing 

chain length in the saturated PC molecules 
(Fig. 2A). This phenomenon has been reported 
before in homologous series of saturated 
phospholipids (12,13). The decrease in molec- 
ular area with increasing chain length can be 
attributed to London-Van der Waals attractive 
forces, the strength of which increases with the 
number of methylene units in a saturated 
chain and increases as the chains become 
closer together (14). 

The presence of a glycerylphosphoryl group 
greatly increased molecular area, as can be seen 
by comparison of the areas/acyl chain in 
phospholipid monolayers with that of stearic 
acid (Fig. 2D). The molecular area of dipalmi- 
toyl PC was much greater than that of dipal- 
mitoyl PE, an effect which may be caused by 
hydration of the choline or phosphorylcholine 
group. In phospholipid bilayers, hydration of 
the phosphorylcholine group is much greater 
than that of the phosphorylethanolamine group 
(15,16). The intermediate molecular areas of 
partially methylated PE may indicate inter- 
mediate levels of hydration. 

Sur face  V i s c o s i t y  

Surface viscosity of all films increased with 
increasing surface pressure (Figs. 3A-C). When 
the molecules are closer together, the attractive 
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forces between acyl chains are greater, and this 
should increase the surface viscosities as pres- 
sure increases. If attractive forces between 
hydrocarbon chains were the sole source of 
surface viscosity, then the surface viscosities 
of all the dipalmitoyl phospholipids should 
be the same at the same molecular areas, 
regardless of the structures of the polar groups. 
However, the surface viscosity of dipalmitoyl 
phosphatidic acid was extremely high at a 
molecular area of 85 3~ 2, whereas that of 
dipalmitoyl PC was too low to measure at this 
molecular area (Fig. 5). This indicates that 
interactions between polar groups contribute 
to high values of surface viscosity. 

Effects of Cholesterol on Surface Viscosities 

Cholesterol, which has a relatively low 
surface viscosity, profoundly reduced the 
surface viscosities of saturated phospholipids 
in monolayers (Figs. 4A-B; Tables II and III). 
It is notable that only 1 mol % of cholesterol 
in a film of dipalmitoyl PC reduced the surface 
viscosity by a factor of 6. Two mol % of chol- 
esterol also greatly reduced surface viscosities 
in monolayers of other palmitoyl phospho- 
lipids, excep t  for dipalmitoyl phosphatidic 
acid (Table III). These great reductions in 
surface viscosity imply that 1 cholesterol 
molecule can influence the behavior of a large 
number of phospholipid molecules. Cholesterol 
can interact either with the polar groups or with 
the acyl chains of phospholipids, as has been 
shown by spin label studies (17), NMR investi- 
gations (18,19), Raman spectra (20) and fluo- 
rescence polarization and quenching measure- 
ments (21). The possibility that strong inter- 
actions between polar groups are necessary for 
high surface viscosities suggests that cholesterol 
is interfering with these strong polar group 
interactions. 

High surface viscosities have l~een attributed 
to a polymeric structure or aggregation of the 
molecules in monolayers of dipalmitoyl PE and 
other saturated phospholipids. Hayashi and 
colleagues (5,6,22,23) and Standish and Pethica 
(24) have suggested a 2-dimensional crosslinked 
lattice model in which molecules of PE are held 
together by attractive forces between unlike 
charges on the polar groups. 

A 1-dimensional linear polymeric model 
could also account for high surlace viscosities. 
Let us assume (a) that saturated phospholipid 
molecules, in particular dipalmitoyl PC, can 
bind or associate firmly with other PC mole- 
cules in the monolayer film to form long 
strings or chains of molecules, strings that can 
slip by each other. Because the forces between 
molecules are weak, the aggregates may be 
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TABLE Ili 

Relative Surface Viscosities of Mixed Monolayers Containing 
Cholesterol and Palmitoyl Phospholipids 

Viscosity of mixed film 

Viscosity of pure phospholipid film 

Cholesterol concentration (mol %) Surface pressure 
Phospholipid 2 20 (dynes/cm) 

16:0-16:0 PC 0.093 0 40 a 
16:0-16:0 PDME 0.058 0.001 30 
16:0-16:0 PMME 0.224 0.003 15 
16:0-16:0 PE 0.674 0.020 5 
16:0-16:0 PA 1.010 0.002 2 
Tetra- 16:0 BPA 0.363 0.085 30 
16:0-16:0 PG 0.010 0.010 5 

aThe viscosity of a mixed film, except for PC, was measured at a surface pressure slightly 
below that at which the viscosity of the pure phospholipid film became unmeasurably high. 
The pressure at which viscosity became unmeasurably high was above 60 dynes/cm for PC. 

con t inua l ly  b reak ing  and  re forming ,  so t h a t  the  
size (cha in  length)  of  the  aggregate will be  an  
average t ha t  depends  o n  surface pressure ,  
t e m p e r a t u r e  and  o t h e r  cond i t ions .  

Let  us  also assume (b)  t ha t  cho les te ro l  can 
b ind  s t rongly  to 1 and  on ly  1 d ipa lmi toy l  PC 
molecu le  in a mono laye r .  This  would  resul t  in 
chains  of  PC molecules  w i th  a cho les te ro l  
molecule  b o u n d  t igh t ly  at  1 or  b o t h  ends  o f  
the  chain.  If t he  c o n c e n t r a t i o n  of  cho les te ro l  
were high,  PC chain  lengths  would  be  shor t ,  and  
at low c o n c e n t r a t i o n s  of  choles terol ,  chain  
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FIG. 5. Surface viscosity as a function of area/acyl 
chain in monolayers of saturated phospholipid mono- 
layers. Subphase was glass-distilled water, pH ca. 
5.2. 

l engths  would be long. At  very low concen-  
t r a t i ons  o f  choles terol ,  t he re  would  be  t o o  few 
cho les te ro l  molecu les  to  o c c u p y  all t he  chain  
ends. At  this  c o n c e n t r a t i o n ,  cho les te ro l  wou ld  
have a negligible e f fec t  o n  the  surface  viscosi ty  
of  the  film. 

The  viscosi ty of  l inear  h igh po lymers  in 
so lu t ion  is p r o p o r t i o n a l  to  t he  molecu la r  weight  
(MW) or  chain  l eng th  of  the  p o l y m e r  (25) :  

= ( c o n s t a n t )  M a, 

where  r / =  in t r ins ic  viscosi ty o f  p o l y m e r  in solu- 
t ion ,  

M = average MW of  po lymer ,  and  
a = 1 for  r a n d o m  cha in ;  for  a spherical  

part icle,  a < 1. 

I f  surface aggregates behave  ana logous ly  to 
1-dimensional  l inear  po lymers ,  t h e n  surface  
viscosities should  be d i rec t ly  p r o p o r t i o n a l  
to  the  size o f  the  surface aggregate or the  
chain  lengths  of  the  surface po lymers .  This  
appears  to  be  t rue  for  m i x t u r e s  of  cho les te ro l  
and d ipa lmi toy l  PC (Table  II ;  Fig. 6). Sur- 
face viscosit ies were d i rec t ly  p r o p o r t i o n a l  
to  t he  molar  ra t io  of  PC-to-choles terol .  If  t he  
a s sumpt ions  jus t  given are t rue ,  we can  f ind t he  
size of  the  aggregates (cha in  lengths  of  the  
po lymers )  by  ex t r apo la t ing  the  surface viscosi ty 
vs mola r  rat io  p lo t  of  mixed  f i lms to  the  k value  
observed in a fi lm of  pure  PC. This  gives t he  
mo la r  rat io  of  phospho l ip id - to - s t e ro l  at  wh ich  
surface viscosi ty is no t  a f fec ted  by  t he  presence  
of  sterol.  At  th is  c o n c e n t r a t i o n ,  the  n u m b e r  of  
s terol  molecules  is equal  to  the  n u m b e r  of  ends  
of  PC chains available to  be  b o u n d ,  so t h a t  
b ind ing  of  s terol  does  no t  change  the  chain 
lengths  of  the  PC polymer .  At  40  dynes / cm,  
we f ind a chain  l eng th  of  ca. 580  PC uni ts ,  at  
30 dynes  the  l eng th  is 450  PC uni t s  and  at 
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20 dynes/cm the chain length is ca. 130 units 
(extrapolation not shown). These chain lengths 
are based on the assumption that cholesterol 
molecules can bind to only 1 end of a PC 
chain polymer. If cholesterol can bind at both 
ends, the values just given should be multiplied 
by 2. 

Albrecht and colleagues have calculated the 
sizes of aggregates in monolayer films of 
dipalmitoyl PC undergoing phase transitions 
at temperatures ranging from below 10 C to 
39 C or higher, at different pressures (27). 
Their estimates of the number of molecules per 
cooperative unit ranged from 60 to 190, 
depending on temperature and pressure. Their 
values and ours should not be compared 
directly because their combinations of temper- 
ature and pressure do not coincide with ours 
and because their data were calculated for 
monolayer films undergoing phase transitions. 
Nevertheless, their data and ours both suggest 
that dipalmitoyl PC films form aggregates that 
contain of the order of hundreds of molecules 
per unit. 

This linear polymeric model could be tested 
by comparing the effects of different sterols on 
the surface viscosity of dipalmitoyl PC films. 
Different sterols may bind with different 
degrees of affinity, but the extrapolation of k 
values of mixtures to the k value of the pure 
film should give the same value for the chain 
length of the polymers in the pure PC film. 

Physiological Significance 

Lipid monolayers at the air-water interface 
may occur in vivo on the surfaces of the air 
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FIG. 6. Surface viscosities of mixed Films of 
dipalmitoyl phosphatidylcholine and cholesterol as a 
function of composition and surface pressure. Circles, 
squares and triangles represent measurements at 40, 
30 and 20 dynes/cm, respectively. Slopes and inter- 
cepts were calcd by the method of least squares (26). 
Correlations were 0.95, 0.93 and 0.85 for data at 40, 
30 and 20 dynes/cm, respectively. 

passages in the lung. Lung alveoli in mammals 
are covered with a surfactant capable of lower- 
ing surface tension almost to zero (28). Surface 
tension is related to surface pressure by the 
equation: 

7r = 3'0 - 7, 

where rr = surface pressure, dynes/cm, 
70 = surface tension of subphase, dynes/cm, 

3' = surface tension of film, dynes/cm. 

Thus, a surface tension of zero corresponds to 
a surface pressure of ca. 72 dynes/cm at 20 C 
and ca. 70 dynes/cm at 37 C, the surface 
tensions of water at these temperatures. The 
low surface tension of surfactant prevents 
collapse of lung alveoli at low lung volumes. 
Lung surfactant contains considerable lipid, of 
which ca. 80% is phospholipid and the rest is 
cholesterol, triglyceride and other neutral lipid 
(29). Phospholipid of lung surfactant is unique 
in that it consists largely of PC (75-85% of total 
phospholipid) and very small proportions of 
PE, phosphatidyldimethylethanolamines, phos- 
phatidylglycerol, sphingomyelin and others 
(29-31). Surfactant phospholipids contain un- 
usually high proportions of saturated acyl 
chains, mainly palmitic (29-31). For example, 
alveolar PC from lambs amounted to 86% of 
total phospholipid and palmitic acid accounted 
for 82% of its total fatty acids (30). Unester- 
ified cholesterol accounts for 52% (32) to 67% 
(29) of the neutral lipid in lung surfactant, 
so that the concentration of cholesterol in lung 
surfactant lipids is at least 10 mol %. 

The formation of functional lung surfactant 
begins shortly before birth in animals (30,33) 
and human beings (3 I). Lipid analysis of lung 
washings from fetal animals and of amniotic 
fluid at various stages of human gestation 
reveal 2 important changes in lipid composition 
during maturation of lung function. First, the 
proportion of PC rises from the immature value 
of 40% to the mature level of 86% of total 
lipid phosphorus (30), and second, the degree 
of saturation of all the phospholipids increases 
to the high values observed in mature surfactant 
(30,31). These changes are accompanied by an 
increase in the ability of lung surfactant to 
reduce surface tension to very low values. It 
is probable that these very low surface tensions 
result from the presence of the highly saturated 
phospholipids (34), monolayers of which are 
able to attain very high surface pressures e v e n  

when they contain 20-30 mol % of cholesterol. 
If lung surfactant consisted of phospholipid 

alone, its surface viscosity would increase 
during maturation of lung function because of 
the increase in degree of saturation in the acyl 
chains. However, it has been observed that the 
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microviscos i ty  measured  b y  f luorescence  polar-  
i za t ion  of  l ipids in a m n i o t i c  fluid actual ly  
decreases  as ges ta t ion  progresses in humans .  
In fact ,  t h e  r e d u c t i o n  in viscosi ty was corre-  
la ted wi th  lung m a t u r i t y  as m o n i t o r e d  by  
m e a s u r e m e n t s  of  the  PC: s ph i ngom ye l i n  ra t io  
(35).  This  decrease  in viscosi ty  could resul t  
f r om an  increase  in the  cho les te ro l  c o n t e n t  of  
the  sur fac tan t .  Ness and  col leagues (33)  have 
suggested t ha t  in the  ra t ,  t he  f o r m a t i o n  of  
cho les te ro l  in lung su r fac t an t  m a y  increase  
3 or  4 days  be fo re  b i r th ,  because  the re  is an  
increase in the  act iv i ty  o f  3 - h y d r o x y - 3 - m e t h y l  
g lu tary l  CoA reduc tase  in lung mic rosomes  
at th is  t ime.  This  coincides  w i th  the  onse t  of  
act ive su r fac t an t  p r o d u c t i o n  in the  rat .  How- 
ever, in t he  adu l t  rat ,  t h e  cho les te ro l  of  lung 
su r fac t an t  is largely der ived f rom plasma 
l ipopro te ins  (32) .  T he  m a t u r a t i o n  of  lung 
su r fac tan t  t he re fo re  seems to inc lude  the  
fo l lowing s teps:  (a) the  p r o p o r t i o n  o f  PC 
increases  to  a very h igh percentage ,  75% or  
more ,  o f  t o t a l  p h o s p h o l i p i d ;  it m ay  be  signif- 
i can t  t ha t  d ipa lmi toy l  PC exh ib i t  lower  surface  
viscosities t h a n  do  d ipa lmi toy l  phos pha t i d i c  
acid and  phospha t idy lg lyce ro l ,  wh ich  also occur  
in su r fac t an t ;  (b)  the  degree of  s a t u r a t i o n  in 
phospho l ip id s  increases,  wh ich  enables  m o n o -  
layers  of  these  molecules  to  a t t a in  very low 
surface t ens ions  (h igh  surface pressures) ;  and  
(c) the  microviscos i ty  of  the  l ipids in a m n i o t i c  
fluid decreases,  poss ibly  because  of  an  increase 
in cho les t e ro l  c o n c e n t r a t i o n .  

I t  is no t ab l e  t h a t  a low viscosi ty  would  be  
p roduced  if t he  lung su r f ac t an t  phospho l ip id s  
r emained  unsa tu r a t e d ,  bu t  t h e n  a very low 
surface t en s ion  would  n o t  be  a t t a inab le .  

These  obse rva t ions  suggest t ha t  b o t h  the  
surface t en s ion  and t he  surface viscosi ty are 
crit ical for  the  n o r m a l  f unc t i on i ng  of  lung 
sur fac tan t .  One  might  specula te  t h a t  a low 
surface viscosi ty may  faci l i ta te  the  r e f o r m a t i o n  
of  the  m o n o l a y e r  f i lm as i t  is r epea ted ly  com- 
pressed and  e x p a n d e d  in the  lung alveoli  dur ing  
resp i ra t ion .  This  poss ibi l i ty  is s u p p o r t e d  b y  t he  
obse rva t ion  t ha t  the  add i t i on  of  cho les te ro l  
to  m o n o m o l e c u l a r  fi lms of  d ipa lmi toy l  PC 
improved  the  respreading  p roper t i e s  of  m o n o -  
layer  f i lms u p o n  d y n a m i c  compress ion  past 
collapse (36) .  

The  osci l la t ing p e n d u l u m  m e t h o d  for  
measur ing  surface  viscosi ty  is capable  o f  mea-  
suring t he  ef fec ts  of  very  small  a m o u n t s  of  
cho les te ro l  in  m o n o l a y e r s  of  the  sa tu ra ted  
phospho l i p id  molecules  r epo r t ed  here.  Most  of  
the  o t h e r  m e t h o d s  of  measur ing  choles tero l -  
phospho l i p id  i n t e r ac t i ons  requi re  t he  p resence  
of  10 mo l  % or  more  of  cho les te ro l  to  d e m o n -  
s t ra te  an  in t e rac t ion .  
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Lipids of Myocardial Membranes: 

Susceptibility of a Fraction Enriched in Sarcolemma 

to Hydrolysis by an Exogenous Mammalian Phospholipase A21 
K. OWENS, D.C. PANG, R.C. FRANSON and W.B. WEGLICKI ,  Department of Biophysics, 
Medical College of Virginia, Virginia Commonwealth University, Richmond, VA 23298 

ABSTRACT 

A myocardial membrane fraction enriched in sarcolemma was used to determine the susceptibility 
of the lipids to hydrolysis by a phospholipase A 2 from granulocytes. After incubation (37 C, pH 7.0, 
5 mM Ca 2§ with the phospholipase A 2 for 30 min, a more than 3-fold increase in unesterified fatty 
acids was found (up to 47 nmol/mg protein; P < 0.001) relative to a control incubated without 
phospholipase A s or Ca 2§ This included a 10-fold increase in the arachidonic acid content (up to 42 
tool %) and at least a 7-fold increase in lysophosphatidylethanolamine (up to 7.4 tool % total phospho- 
lipid-P). However, the exogenous phospholipase did not augment the quantity of lysophosphatidyl- 
choline produced by endogenous phospholipases in the presence of Ca 2§ (5 mM). These results demon- 
strate the in vitro susceptibility of phospholipids of myocardial membranes, particularly phosphatidyl- 
ethanolamine, to the neutral-active, Ca2*-dependent phospholipase A2 from granulocytes. This work 
may be relevant to myocardial inflammation and tissue damage during ischemia, where heterolytic 
injury of the myocardium may occur subsequent to the accumulation of granulocytes. 

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

Myocardial injury during acute inflammation 
and ischemia may involve hydrolysis of lipids 
of subcellular membranes by phospholipases 
(PLA) which have been found in cardiac tissue 
(1-4). The process of  injury during ischemia 
includes increased permeability of the sarco- 
lemma (5,6), alterations in the morphology of 
other subcellular structures (7) and reduction 
of latency of lysosomal hydrolases (8). During 
ischemia, significant increases have been found 
in unesterified long chain fatty acids in whole 
myocardial tissue (9) and in lysosome-rich 
fractions from cardiac tissue (10). Increased 
quantities of lysophospholipids in whole 
myocardial tissue have been found (11). We 
have reported previously (12) that enriched 
preparations of cardiac sarcolemmo contain 
Ca2§ PLA which hydrolyzes exoge- 
nous 2-[1"C] phosphatidylethanolamine opti- 
mally at neutral pH. More recently we have 
shown similar hydrolysis of endogenous phos- 
phatidylcholine (PC) of a membrane prepa- 
ration enriched in sarcolemma (13). In this 
work, we have studied the susceptibility of 
lipids of this myocardial membrane fraction 
to hydrolysis by a soluble PLA2 from granulo- 
cytes (14). 

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

Preparation of Membrane Fraction 

Dogs were anesthetized by intravenous 

1This work was presented in part at the 51st 
Scientific Sessions of the American Heart Association, 
Dallas, TX, November 1978. 

administration of pentobarbital (27 mg/kg). 
Ventilation was maintained using an endo- 
tracheal tube attached to a Harvard respirator. 
Following rapid excision, the heart was cooled 
in ice-cold saline. The isolation of the sarco- 
lemmal fraction by sucrose-gradient centrif- 
ugation has been described previously (15). 
This fraction was found to band at a sucrose 
concentration of 48-52% (w/w). It showed a 
7-fold increase over the homogenate in the 
activity of ouabain-sensitive, (Na + + K*) - 
stimulated, Mg2§ (E.C. 3.6.1.3). It was 
diluted 3-fold with ice-cold imidazole buffer 
(20 mM, pH 7.0) and following centrifugation 
at 140,000 x g max for 30 min the pellet was 
resuspended gently in sucrose (0.25 M) buff- 
ered with imidazole (20 mM, pH 7.0). 

PLA 2 from Granulocytes 

The exogenous neutral-active, Ca2+-depen - 
dent PLA2 was obtained from rabbit granulo- 
cytes that were harvested from glycogen- 
induced peritoneal exudates (14). The specific 
activity (sp act) was assayed by hydrolysis of  
phosphollpid of autoclaved Escherichia coli and 
was 669 nmol free fatty acid/mg protein/hr. 
The preparation showed no PLA1 activity. 

Incubation of the Membrane Fraction 

Preliminary studies indicated that this 
membrane fraction hydrolyzed 1-acyl-2-[1- 
14C]linoleoyl-sn glycero-3-phosphatidylethanol- 
amine optimally at 37 C in the presence of  5 
mM calcium at pH 7.0 (12). Thus, these condi- 
tions of incubation also were used for the 
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examination of lipolysis of  endogenous sarco- 
lemmal lipids by the PLA2. Sarcolemma (1 mg 
protein/ml) was incubated in a solution con- 
taining the exogenous PLA2 (0.75 mg protein/  
ml), calcium chloride (5 m M ) a n d  imidazole- 
HC1 buffer (20 mM, pH 7.0) for 30 min at 37 C 
in a shaking water bath. Control incubations 
with or without exogenous PLA 2 and Ca 2+ 
added individually also were performed. The 
level of  endogenous calcium in the sarcolemmal 
fraction was found to be 20 nmol/mg protein 
by atomic absorption spectroscopy. Membrane 
protein was assayed by the Lowry et al. method 
(16) with the addition of deoxycholic acid 
(0.3 ml of  a 1% solution) using bovine serum 
albumin (BSA) as the standard. 

Chrom P (Applied Science). Identities of the 
methyl esters and dimethylacetals were con- 
firmed by mass spectrometry.  Following the 
separation of phospholipids (19), the fatty 
acids and alk-l-enyl  ethers were quantified; the 
solvent was removed from the plate in vacuo 
and the phospholipids were visualized in 
ultraviolet ( U V ) l i g h t  using Rhodamine-6G 
(0.01% in methanol/water,  1:1, v/v, Eastman- 
Kodak, Rochester, NY). The spots were scraped 
into glass vials and the lipids were methylated 
as already described. 

Differences between mean values (+ SD) 
from 5 experiments were tested for statistical 
significance (P < 0.05) by the paired Student 's  
t-test. 

Extraction and Analysis of Lipids 

Incubations of the sarcolemmal fraction 
were terminated by the addit ion of cold meth- 
anol (6.3 times the aqueous sample vol). 
Heneicosanoic acid was added as the internal 
fat ty acid standard. Lipids were extracted by 
the Folch et al. method (17) with minor 
modifications, including the determination 
of recovery factors for lysophosphatidylcholine 
(LPC) and lysophosphatidylethanolamine (LPE) 
as described previously (13). The stated quan- 
tities of  lysophospholipids have been multiplied 
by these recovery factors (1.23 for LPC and 
1.38 for LPE). Total phospholipid-P was 
determined (18). The composit ion of  individual 
phospholipids of each sample was determined 
by 2-dimensional thin layer chromatography 
(TLC) (19); this technique was modified to 
include drying of  the plates in vacuo for 30 min 
between developments. Mean recovery of the 
phosphorus content of the spots and equivalent 
blank areas was 97.3 + 9.3 (SD) %. Total  lipid 
extracts were separated on Silica Gel GHR 
(Mallinkrodt, Darmstadt) using redistiUed 
petroleum ether (60-80 C)/diethylether/glacial 
acetic acid (80:20:1,  by vol), containing 
butylated hydroxytoluene (0.1 mg/100 ml). 
Marker lipids were visualized using iodine 
vapor. Covered areas containing sample phos- 
pholipids, fat ty acids, triacylglycerols, chol- 
esteryl esters or blank areas were scraped into 
vials, sealed under N2 and methylated at 100 C 
in boron tr if luoridemethanol (15% w/v, Ap- 
plied Science, Inc., State College, PA); the same 
vol of  ice-cold sodium hydroxide (5 N) as 
BF3-methanol reagent was added prior to 
extraction with pentane (20). The content  of 
long chain methyl  esters and dimethylacetals 
(derived from plasmalogens) was determined by  
gas liquid chromatography (GLC) with a glass 
column containing EGSS-X (10% w/w) on Gas 

R ESU LTS 

When the membrane fraction was incubated 
at 37 C without addit ion of PLA2 or Ca 2+ 
(Table I), the content of unesterified fat ty acids 
was not  significantly different in total  quant i ty  
or distribution profile to that previously found 
in the unincubated preparation (13). Incu- 
bation with PLA2 in the absence of  added Ca 2§ 
produced small but  significant increases in the 
content of unsaturated fat ty acids; these 
changes may have resulted from lipolysis under 
the stimulation of the PLA2 and endogenous 
lipases by the low level of Ca 2§ bound to the 
membrane (mean value 20 nmol/mg protein). 
Incubation performed in the presence of added 
Ca 2§ alone doubled the total  fatty acid content 
of the incubated control,  the increase involving 
most species of fat ty  acids as described previ- 
ously (13). Incubation with PLA2 plus Ca 2§ (5 
mM) produced more than a 3-fold increase (P < 
0.001) in total  fa t ty  acids (14.6 up to 47.2 
nmol/mg protein). This represents the com- 
bined endogenous lipolysis and PLA2-catalyzed 
hydrolysis of lipids. This included a 10-fold 
increase in unesterified arachidonic acid (2.0 
up to 19.9 nmol/mg protein) which accounted 
for 49% of the total  increase in fat ty acids in 
the presence of  PLA2 plus Ca 2§ The increase (P 
< 0.01) in total  fat ty acids at tr ibutable to the 
Ca2§ of  the PLA2 (16.1 nmol/mg 
protein) is calculated from the difference 
between incubations with PLA2 plus Ca 2§ and 
Ca 2§ alone (Table I); this consisted almost 
entirely of  an increase (P < 0.001) in arachi- 
dortic acid. 

The quanti ty of  total  phospholipid-P did not  
change significantly from the incubated control  
level (457.4 + 21.7 nmol/mg protein) as a result 
of incubation with PLA2 alone (466.4 + 18.1 
nmol/mg protein) or with PLA2 plus Ca 2§ 
(462.6 + 23.5 nmol/mg protein) indicating that  
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TABLE I 

Content  of  Unesterified Fat ty  Acids o f  the  Sarcolemma-enriched Fraction 
during Incubations to Enhance Lipolysis 

Additions None (control) P L A  2 C a  2+ PLA 2 + Ca 2+ 

Palmitic 3.6 -+ 1.8 a 4.2 -+ 1.5 5.8 -+ 2.8 4.1 + 1.7 
Palmitoleic 1.1 -+ 0.6 1.0 + 0.2 1.3 +- 0.6 0.9 -+ 0.7 
Stearic 2.0 -+ 0.5 2.7 -+ 0.8 4.3 -+ 1.5 c 2.7 -+ 0.8 
Oleic 3.9 -+ 0.6 5.4 -+ 0.9 b 9.4 + 2.7 c 9.5 + 0.6 d 
Linoleic 2.2 -+ 0.4 4.2 -+ 0.6 d 6.5 -+ 1.4 d 9.4 -+ 1.3 d 
Eicosatrienoic 0.1 + 0.1 0.1 -+ 0.2 0.1 -+ 0.1 0.5 -+ 0:2 b 
Arachidonic 2.0 +- 0.2 3.7 -+ 1.1 b 3.4 + 0.8 c 19.9 + 2.8 d 
Total 14.6 -+ 3.1 21.3 -+ 4.0 b 31.1 + 8.9 c 47.2 -+ 3.5 d 

The sarcolemmal fraction (1 mg protein/ml)  was incubated at 37 C for 30 min at pH 7.0: with no addition, 
with PLA 2 (0.75 mg protein/ml) ;  with  calcium (5 nmol /mi) ;  or with PLA 2 + Ca 2+. 

anmol /mg protein -+ SD. 
b,e,dsignify P < 0.05, 0.01, 0.001, respectively, for significant differences between incubated samples and 

incubated control. See Discussion concerning significance of  differences between PLA 2 + Ca ~+ and Ca 2+ incu- 
bations. 

a s i g n i f i c a n t  p r o d u c t i o n  o f  w a t e r - s o l u b l e  
g l y c e r o - p h o s p h a t e  e s t e r s  d id  n o t  o c c u r  u n d e r  
t h e s e  c o n d i t i o n s .  

T a b l e  II s h o w s  t h a t  i n c u b a t i o n  in  t h e  p res -  
e n c e  o f  P L A 2  p l u s  Ca  2+ i n c r e a s e d  s i g n i f i c a n t l y  
t h e  c o n t e n t  o f  L P E  ( u p  to  7 . 4  m o l  %) w i t h  a 
c o n c o m i t a n t  s i g n i f i c a n t  lo s s  o f  p h o s p h a t i d y l -  
e t h a n o l a m i n e  ( P E ) ;  a l i m i t e d  f o r m a t i o n  o f  L P E  
o c c u r r e d  in  t h e  p r e s e n c e  o f  P L A 2  w i t h o u t  
a d d i t i o n  o f  Ca  2+. H o w e v e r ,  t h e  level  o f  L P C  
a f t e r  i n c u b a t i o n  w i t h  P L A 2  p l u s  Ca  2+ w a s  n o t  
s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  level  o f  L P C  in  t h e  
p r e s e n c e  o f  Ca 2§ a l o n e ;  L P C  w a s  n o t  f o r m e d  in  
t h e  a b s e n c e  o f  a d d e d  Ca  2+. T h e  q u a n t i t i e s  o f  
o t h e r  p h o s p h o l i p i d s  p r e s e n t  in  t h e  u n i n c u b a t e d  
s a m p l e  d e s c r i b e d  p r e v i o u s l y  ( 1 3 )  w e r e  n o t  
a l t e r e d  s i g n i f i c a n t l y  b y  a n y  o f  t h e  i n c u b a t i o n  
c o n d i t i o n s  j u s t  d e s c r i b e d .  T h u s ,  o n l y  P E  w a s  
s u b j e c t  t o  e x t e n s i v e  a t t a c k  b y  t h e  e x o g e n o u s  

2+ 
Ca  - d e p e n d e n t  P L A 2 .  I n t e r e s t i n g l y ,  t h e  p re s -  
e n c e  o f  P L A 2  a p p e a r e d  to  i n h i b i t  t h e  a c t i v i t y  
o f  t r i a c y l g l y c e r o l  l ipase  s i n c e  i n c u b a t i o n  in  t h e  

p r e s e n c e  o f  P L A 2  a l o n e  o r  P L A 2  ~ p l u s  Ca 2+ w a s  
n o t  a s s o c i a t e d  w i t h  p r o d u c t i o n  o f  f a t t y  a c i d s  
f r o m  t r i a c y l g l y c e r o l s  ( u n i n c u b a t e d  c o n t r o l :  
4 1 . 2  + 7 .4 ,  P L A 2  a l o n e :  3 8 . 7  + 4 .9 ,  P L A 2  + 
CA2+: 4 0 . 4  + 5 .0  n m o l  o f  t o t a l  f a t t y  ac id  
e s t e r i f i ed  as t r i a c y l g l y c e r o l / m g  p r o t e i n ) .  

T h e  e s t e r i f i ed  f a t t y  a c i d s  a n d  a l k - l - e n y l  
e t h e r s  o f  t h e  p a r e n t  PC,  PE ,  a n d  t h e  co r r e s -  
p o n d i n g  l y s o p h o s p h o l i p i d s  a re  s h o w n  in  T a b l e  
III .  T h e  LPC c o n t a i n e d  p r e d o m i n a n t l y  ( 8 9  m o l  
%) p a l m i t i c  ac id ,  p a l m i t o y l - l - e n y l  e t h e r  a n d  
s t ea r i c  a n d  o le ic  ac ids .  L P E  c o n t a i n e d  83 m o l  % 
o f  s t ea r i c  ac id  a n d  s t e a r o y l - l - e n y l e t h e r .  H o w -  
ever ,  t h e  LPC a n d  L P E  a lso  c o n t a i n e d  l i no le i c  
a n d  a r a c h i d o n i c  acids .  T h e  p r e d o m i n a n c e  o f  
p o l y u n s a t u r a t e d  f a t t y  a c id s  in  t h e  2 s n - p o s i t i o n  
i n  m a m m a l i a n  t i s s u e s  ( 2 1 )  s u g g e s t e d  t h a t  ca .  
11 m o l  % o f  t h e  L P C  a n d  6 m o l  % o f  t h e  L P E  
w e r e  a c y l a t e d  in  t h e  2 s n - p o s i t i o n .  T h e  c h r o -  
m a t o g r a p h i c  s y s t e m  c o u l d  n o t  d i s t i n g u i s h  
b e t w e e n  1 - 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 .  

TABLE II 

Composi t ion of Choline and Ethanolamine-containing Phosphoglycerides of  the  
Sarcolemma-enriched Fraction during Incubat ions to Enhance Lipolysis 

Additions None (control) PLA 2 Ca 2+ PLA 2 + Ca 2+ 

Phosphatidylcholine 180.1 + 32.7 a 176.8 + 28.5 171.8 + 26.6 181.4 -+ 30.0 
Lysophosphat idylchol ine 3.7 -+ 1.6 3.3 -+ 0.3 7.3 -+ 2.4 c 10.0 -+ 1.8 c 
Phosphat idylethanolamine 127.2 -+ 17.0 128.5 -+ 16.3 127.6 + 12.6 105.8 -+ 13.8 b 
Lysophosphat idyle thanolamine 4.4 -+ 3.0 9.5 + 4.9 b 5.1 + 1.3 34.2 -+ 8.4 c 

The sarcolemmal fraction (1 mg protein/ml)  was incubated at 37 C for 30 rain at pH 7.0: with  no addit ion;  
with PLA 2 (0.75 mg protein/ml) ;  with calcium (5 nmoi /ml) ;  or with PLA 2 + Ca a+. 

anmol /mg protein -+ SD. 
b,csignify P < 0.05, 0.01, respectively, for significance o f  differences between incubated samples and incu- 

bated control. Quantit ies of  other  phospholipids (see ref. 13) were not  altered significantly. 
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DISCUSSION 

We have shown previously (13) that the 
sarcolemma-enriched fraction has endogenous 
Ca2+-stimulated phospholipase A activity and 
significant triacylglycerol lipase activity. In this 
study, we have characterized the specific 
changes in phospholipids and fatty acids, 
including arachidonic acid. following incuba- 
tion with an exogenous Ca~+-dependent PLA2 ; 
there was no hydrolysis of triacylglycerols in 
the presence of the PLA2. This observation 
may be related to the extreme cationic nature 
of the PLA2 preparation (14). Also, no reduc- 
tion was seen in the quantities of alk-l-enyl 
ethers in incubated phospholipid samples 
indicating no plasmalogenase activity. Thus, 
the total quantity of unesterified fatty acids 
(Table I, PLA2 + Ca 2+ minus control values) 
approached the total quantity of LPE plus LPC 
formed during 30 rain of incubation (Table II, 
PLA2 + Ca 2+ minus control values). Also we 
found no loss of total phospholipid-P following 
incubation with PLA2 plus Ca2+; this provided 
evidence that lysophospholipase activity was 
insignificant during these incubations. 

We examined the fatty acid and alk-l-enyl 
ether profiles of individual phospholipids of the 
membrane fraction both prior to incubation 
and following the combined activities of the 
endogenous and exogenous phospholipases 
(PLA2 plus Ca2+). Of particular note was the 
formation of 74% of the LPE as 1-stearoyl LPE 
whereas LPC was much more varied in compo- 
sition including more esterified oleic and 
linoleic acids. However, both lysophospho- 
lipids contained less than 5 mol % of arachi- 
donic acid. The sum of the mol % of arachi- 
donic and linoleic acids of LPC or LPE are 
estimates of the minimum proportions of 2-acyl 
lysophospholipids; these may have been formed 
by the endogenous PLA1 activity of this mem- 
brane preparation as indicated using radio- 
labeled PE (12). Only PC and PE were altered 
in composition during these incubations. It 
remains to be shown whether the preference 
of the exogenous PLA2 for PE is dependent on 
some physical or biochemical parameters at the 
interface of PLA2 with the membranes. Alter- 
natively, the preference may be directed by the 
much higher arachidonic acid and lower pal- 
mitoyl-l-enyl ether content compared to PC 
(Table III). 

These results suggest that the release of 
soluble PLA2 from phagocytic cells would be 
expected to cause the formation of LPE and 
arachidonic acid as metabolites that may be 
important components of the process of injury 
to myocardial membranes in vivo. 
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Cigarette Smoke Affects Lipolytic Activity in Isolated Rat Lungs 
JAAKKO HARTIALA,  JORMA V I I K A R I  '1 , EINO HIETANEN,  HANNU T O I V O N E N  
and PEKKA UOTILA,  Department of Physiology and 1 Department of Internal Medicine, 
University of Turku, 20520 Turku 52, Finland 

ABSTRACT 

Isolated perfused rat lungs liberated fatty acids at a rate of 15 ~mol/hr during perfusion of tri- 
glyceride-rich medium through the pulmonary vascular bed. About 80% of this activity seemed to 
result from lipoprotein lipase and 20% to hormone-sensitive lipase. Ventilation of the lungs with 
cigarette smoke instead of air during the perfusion reduced fatty acid liberation by 23%. Pre-exposure 
of rats to cigarette smoke for either 1 or 10 days did not cause significant changes in lung lipolytic 
activity compared to sham-exposed controls. 

INTRODUCTION 

The lungs have an optimal location in the 
circulation to affect the levels of circulating 
substances because they have the largest capil- 
lary endothelial surface area in the organism 
and essentially all the blood is continuously 
passing through the pulmonary vascular bed. 
The lungs are rich in enzymes metabolizing 
both endogenous and exogenous substances and 
are considered a pharmacokinetically significant 
organ (1-5). 

Pulmonary capillary bed is the first large 
endothelial surface with which chylomicrons 
come in contact after their appearance in the 
blood. Chylomicron triglycerides are attacked 
by extrahepatic lipoprotein lipases before the 
triglyceride-poor chylomicron remnants can be 
removed from the circulation by the liver (6). 
Lipoprotein lipase is an endothelial enzyme 
which is present in essentially all organs using 
fatty acids either for their energy demands or 
for the synthesis of lipid compounds (7). The 
first reports on pulmgnary lipolytic activity 
were published in 1908 (8,9). Bragdon and 
Gordon have reported that some 14C-tri- 
glyceride-labelled chylomicrons are taken up by 
rat lungs 10 min after intravenous injection of 
the substance (10). 

Pulmonary lipoprotein lipase has gained 
little interest until recently. There are some 
reports on the variations of lipolytic activity of 
various tissues, including the lungs, caused by 
hypoxia, cold exposure, diets and exercise. 
Hamosh and Hamosh (11) have emphasized the 
nonresponsiveness of pulmonary lipoprotein 
lipase to fasting. This is in contrast to most 
other organs. It has been reported that cold 
exposure increases the pulmonary lipoprotein 
lipase activity in the rat (12). In this case, the 
increase was prevented by insulin administra- 
tion. Of several hormones tested, only dexa- 
methasone increased the pulmonary lipoprotein 
lipase activity (13). There also are reports 
stating that pulmonary lipolytic activity was 

increased by feeding rats sunflower seed oil 
(14) and by hypoxia (15). However, in experi- 
mental alloxan diabetes, the findings are 
somewhat controversial (t3,15,16). Inhibition 
of pulmonary lipolysis by phenothiazine 
derivatives has been detected (17). 

The incorporation of free palmitic acid in 
the lungs (18) and the production of surfactant 
(19) were unaffected by pretreatment of the 
rats with cigarette smoke. We have found 
previously that cigarette smoke exposure 
affects the pulmonary metabolism of foreign 
compounds (20,21), steroids (22), prostaglan- 
dins and angiotensin (23). In epidemiological 
studies (24), cigarette smoking is apparently 
connected with low HDL-cholesterol levels in 
the serum. The low serum HDL concentration 
has been shown epidemiologically to be related 
to pathogenesis of coronary heart disease (25). 
There are studies suggesting that changes in 
HDL-cholesterol levels might be caused by 
changes in the function of the lipoprotein lipase 
enzyme (26,27). The aim of this study was to 
investigate the effects of cigarette smoke on 
pulmonary lipolytic activity. Because of the 
lack of experience in using perfusion techniques 
for the study of lipid metabolism in lungs (28), 
we further developed our earlier methods so 
that they would be suitable for this purpose. 

MATERIALS AND METHODS 

Male adult Wistar rats (250-350 g) were used 
in these experiments. Cigarette smoke exposure 
was performed for either 1 or 10 consecutive 
days in an inhalation chamber, as described 
previously (29). The animals were exposed in 
these chambers to the smoke of 5 commercial 
cigarettes (0.9 mg nicotine and 18 mg tar per 
cigarette) daily for 1 hr. Sham-exposed animals 
were kept in similar chambers and exposed to 
air flow for corresponding times. Perfusion 
experiments with these pre-exposed animals 
were made 20 hr after the last exposure. One 
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group of  animals was studied wi thout  prior 
exposure  to cigarette smoke. During the perfu- 
sion, half  of  this group was vent i la ted with air 
only and another  half  with cigarette smoke for 
2 rain every 10 min and with air be tween  
cigarette smoke exposure.  The apparatus for 
in t roducing smoke into the trachea was con- 
structed f rom a Harvard pis ton pump 
generating to  a n d  fro movement .  The generated 
f low was directed with 2 1-way valves, so that  
the lungs were vent i la ted with air ( t idal vol  2 
ml) pulled through a burning cigarette (Fig. 1). 

Lung Perfusion System 

A summary  of  our  me thod  for perfusing 
isolated rat lungs (30) follows. Af ter  the rats 
were anesthet ized with  pentobarbi ta l  (50 
mg/kg, Nembutal |  the  t rachea was connected  
to a pressure-regulated respirator.  Because 
prel iminary exper iments  wi thout  heparin 
caused poor  perfusion of  the lungs, we injected 
500 IU of heparin into the pu lmonary  circula- 
t ion after  t ho raco tomy.  This t reatment  is known  
to cause a minor  l iberat ion of pu lmonary  
l ipoprote in  lipase enzyme (11). The pu lmonary  
artery was cannulated via the right ventr icle  
with a po lye thy lene  tube and the ventricles 
were excised. The lung block was removed  and 
connected  to the perfusion apparatus. The 
preparat ion was perfused with Krebs bicarbo- 
nate solut ion containing 1 g/s glucose and 4.5 
g/s albumin.  The perfusions were made at 37 C 
with  a pulsatile f low of 10 ml /min  and a 
pressure of  17/21 mm Hg. 

Commercia l  triglyceride emulsion (Intra- 
lipid | Vi t rum AB, Sweden,  200 mg/ml)  was 
used as a substrate. Preceding the perfusion, 
0.35 ml or  3.5 ml of  Intralipid | was mixed  
with  Krebs solut ion (final vol  70 ml) to give a 
final concent ra t ion  of  1.1 mmol/]~ or  11.3 
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FIG. 1. A schematic representation of the machine 
used to introduce smoke into rat trachea. Harvard 
piston pump generates to and fro movement with tidal 
vol 2 ml. A: cigarette holder; B: rubber valves; C: 
hollow (1 mm deep) allowing opening of the valve; D: 
hollow (1 mm deep) containing the rubber valve. Solid 
arrows show the flow of smoke during the suction 
period of the pump and dotted arrows represent the 
flow during the pushing of the pump. The blocks 
containing the valves were made from nylon and they 
were connected with silicone tubing. 

mmol / s  of  triglyceride. The higher tr iglyceride 
level was then chosen in this series to ensure 
substrate saturat ion (see Results, Table I). 
During recirculating perfusions, 1-ml samples 
were wi thdrawn from the reservoir and the 
amoun t  of  free fa t ty  acid was analyzed using 
the Mikac-Devic spec t ropho tomet r i c  me thod  
(31). The amount  of  free fa t ty  acid in the 
medium before perfusion was subtracted and 
the results were correc ted  for  the sample 
volumes.  To evaluate the possible significance 
of  hormone-sensi t ive lipase as speculated by 
Hamosh  and Hamosh  (11), addi t ional  experi-  
ments  were made with lungs perfused using 
Krebs solution but wi thout  triglyceride. To 
est imate the rate of  free fa t ty  acid l iberat ion 
resulting f rom heparin-releasable enzyme (11),  

TABLE I 

The Effect  o f  Triglyceride Concentration on the Liberation o f  
Fatty Acids by Isolated Perfused Rat Lungs a 

Perfusion 
time 

(min) 11.3 mmol/~ 1.1 mmol/~ 0 mmol/~2 

20 8.9•  7 .3•  3 .2•  
40 15.5• 14.2• 5.6.• 
60 2 2 . 5 •  1 8 . 6 •  6 . 6 •  
80 2 6 . 8 •  2 4 . 0 •  7 . 1 •  

100 30.9• 27.9• 7.3•  
120 34.6• 28.3• 8.3•  

Number of  experiments  
in each series 4 5 4 

aThe values are expressed as /zmol  fatty acid liberated at perfusion times indicated,  mean 
-+ SEM, 
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we did control experiments, removing the lungs 
after 5 min perfusion (11.3 mmol triglyceride 
concentration). The perfusion medium was 
thereafter circulated for 115 min without the 
lungs. 

RESULTS A N D  DISCUSSION 

When the medium contained 11.3 mmol/~ 
triglycerides, perfused rat lungs hydrolyzed 
from it free fatty acids (FFA) at a rate of 15 
$tmol/hr (Table I). The use of a physiological 
concentration of triglyceride, 1.1 mmol/s 
resulted in only a slight decreasein the rate of 
fatty acid liberation (13 /~mol/hr). Since sub- 
strate saturation was necessary, the higher 
concentration was chosen in further experi- 
ments. The results were surprisingly similar to 
the reported levels of the lipoprotein lipase 
activity in lung extracts ranging from 10 to 15 
/amol FFA released/g/hr (11,32), since the 
lungs of our rats weighed ca. 1 g. Fatty acid 
liberation was linear during the 2-hr perfusion 
period (Fig. 2). These findings point to a higher 
lipolytic activity/tissue wt in the rat than in the 
rabbit, as Heineman (28), has reported about 
similar amounts of triglyceride to be hydro- 
lyzed by rabbit lungs in perfusion, whereas 
rabbit lungs weigh considerably more. 

The triglyceride concentration used in this 
study (11.3 mmol/s exceeded normal plasma 
triglyceride levels. Our control results (Table I) 
using a physiological concentration of trigly- 
ceride (1.1 mmol/s resulted in 37% hydrolysis 
of added triglyceride in 2 hr. Since the perfu- 
sion flow in this study was significantly lower 
than the cardiac output in rats (30), the lungs 
could theoretically account for a large propor- 
tion of triglyceride catabolism in the organism. 

Harn0sh has criticized earlier perfusion 
experiments (28) for not taking into considera- 
tion the hormone-sensitive lipase activity (11). 
Our experiments without added triglyceride 
resulted in linear fatty acid liberation from the 
lungs to the perfusion medium (Fig. 2). This 
activity, attributed to the hormone-sensitive 
lipase using tissue triglycerides, corresponded to 
17% of the overall lipolytic activity. No correc- 
tions for this activity were made in the results. 
It has been reported (11) that 10% of the 
pulmonary lipoprotein lipase activity is 
liberated from perfused lungs within 30 min 
after heparin administration. When rat lungs 
were removed after 5 min perfusion from the 
circulation, fatty acids were released in the 
perfusion m e d i u m  during the following 115 
min at a rate of 5 pmol/hr in this study. This 
amount is as much as 33% of the rate of trigly- 
ceride hydrolysis in 120-min lung perfusions. 

Z 
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FIG. 2. The effect of acute smoke ventilation 
during perfusion on pulmonary lipolytic activity. 
Isolated rat lungs were perfused with either trigly- 
ceride-containing (11.3 mmol/~) medium or with a 
medium without added triglycerides. �9 = Control 
perfusion with Intralipid ~, ventilation with air (n=4); 
�9 = acute smoke ventilation during perfusion with 
Intralipid | (n=5); �9 = control perfusion without 
triglyceride (n=4); * = acute smoke ventilation during 
perfusion without triglyceride (n=3). 

The released enzyme is continuously in contact 
with substrate in our system. This explains why 
the enzyme washed out in 5 min causes such a 
high metabolism compared to the 10% enzyme 
activity reported to be released from the lungs 
in 30 min (11). 

When the lungs were ventilated with 
cigarette smoke during perfusion (Fig. 2), a 
statistically significant decrease (23%) in 
lipolytic activity was seen when compared to 
air-ventilated lungs (2P < 0.05, Student's 
t-test). This decrease probably resulted from a 
general effect of cigarette smoke on metabolism 
as we have detected a similar inhibition in the 
metabolism of foreign compounds during 
smoke ventilation (unpublished results). The 
lipolytic activity attributed to hormone- 
sensitive lipase (capable of using tissue trigly- 
cerides) was not affected by smoke ventilation 
(Fig. 2). 

Pre-exposure of the rats to cigarette smoke 
20 hr before the perfusion did not affect the 
pulmonary lipolytic activity (Fig. 3). Despite 
the tendency to produce larger amounts of free 
fatty acids in the medium, neither of the animal 
groups exposed to smoke for 10 days differed 
statistically from its sham group (Fig. 4). On 
the other hand, when 1-day and 10-day smoke- 
exposed groups were compared, there was a 
significant difference between the groups (2P < 
0.05, Student's t-test). One possible explana- 
tion for the increased lipolytic activity in 
animals treated in the exposure system for 
longer periods might be that the treatment of 
the animals affects pulmonary metabolic 
activity, nonspecifically via hormonal or 
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FIG. 3. The effect of  1 hr pre-exposure o f  the  rats 
to the smoke of 5 filter cigarettes 20 hr before perfu- 
sion on pulmonary  lipolytic activity. The lungs were 
perfused with triglyceride-containing medium (11.3 
mmol/s  �9 = Smoke-exposed rats (n=9); �9 = sham- 
exposed rats (n=6). 

FIG. 4. The effect of  1 hr  pre-exposure of  the  rats 
to the  smoke of  5 f'tlter cigarettes during 1 hr for 10 
consecutive days on pu lmonary  lipolytic activity. The 
lungs were perfused with triglyceride-containing 
med ium (11.3 mmol/s  �9 = Smoke-exposed rats 
(n=6); �9 = sham-exposed rats (n=4). 

n e r v o u s  m e c h a n i s m s .  S u c h  m e c h a n i s m s  m a y  be  
e l ic i ted  b y  t h e  s t r e s s  c a u s e d  b y  a l t e r ed  c o n d i -  
t i o n s  a l o n e ,  as t h e r e  was  also a s l igh t  d i f f e r e n c e  
in t h e  l i po ly t i c  ac t iv i t i e s  b e t w e e n  1- a n d  10 -day  
s h a m  g r o u p s .  

A l t h o u g h  i t  m a y  n o t  be  j u s t i f i e d  to  r e l a t e  
t h e s e  r e s u l t s  t o  t h e  e f f e c t s  o f  c i g a r e t t e  s m o k i n g  
o n  l ipid k i n e t i c s  in m a n ,  t h e r e  are  r e p o r t s  
( 2 4 , 3 3 )  o f  a l t e r ed  l ipid levels  in s m o k e r s .  
B e c a u s e  s m o k e  v e n t i l a t i o n  s e e m s  to  i n h i b i t  
l u n g  m e t a b o l i s m ,  it is t e m p t i n g  to  a t t r i b u t e  t h i s  
p h e n o m e n o n  to  t o x i c  m e t a b o l i c  e f f e c t s  o f  
i n h a l e d  s m o k e  (34 ) .  M a n y  o f  t h e  c o m p o u n d s  
p r e s e n t  in  i n h a l e d  c i g a r e t t e  s m o k e  are  r e a d i l y  
t r a n s f e r r e d  to  c i r c u l a t i n g  b l o o d .  C o n s e q u e n t l y ,  
i n h i b i t i o n  o f  l i p o p r o t e i n  l ipase  also is p o s s i b l e  
in  v a s c u l a r  b e d s  o u t s i d e  t h e  lungs .  
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Singlet Oxygen Oxidation of Methyl Linoleate: 
Isolation and Characterization of the NaBH4-reduced Products 1 
MICHAEL J. THOMAS 2 and WILLIAM A. PRYOR 3 Department of 
Chemistry, Louisiana State University, Baton Rouge, LA 70803 

ABSTRACT 

The mixture of diene hydroperoxides from methylene blue-sensitized oxidation of methyl linoleate 
was reduced with NaBH, and the resulting alcohols were separated by high pressure liquid chro- 
matography (HPLC). Four diene alcohols were  isolated in approximately equal yields from adsorption 
and reversed phase HPLC; the isomers were identified as methyl esters of 9-hydroxy-10,12-, 10- 
hydroxy-8,12-, 12-hydroxy-9,13- and 13-hydroxy-9,11-octadecadienoate. Formation of equal yields  
of both conjugated and nonconjugated diene alcohols from methyl linoleate is characteristic of singlet 
oxygen oxidations. The detection of the easily separated nonconjugated isomer methyl 10-hydroxy- 
trans-8,cis-12-octadecadienoate from methyl linoleate is proposed as a test to probe the involvement 
of singlet oxygen in biological oxidations. 

INTRODUCTION 

We have a long standing interest in the 
oxidations of polyunsaturated fatty acids 
(PUFA) as models for in vivo processes that 
cause cell death (1-4). Recently we began an 
investigation of the mechanism of the xanthine 
oxidase-induced peroxidation of PUFA. This 
oxidation has been shown to require super- 
oxide ion as an intermediate, although super- 
oxide ion does not react directly with PUFA. 
Previous researchers have shown that super- 
oxide ion undergoes reactions that produce 
other species which initiate the autoxidation of  
PUFA; these reactions include those that yield 
radicals and/or singlet oxygen (4-10). We 
therefore wished to determine whether singlet 
oxygen plays a role in xanthine oxidase-induced 
PUFA peroxidation. As an alternative to the 
Teng and Smith method (11) (which uses 
cholesterol), we have developed a test that 
distinguishes between the singlet oxygen and 
autoxidation products from PUFA. 

Singlet oxygen has been shown to react with 
linoleate to yield a mixture of conjugated and 
nonconjugated diene hydroperoxides (12-17). 
In contrast, nonconjugated diene hydroper- 
oxides have not been detected from the autoxi- 
dation of linoleate (18-20); this free radical 
chain process would be expected to yield only 
the conjugated 9- and 13-hydroperoxides. 
Therefore, singlet oxygen oxidations can be 
detected by the production of nonconjugated 
dienes that are not formed by autoxidation. 

1A preliminary report of these results was pre- 
sented at the 177th meeting of the American Chemical  
Society, Honolulu, HI, April 1-6, 1979; see abstracts 
of papers, paper No. ORGN-375. 

2present address: Department of Chemistry, Wake 
Forest University, Winston-Salem, NC 27109. 

3Author to whom reprint requests should be sent.  

In this paper we describe the isolation and 
characterization of the alcohols produced by 
NaBH4-reduction of hydroperoxides formed by 
dye-sensitized photooxidation of  methyl lino- 
leate and the conditions under which both 
conjugated and nonconjugated diene alcohols 
can be reproducibly separated and analyzed by 
high pressure liquid chromatography (HPLC). 

MATERIALS AND METHODS 

Methyl linoleate (99%) was obtained from 
Calbiochem (La Jolla, CA) and purified by 
liquid column chromatography on silica gel 
using 10% ether in hexane as eluant. Methylene 
blue chloride from Aldrich (Milwaukee, WI) 
was recrystallized from methanol/water before 
use. Soybean lipoxidase (E.C. 1.13.1.13) was 
obtained from Sigma (St. Louis, MO). All 
solvents were reagent grade. Hexane was 
stirred with sulfuric acid, washed, dried and 
then distilled through a glass helices packed 
column. 

Spectra were recorded on a Cary 118 ultra- 
violet (UV) -visible spectrometer, on Perkin- 
Elmer 621 and Beckman IR-9 infrared (IR) 
spectrometers (in CDC13), on a Varian HA-100 
nuclear magnetic resonance (NMR) spectrom- 
eter (in CDC13) , and on Hitachi Perkin-Elmer 
MS-4 and Dupont 21-491 mass spectrometers 
(operated at 70 v). 

Chromatography 

Liquid chromatography was performed on 
a Waters ALC 202 liquid chromatograph 
(Waters Associates, Milford, MA), equipped 
with a Waters M-6000 chromatography pump. 
Adsorption chromatography was carried out on 
a 30 cm x 3.9 mm Waters /.t-Porasil column 
using 0.3% 2-propanol in hexane as the solvent. 
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Reversed phase chromatography was conducted 
on a 30 cm x 1 cm Waters Cls /~-Bondapak 
column using 54% ethanol/46% water (v/v) 
as the solvent. Analytical thin layer chromatog- 
raphy (TLC) was carried out on 5 cm x 20 cm 
Brinkmann Silica Gel G coated plastic sheets 
containing fluorescor. The analysis of ozon- 
olysis products was performed on a Varian 
Associates Model 2400 FID gas chromatograph 
equipped with a I/8-inch glass column contain- 
ing 10% DEGS on Chromosorb W. 

Photooxidation 

Methyl linoleate (38 mM) and methylene 
blue chloride (0.15 mM) dissolved in methanol 
(100 ml) were placed in an apparatus similar to 
that described by Higgins et al. (21). The solu- 
tion was sparged with oxygen, cooled to 10 C, 
then irradiated for 3.6 hr by a 650 watt DWY 
tungsten-halogen lamp operated at 50 volts. 
After photolysis the solution was cooled in an 
ice-water bath and treated with excess NaBH4 
(100 mg). The solvent was evaporated, the 
residue treated with 40 ml of  0.5 N aq HC1, 
extracted with 50% ether/hexane (X2, 100 ml), 
dried over Na2SO4 and then evaporated. When 
it was desirable to isolate the linoleate hydro- 
peroxides, the methanol was evaporated, the 
residues taken up in hexane, filtered through 
a 10 cm x 2.5 cm column of Celite to remove 
methylene blue and then fractionated on a 
column of Silica Gel G. Unreacted methyl  
linoleate was eluted with 5% ether/hexane 
and the linoleated hydroperoxides eluted as a 
single band with 50% ether/hexane. 

Preparation of Methyl 13-Hydroperoxy- 
cis.9 ,trans.11-octadecad ienoate 

A solution of linoleic acid (8 mM, 100 ml) 
in 0.05 M boarate buffer (pH = 9) and 0.15 M 
in ethanol was cooled to 0 C and sparged with 
oxygen. To this solution was added a soybean 
lipoxidase solution giving a final enzyme 
concentration of 4050 units/ml. (The assay 
procedure used was that described by Sigma.) 
After 10 min, the solution was acidified to 
pH 4, then extracted with 20% ether/hexane 
(X3, 90 ml). The solvent was evaporated at 
24 C, the residues dissolved in 10 ml methanol, 
cooled in an ice-water bath, then treated with 
20 mg of NaBH4. After 1 hr, 30 ml of  0.2 N 
aq HC1 was added and the solution extracted 
with 20% ether/hexane (X2, 40 ml). The 
solvent was evaporated, the residues taken up 
in ether and esterified at 0 C with diazometh- 
ane. 

RESULTS 

Methylene blue-sensitized photooxidat ion of  
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methyl linoleate gives a polar residue which 
moves as one spot on TLC (Rf = 0.45) using 
50% petroleum ether/ether. This material gave 
a positive peroxide test with N,N-dimethyl- 
phenylenediamine sulfate. Reduction with 
methanolic NaBH4 gave a nonperoxidic mate- 
rial which moved as one spot on TLC (Rf = 
0.33). The residue was analyzed by adsorption 
HPLC using a refractive index (RI) detector 
and found to contain 3 major fractions (A,B 
and C), 2 of which were also detected by a 
254 nm detector (A and C), and 2 minor ones 
(D and E). Fractions A, B and C were isolated. 
Recycle chromatography of fraction A on a 
reversed phase HPLC column yielded com- 
ponents A1 and A2 after 3 cycles (Fig. 1). 

The various isomers were characterized using 
the combined results of IR, NMR, UV, mass 
spectra (MS) and ozonolysis. The IR spectra 
of A2 and C show olefinic absorption bands 
between 3013-3010 cm -1 and 2 absorption 
bands (98%980 cm -1 and 951-946 cm -1) 
suggesting that both isomers contain conju- 
gated cis, trans double bonds (10,13-15,18,22). 
Bands for hydroxy (3625-3617 cm -1 ) and ester 
moieties (1743-1741 cm -1) are consistent with 
a hydroxy-containing linoleate. The UV spectra 
of A2 and C with Xma x at 235 nm support 

AI + A 2  

= A, i Refractive Index 

Oe,ec,o, / I  11 11 
-~ Methyl I I I I  I I  

linoleote E 

A2 C 

I I l i 
0 20 60 90 120 

TIME (rain) ---~ 

FIG. 1. HPLC trace of methyl linoleate alcohol 
isomers separated on a 30 cm x 3.19 mm #-Porasil 
column using 0.3% 2-propanol in hexane as eluant. 
Upper trace, refractive index (RI) detector; lower 
trace, ultraviolet (UV) detector. AI: methyl 12- 
hydroxy-cis-9,trans-13-octadecadienoate; A2: methyl 
13-hydroxy-cis-9,trans- ll-octadecadienoate; B : methyl 
lO-hydroxy-trans-8,cis-12-octadecadienoate; C: methyl 
9-hydroxy-trans- 10,cis- 12-octadecadienoate; D and E: 
small quantities of the trans, trans isomers of A2 and 
C. 
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the IR assignment of a cis, trans conjugated 
diene, but not a trans, trans conjugated diene 
(kmax = 232-233 nm) (18,23,24). The NMR 
spectra of A2 and C also support the IR analy- 
sis with signals for olefinic protons at 6.48-6.54 
ppm (m) and 5.67-5.70 ppm (m), the methine 
proton of the carbinol moiety at 4.16-4.15 ppm 
(q), and allylic absorptions at 2.21 ppm (t). 
The integration ratios of the proton signals are 
consistent with these assignments. These NMR 
spectra are in agreement with those reported 
in the literature (25,26). Isomer A2 has the 
same HPLC retention volume as methyl 13- 
hydroxy-cis-9,trans- 11-octadecadienoate and 
C has the same retention volume as methyl 
9-hydro xy-trans- l O,cis-12-octadecadienoate (iso- 
lated along with the 13-hydroxy-cis-9,trans-ll 
isomer and both trans, trans isomers from 
NaBH4-reduced, autoxidized methyl linoleate). 
The minor components D and E, which consti- 
tute ca. 2% of the products, have retention 
volumes that suggest they are the trans, trans 
conjugated diene alcohols methyl 13-hydroxy- 
trans-9,trans-ll-octadecadienoate and methyl 
9-hydroxy-trans - 10, trans- 12-octadecadienoate, 
respectively. 

The IR spectra of A1 and B have bands at 
3010-3013 cm -1 and a single absorption band 

at 971-972 cm -1 suggesting that both isomers 
contain an isolated double bond (13,14,18,22). 
Bands for hydroxyl (3617-3620 cm -1) and 
an ester moiety (1747-1739 cm -1) are consistent 
with a reduced, oxidized linoleate. The NMR of 
A1 and B support the IR analysis showing 
olefinic absorptions at 5.55-5.59 ppm (m), 
the methine proton of the carbinol moiety at 
4.08-4.11 ppm (q), and allylic absorptions at 
2.05 ppm (m) and 2.20-2.28 ppm (a broad 
triplet overlapping with the absorption of 
protons located adjacent to the ester carbonyl). 
Integration of the NMR yields values consistent 
with these assignments. The NMR spectra of 
conjugated diene alcohol A2 and nonconju- 
gated diene alcohol A1 are compared in Figure 
2. Differences between these isomers are most 
pronounced in the olefinic region. Isomers B 
and C have NMR spectra similar to A1 and A2, 
respectively. Mass spectral analysis of A1 and B 
revealed molecular ions at 310 which corres- 
ponds to a Cls methyl ester having double 
bonds and 1 hydroxy moiety. In addition, the 
MS of A1 and B show strong ions at m/e 113 
and 199, respectively. These ions correspond to 
fragments having formulas C7 H13 O. +, resulting 
from cleavage adjacent to the hydroxy group, 
as depicted in Figure 3. This proves that A1 has 

t _ _ t  I i 1  I i r 

b 

7.0 6.0 5.0 4. 5.0 2.0 1.0 

FIG. 2. Nuclear magnetic resonance spectra of 2 diene alcohols. (a) Compound AI: methyl 12-hydroxy-cis- 
9, trans-13-octadecadienoate; (b) Compound A2: methyl 13-hydroxy-cis-9,trans-ll-octadecadienoate. Spectra 
of the 7 to 4 6 region were accumulated from 50 (8 min) scans of the diene alcohols (3-4 mg) in CDC13-TMS 
solution using a Varian CAT. 
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~H 

OH ~ + ~ ) 0 % { C  H2)6 CO~ CH 5 

B m/e = 199 

FIG. 3. Mass spectrum fragmentation which yields 
the m/e = 113 and m/e = 199 ions. 

the hydroxy at C-12 and B has it at C-10. Each 
fragment retained only 1 of the 2 double 
bonds, implying that the hydroxy lies between 
the double bonds. Ozonolysis of A1 and B in 
the presence of BF3/methanol (27) gives the 
diesters dirnethyl azelate and dimethyl suber- 
ate, indicating that the double bond closest 
to the ester moiety is between C-9 and C-10 
in A1 and C-8 and C-9 in B. 

The relative yields of B and C were deter- 
mined by adding an aliquot of methyl ricinole- 
ate as internal standard to the NaBH4-reduced 
photooxidation mixture, then separating the 
components on a #-Porasil column using an 
RI detector to monitor the separation. The 
response factors for B (0.75) and C (1.06) 
relative to methyl ricinoleate were determined 
by co-injection of weighed quantities of B and 
C with methyl ricinoleate. The B/C ratio rela- 
tive to methyl ricinoleate was found to be 
0.92 -+ 0.08. Assuming the B/C ratio is identical 
to the A1/A2 ratio, the nonconjugated alcohols 
constitute 46 + 4% of the products. 

DISCUSSION 

Photooxidation of methyl linoleate followed 
by NaBH4 reduction yields approximately 
equal amounts of 4 isomeric diene alcohols; 
2 have conjugated double bonds and 2 have 
isolated double bonds. Formation of approxi- 
mately equal amounts of conjugated and non- 
conjugated diene alcohols is consistent with 
previous reports in the literature on this sytem 
(14-17). Structures of the 4 diene alcohols are 
given in Figure 4. Ozonolysis confirmed the 
position of the double bond closest to the ester 
moiety in both A1 and B. The positions of the 
remaining double bonds were deduced in the 
following manner. Isomer B, which is formed 
by singlet oxygen oxidation of the C-9,10 
double bond of linoleate, retains the cis C-12,13 
double bond intact. Oxidation of the C-12,13 
linoleate double bond introduces oxygen at 
C-12, yielding A1. Since the singlet oxygen 
erie reaction proceeds as if it were a thermally 
allowed concerted reaction, the position of the 
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OH 0 
~ v ~ ~ V ~ O C H 5  AI 

OH 0 

~ O C H  5 A2 

OH 0 

~ O C H  3 

OH 0 

~ O C H  3 

FIG. 4. Diene alcohols produced by NaBH 4 
reduction of the hydroperoxides formed from methyl- 
ene blue-sensitized photooxidation of methyl lin- 
oleate: AI : methyl 12-hydroxy-cis-9,trans-13-octa- 
decadienoate; A2: methyl 13-hydroxy-cis-9,trans-ll- 
octadecadienoate; B: methyl 10-hydroxy-trans-8,cis- 
12-octadecadienoate; C: methyl 9-hydroxy-trans-lO, 
cis-12-octadecadienoa te. 

hydroxy establishes the position of the remain- 
ing double bond in nonconjugated A1 to lie 
between C- 13 and C- 14. 

Foote and coworkers (21,28) have noted 
that the product distribution from the singlet 
oxygen ene reaction is not particularly sensitive 
to the number of hydrogens available for 
reaction or to a substituent directing effect. 
We and others (14-17,29) have observed that 
1,4-dienes (like linoleate) react with singlet 
oxygen yielding approximately equal amounts 
of conjugated and nonconjugated products and 
Chan (30) reports that linolenate reacts with 
singlet oxygen to give a nearly statistical 
distribution of conjugated (69%) and non- 
conjugated (31%) hydroperoxides. From these 
observations, we conclude that doubly aUylic 
protons are not appreciably more susceptible 
to attack than are singly allylic protons. More- 
over, the shifted double bond appears to be 
predominantly, if not exclusively, trans. This 
high degree of stereoselectivity in the reaction 
of singlet oxygen with linoleate has not been 
previously demonstrated, but it is consistent 
with reports describing the subtle configur- 
ational features that influence the course of 
olefin-singlet oxygen reactions (31-34). (How- 
ever, 2 recent reports show that extensive 
irradiation of these peroxide solutions will 
result in changes in the isomer ratios [16,29]; 
undoubtedly this is the result of excited- 
state dye-hydroperoxide interactions.) Figure 5 
rationalizes the reactions of singlet oxygen with 
linoleate in terms of steric interactions; the con- 
formation of lowest energy (least steric crowd- 
ing) is preferentialiy oxidized. 
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FORMATION OF NON CONJUGATED DtENES: 

0=0 R ,',,J ' 0~0 
~ \ ~  CIS - TRANS PRODUCT 

R R R R IS FAVORED 
H 

,0~0 
H ,' H H O-O~H 

' H ~  ~ ' ~ H  DIS CIS PRODUCT IS 
R H R NOT FAVORED 

FORMAl/ION OF CONJUGATED D~ENES: 

.0=0 H-O~ 0 
A" k':, 'H ~ ~ I , " H  

~ C  --~R I C[S TRANS PRODUCT 
R I H 2 R 

H H CH 2 R IS FAVORED 

0=0 ~ 0 ~  ,," %~, ,~H H 0 ~H 

~J~/~X~CH2R CH2R CIS-ClS PRODUCT ]S 
v ~  

RA ..~ " ~ _  R' NOT FAVORED 

FIG. 5. Conformations for the ene reaction of  
singlet oxygen with the 1,4-diene moiety of  methyl 
linoleate. The cis, trans isomer is predicted to be 
favored over the cis, cis for both the conjugated and 
nonconjugated isomers. 

Of the 4 products formed in the singlet 
oxygen oxidation of linoleate, the nonconju- 
gated diene alcohol B, methyl  10-hydroxy- 
trans-8,cis-12-octadecadienoate, is most easily 
separated by HPLC from the other cis, trans and 
trans, trans conjugated diene alcohols in the 
NaBH4-reduced product  mixtures. Thus, HPLC 
identification of this isomer demonstrates 
singlet oxygen participation in a linoleate 
oxidation.  This procedure will allow linoleate 
to be used as a probe for singlet oxygen partici- 
pation in biological lipid oxidations. 
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ABSTRACT 

The composition of circulating very low density lipoprotein (VLDL) was compared with the 
composition and secretion of nascent VLDL from perfused livers of squirrel monkeys that were fed 
unsaturated or saturated fat diets to elicit different degrees of plasma hypercholesterolemia. All 
squirrel monkeys studied had cholesteryl ester-rich plasma VLDL, although greater enrichment occurred 
in hypercholesterolemic animals fed saturated fat. Livers from hypercholesterolemic animals were 
capable of secreting VLDL particles enriched in cholesteryl ester, suggesting hepatic origin for a 
portion of this circulating lipid moiety. Total VLDL lipid, but not protein output by perfused livers 
of hypercholesterolemic monkeys, was greater than that by livers from hypocholesterolemic animals. 
These results indicate that saturated fat-induced hypercholesterolemia is associated with changes in 
the composition of hepatic VLDL in the squirrel monkey. 

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

Plasma lipid and lipoprotein profiles of most 
mammals, including nonhuman primates, gener- 
ally reveal negligible quantities of plasma 
triacylglycerol and associated very low density 
lipoprotein (VLDL). However, dietary con- 
sumption of saturated fat and/or cholesterol 
have resulted in the circulation of cholesteryl 
ester-rich VLDL in rats (1), guinea pigs (2,3), 
rabbits (4,5), dogs (6) and in both Old and New 
World monkeys (7-9). Previous study of cebus 
and squirrel monkeys (10) indicated that the 
primary expansion of the cholesteryl ester pool 
during saturated fat feeding was associated with 
high density lipoprotein (HDL) in cebus and 
with low density lipoprotein (LDL) in squirrel 
monkeys. In fact, VLDL played only a minor 
role in the total cholesterolemia. Nevertheless, 
since cholesteryl ester-rich VLDL may be 
unusually atherogenic (11) their origin and 
metabolism are of interest. 

A fundamental question related to the 
metabolism of such particles is whether they 
are cholesteryl ester-rich when secreted or 
become enriched during prolonged circulation 
through transfer of cholesteryl ester from other 
lipoproteins and selective removal of triacyl- 
glycerol. If secreted, do they originate primarily 
from liver or intestine? For example, in chol- 
esterol-fed rabbits, intestinally derived chylo- 
micron remnants appear to be a major source 
of plasma VLDL cholesteryl esters (4). On the 
other hand, perfused livers of hyperchol- 
esterolemic guinea pigs fed cholesterol (3) and 
rats made hypercholesterolemic with chol- 
esterol and propylthiouracil feeding (12) 

secrete cholesteryl ester-rich VLDL, suggesting 
hepatic origin for these particles. In vivo 
studies in squirrel monkeys made hyperchol- 
esterolemic with saturated fat and cholesterol, 
and which circulated cholesteryl ester-rich 
VLDL, concur with the findings in guinea pigs 
and rats, but also suggest that a portion of the 
cholesteryl ester moiety could be derived from 
nonhepatic sources such as plasma lecithin: 
cholesterol acyl transferase (LCAT) (13) and 
the intestine (14). 

Similar to other lipoproteins, the concen- 
tration of VLDL particles is determined by 
their rates of production and catabolism. 
However, there is disagreement as to whether 
hypercholesterolemia is associated with in- 
creased or decreased hepatic VLDL secretion. 
Several in vivo studies with T r i t o n  blockade 
have indicated that triglyceride (15,16) and 
VLDL (14,17) secretion rates are depressed 
during hypercholesterolemia. However, isolated 
perfused livers from hypercholesterolemic rats 
(18,19), guinea pigs (3) and gerbils (20) secrete 
more VLDL than hypocholesterolemic animals. 

These observations raised the following 
questions which were investigated in squirrel 
monkeys: (a) do cholesteryl ester-enriched 
VLDL particles circulate in the plasma of 
nonhuman primates fed saturated fat without 
added dietary cholesterol; (b) can the liver 
secrete a nascent VLDL particle reflecting the 
cholesteryl ester-enriched composition of those 
in circulation; and (c) does the quantity of 
VLDL secreted by the isolated, perfused liver 
in the squirrel monkey correspond with .the 
amount of VLDL and triacylglycerol secreted 
in vivo after Triton blockade, i.e., is it de- 
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pressed in livers from monkeys with high levels 
of circulating cholesterol? 

METHODS 

To evaluate the enrichment of VLDL with 
cholesteryl ester resulting from saturated 
fat feeding, 4 hypercholesterolemic monkeys 
(Sairniri sciureus, Letician), born and raised in 
our primate nursery, were selected from a larger 
group of monkeys fed 10% coconut oil or lard 
(saturated fat) and compared with 4 hypochol- 
esterolemic monkeys selected from those fed 
10% corn oil or cottonseed oil (unsaturated 
fat) as the fat component of a semipurified diet 
for a period of 3 to 4 years from birth. The 
diet composition was as follows (g/100 g): 
casein, 20.0; dextrose, 40.7; coconut oil, corn 
oil, lard or cottonseed oil, 10.0; salt mix, 
4.0 (21); vitamin mix, 2.0 (21); choline chlor- 
ide, 0.3; cellulose, 23.0. Body weight ranged 
from 620-920 g with a mean + SE of 758 + 27. 

After an 18-hr fast, animals were anesthe- 
tized with sodium pentobarbital (30 mg/kg 
body weight) and 10 ml of blood collected 
from the inferior vena cava for plasma VLDL 
isolation. Plasma VLDL (d < 1.006) was 
isolated by ultracentrffugation (22) for 20 hr 
at 40,000 rpm in a Beckman 40.3 fixed angle 
rotor and Model L ultracentrifuge. After 
centrifugation, the top 1 ml of each tube 
(VLDL fraction) was collected by aspiration 
and dialyzed against 0.15 M NaC1 for 48 hr. 
Aliquots of the dialysate were analyzed for 
protein (23), total cholesterol (24) and phos- 
pholipid (25). The remaining dialysate was 
extracted for neutral lipids (26), separated into 
the various lipid classes by thin layer chro- 
matography (TLC) and quantitated by in situ 
TLC charring densitometry (27). Electro- 
phoresis of VLDL was carried out on agarose 
gels (28) and stained with Oil-Red-O. 

To assess hepatic secretion of VLDL, the 
bile duct and portal vein were cannulated prior 
to initial perfusion of the liver with Krebs- 
Ringer bicarbonate buffer (KRB) containing 
2% albumin. The liver was then removed from 
the animal, placed in a modified Miller appar- 
atus (29) and perfused with 125 ml of a recircu- 
lating cell-free medium containing: (per 100 
ml), an amino acid mixture (Eagle's Minimum 
Essential Amino Acids and glutamine, Micro- 
biological Associates, Inc., Bethesda, MD); 
2% fatty acid-poor albumin (Cohn Fraction V, 
Armour Pharmaceutical, Montgomery, IL); 
360 mg glucose; and 5 mg streptomycin and 
penicillin. Perfusion was by gravity flow at a 
flow rate of 60 ml/min with a hydrostatic 
pressure of 15 cm of water. All perfusions 

lasted 3 hr, during which time the media was 
constantly equilibrated with a humidified gas 
phase of 95% 02 and 5% CO2. Liver viability 
was judged by gross appearance, perfusion flow 
rate, bile flow, serum glutamic-oxaloacetic 
transaminase (SGOT) and serum glutamic- 
pyruvic transaminase (SGPT) (Sigma Reagent 
Kits, St. Louis, MO). Postperfusion livers 
ranged from 13.8 to 21.7 gwi th  a mean+- SE 
of 17.8 +- 0.8 g. 

After 3 hr, the perfusate (ca. 90 ml) was 
Q 

concentrated at 4 C to ca. 25-30 ml by ultra- 
filtration at 20-25 psi in an Amicon Concen- 
trating Cell (Model 52) using PM-30 mem- 
branes. The VLDL fraction was isolated by 
ultracentrifugation as already described (22). 
Procedures for agarose electrophoresis and 
measurements of protein, total lipid and the 
various lipid classes of perfusate VLDL were 
the same as those already described for plasma 
lipids and VLDL. 

RESULTS 

Plasma Cholesterol and Lipoprotein Profile 

Monkeys designated as hypercholesterolemic 
and fed saturated fat as coconut oil (n = 2) 
or lard (n = 2), had a mean plasma cholesterol 
concentration of 273 -+ 15 mg/dl. Four mon- 
keys designated as hypocholesterolemic and fed 
unsaturated fat as corn oil (n = 3) or cotton- 
seed oil (n = 1) had a mean plasma cholesterol 
value of 113 + 6 mg/dl. Agarose gel electro- 
phoresis of plasma indicated that hyperchol- 
esterolemic monkeys experienced a substantial 
increase associated with the LDL-VLDL band 
which was verified by electrophoresis of iso- 
lated VLDL (Fig. 1). 

Plasma V L D L  

The composition of plasma VLDL differed 
in monkeys depending on whether their plasma 
cholesterol values were high or low (Table I). 
The relative protein content, which was similar 
between the 2 groups of monkeys, was slightly 
greater than previously published data (30) 
because of contamination with albumin, since 
the VLDL were not washed by a second centrif- 
ugation. Since lipid analyses were our major 
concern, the washing step, which reportedly 
results in loss of lipoprotein (31), was omitted 
to ensure the greatest possible yield of the 
small quantity of plasma VLDL usually found 
in monkeys. A greater percentage of cholesteryl 
ester (40 vs 27) and slightly less triacylglycerol 
(31.5 vs 23.5) and phospholipid were observed 
in plasma VLDL of hypercholesterolemic 
monkeys when compared to hypocholester- 
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SQUIRREL MONKEY 
PLASMA LIPOPROTEIN 

HDL 

VLDL 
LDL 

ORIGIN 

HIGH LOW 
CHOLESTEROL 

FIG. 1. Agarose electrophoresis depicts plasma 
lipoproteins from squirrel monkeys with high and low 
plasma cholesterol concentration. The VLDL fraction 
from each was separated by ultracentrifugation to 
demonstrate the substantial increase in that density in 
the hypercholesterolemic monkey. 

olemic animals, a l though VLDL f rom the  
hypocho les t e ro lemic  group also conta ined  a 
relatively high concen t ra t ion  of  choles teryl  
esters. 

Perfusate VLDL 

The viability of  livers was assessed by several 
physiological  parameters  such as bile f low and 
t ransaminase release by the  liver (SGOT and 

SGPT). At the  end of  3 hr, values were similar 
to those  repor ted  by  Bartosek et al. (32) for  
rats:  bile ou tpu t  (ml/hr) ,  0.51 + 0.10; SGOT 
and SGPT (m/a/ml/hr) ,  9.3 -+ 1.8 and 2.0 -+ 0.4, 
respectively.  Ul t ras t ructura l  assessment of  the  
liver (not  shown)  indicated that  perfus ion did 
not  disrupt  normal  cell organizat ion,  and 
l ipoprote ins  were visualized in the  Golgi appar-  
atus and associated vesicles adjacent  to the 
space of  Dissd. Similar to results in the  rat 
(12,33),  the  VLDL released in to  the  perfusate  
migrated more  slowly on agarose electro-  
phoresis  than  plasma VLDL (Fig. 2). 

Because perfusa te  VLDL compos i t ion  was to  
be compared  to plasma VLDL,  the  washing 
step was again omi t t ed  so tha t  direct  compar-  
isons could be made.  I n d e p e n d e n t  of  dietary 
fat and serum choles terol  concen t ra t ion ,  per- 
fusate VLDL conta ined  relatively more  triacyl- 
glycerol  than  plasma VLDL and relatively less 
choles terol  which  was 75-90% esterif ied (Table 
I). Perfusate  VLDL f rom hypercho les te ro lemic  
mo n k ey s  conta ined  relatively less prote in  and 
more  lipid than  ei ther  the  perfusate  V L D L  
f rom hypocho le s t e ro l emic  m o n k e y s  or plasma 
VLDL. Livers f rom hypercho les te ro lemic  mon-  
keys apparent ly  secreted less dense VLDL 
particles than  those  f rom the  low choles terol  
group as evidenced by the  secre t ion of  signifi- 
cant ly  more  VLDL total  lipid, esterif ied chol-  
esterol,  t r iacylglycerol  and phosphol ip id  in the  
l iypocholes te ro lemic  group,  whereas  net  VLDL 
pro te in  secreted was essentially identical  
(Table II). 

O |SCUSSION 

F r o m  these data and those  of  I l l ingworth 
(30), plasma VLDL f rom squirrel m o n k e y s  
under  normal  dietary c i rcumstances  apparent ly  
is choles teryl  ester-rich (27% tota l  l ipopro te in)  

TABLE I 

Plasma and Perfusate VLDL Composition from Hypo- and 
Hypercholesterolemic Squirrel Monkeys 

Plasma VLDL Perfusate VLDL 

VLDL component Hypo Hyper Hypo Hyper 

Percent by weight 

Total protein 17.0-+ 6.3 18.6-+ 6.0 19.1 -+ 0.9 12.3-+ 1.0 a 
Total lipid 83.1 + 10.2 82.4 -+ 5.3 80.9 -+ 0.9 87.6 -+ 2.2 a 

Triglycerides 31.5 +- 3.2 23.5 + 1.4 a 59.9 +- 1.7 51.0 -+ 0.9 a 
Esterified cholesterol 27.2 • 1.8 40.3 • 2.3 a 9.9 -+ 0.9 22.1 -+ 1.2 a 
Unesterified cholesterol 8.9 -+ 2.9 7.4 -+ 2.4 2.6 -+ 0.8 2.8 -+ 0.8 
Phospholipid 15.6 • 2.6 11.2 • 1.1 8.7 • 2.2 11.7 • 2.3 

Values are mean -+ SE for 4 monkeys per group. (hypo = hypocholesterolemic, 113 -+ 6 mg/dl; hyper = 
hypercholesterolemic, 273 -+ 15 mg/dl). 

aDiffers significantly from hypocholesterolemic animals (P < 0.05). 
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SQUIRREL MONKEY 
VLDL 

PLASMA PERF. 
FIG. 2. A representative electrophoretogram of 

plasma and perfusate VLDL from a hypercholester- 
olemic monkey indicates a slower mobility of the 
perfusate VLDL. Differences in migration were not 
observed as a function of plasma cholesterol levels. 

compared  to tha t  f o u n d  in h u m a n s  (34)  and  
several expe r imen ta l  animals  (35,36) .  An  even 
greater  e n r i c h m e n t  (40% to ta l  l i popro te in )  
was observed in the  hype rcho l e s t e ro l emic  
m o n k e y s  fed sa tura ted  fat ,  s imilar to f indings  
in c o c o n u t  oil-fed r abb i t s  (5) and choles tero l -  
fed rabb i t s  (4), guinea  pigs (2,3) ,  rats  (1) and  
New and  Old World m o n k e y s  (7-9). A less 
m a r k e d  e n r i c h m e n t  occurs  in V L D L  of  rhesus  
fed c o c o n u t  oil (37)  and  is min ima l  in c o c o n u t  
oil-fed cebus  (38) ;  the  c o c o n u t  oil-fed cebus  is 
r emarkab le  for  its res is tance  to a therosc leros is  
compared  to the  squirrel  m o n k e y  (39) .  These  
obse rva t ions  underscore  the  po t en t i a l  of the  
sa tu ra ted  fat c o m p o n e n t  in any  d ie t - induced  

e n r i c h m e n t  of  the  cho les te ry l  ester  f r ac t ion  of  
V L D L  and  raises ques t ions  conce rn ing  the i r  
origin.  

Circulat ing choles te ry l  esters of  V L D L  are 
t h o u g h t  to or ig inate  f rom 3 sources:  as a 
c o m p o n e n t  of  nascen t  hepa t i c  VLDL,  f rom 
p lasma via the  LCAT enzyme,  and  f rom intes-  
t inal ly-der ived c h y l o m i c r o n  r emnan t s .  These  
ch y l o mi c ro n  r e m n a n t s  are p r o b a b l y  a ma jo r  
source of  increased p lasma V L D L  choles te ry l  
ester  observed in choles terol- fed rabb i t s  (4). 
On the  o t h e r  hand ,  in the  h y p e r c h o l e s t e r o l e m i c  
rat  (12)  and guinea pig (3),  secre t ion  of  chol- 
es teryl  ester-r ich l i pop ro t e in s  by  isolated 
perfused livers suggests a ma jo r  c o n t r i b u t i o n  
by  the  liver for  the  esterif ied cho les te ro l  of  
p lasma VLDL.  Studies  in h u m a n s  (40 ,41)  
ind ica te  tha t  a s ignif icant  p o r t i o n  o f  the  chol- 
es teryl  esters of  p lasma V L D L  are derived f rom 
the  t ransfe r  of  esters fo rmed  in HDL by the  
ac t ion  of  LCAT. 

The  P o r t m a n  et al. s tudies  (14) ,  wh ich  
d e m o n s t r a t e d  a s u b s t i t u t i o n  of  cho les te ry l  ester  
for  the  t r iacylglycerol  of  V L D L  dur ing  a l imen-  
t a t ion ,  impl ica ted  an in tes t ina l  orgin for th is  
choles te ry l  es ter -enr iched l ipopro te in .  On the  
o t h e r  hand ,  nascen t  hepa t ic  V L D L  ob ta ined  
af te r  T r i t o n  b lockade  in fast ing squirrel  mon-  
keys  were also cho les te ry l  es te r -enr iched  (13) ,  
again po in t ing  to the  liver as a site of  origin.  
The  t rue  source o f  these  part icles  could n o t  be 
ascer ta ined  f rom those  studies,  since plasma,  
o b t a i n e d  af ter  T r i t o n  b lockade ,  no t  on ly  
con ta ins  newly secreted hepa t i c  V L D L  bu t  also 
V L D L  of  unde f ined  origin in c i rcula t ion  at 
the  t ime  of  t r i t on iza t ion .  In add i t ion ,  since 
T r i t o n  b lockade  also inh ib i t s  LCAT act ivi ty ,  
an  accura te  ind ica t ion  of  the  e x t e n t  of  t r ans fe r  
of  choles tery l  ester  f rom HDL to V L D L  could 
not  be made.  

TABLE II 

Secretion of VLDL Protein and Lipids by Perfused Livers 
from Hypo- or Hypercholesterolemic Squirrel Monkeys 

VLDL Component 
PerfusateVLDL 

Hypocholest erolemic Hypercholesterolemic 

~zg/g liver/3 hr 

Total protein 125 +- 6 124 +- 12 
Total lipid 532 -+ 13 881 -+ 24 a 

Triglycerides 392 -+ 26 513 -+ 38 a 
Esterified cholesterol 65 -+ 12 222-+ 19 a 
Unesterified cholesterol 17 -+ 6 28 -+ 9 
Phospholipid 56 -+ 12 118 -+ 31 a 

Total VLDL lipoprotein 656 -+ 23 1005 -+ 34 a 

Mean +_ SE for 4 monkeys per group. 
aDiffers significantly from hypocholesterolemic animals (P < 0.05). 
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In this s tudy,  the liver perfusion system 
enabled us to assess hepatic  capabili ty for 
secretion of  cholesteryl  ester-rich V L D L  
independent  of  extra-hepatic  sources of  these 
particles. Al though the livers from hyperchol-  
esterolemic monkeys  secreted particles con- 
taining relatively more cholesteryl  ester (22% 
total  l ipoprotein)  than V L D L  secreted by 
livers of  hypocholes te ro lemic  animals (10% 
tota l  l ipoprote in) ,  the particles were less 
enriched than V L D L  circulating in plasma. 
Thus, these data support  the in vivo Tr i ton  
studies of  IUingworth et al. (13) and also the 
in vitro liver perfusion studies in rats (18,19) 
and guinea pigs (3) which would  suggest that 
at least part of  the enr ichment  results f rom 
hepatic  secretion of a cholesteryl  ester-rich 
VLDL.  

An apparent  difference was found be tween  
the cholesteryl  ester-rich l ipoproteins  secreted 
by the isolated perfused livers of  hyperchol-  
esterolemic primates and rats. Al though per- 
fused livers of  hypercholes tero lemic  squirrel 
monkeys  failed to secrete increased amounts  
of  LDL (unpublished results), perfused livers 
of  hypercholes tero lemic  rats secrete cholesteryl  
ester-rich LDL which may  contr ibute  directly 
to plasma LDL (12). This apparent ly  is not  t rue 
in squirrel monkeys  where the LDL i s presum- 
ably derived f rom cholesteryl  ester-rich V L D L  
(30). 

The third objective of  this s tudy was to 
determine  whether  the livers o f  hypercholes ter-  
olemic monkeys  would  secrete more or  less 
V L D L  than those f rom hypocholes te ro lemic  
animals. A 300% increase in total  VLDL ou tpu t  
was associated with hypercholes terolemia ,  in 
agreement  with the greater VLDL secretion 
noted  f rom perfused livers of  hypercholes ter-  
olemic rats (18,19),  gerbils (20) and guinea 
pigs (3). These results are the opposi te  of  our  
own (15,16) and other  (14,17) investigations 
which demonst ra te  that  t r iacylglycerol  or 
V L D L  secret ion determined in vivo after  Tr i ton  
blockade is reduced in hypercholes tero lemic  
animals. The explanat ion for this discrepancy 
remains obscure, but  it seems plausible to 
hypothes ize  that  serum factors present during 
in vivo measurements  and absent in the in vitro 
liver perfusion systems may regulate l ipoprote in  
secretion. 

The enhanced VLDL-lipid secret ion by the 
perfused livers of  hypercholes tero lemic  mon-  
keys contrasted with the comparable  VLDL- 
protein secret ion by the 2 groups of  monkeys .  
This suggests that the hypercholes tero lemic  
monkey  liver secreted an equal  number  of  
larger particles. Similar findings have been 
repor ted  for rat livers perfused with  various 

fat ty  acids, i.e., V L D L  tr iglyceride secret ion 
and V L D L  lipid compos i t ion  varied, but  to ta l  
hepat ic  protein secretion was the same (42). 

The mechanisms control l ing in vitro V L D L  
particle secret ion and the amount  and kind o f  
lipid it will t ransport  remain to be elucidated.  
However ,  it has been suggested that  enhanced 
VLDL secretion by perfused livers associated 
with such things as cholesterol  feeding (18,19), 
saturated fat in take (20) or  Tr i ton- induced 
hyper l ipemia (43) may be in response to a 
demand for transport  of newly synthesized 
hepat ic  tr iglyceride (44). A l though  hepat ic  
lipid concent ra t ion  and synthesis could no t  be 
measured prior to perfusion o f  these m o n k e y  
livers, liver slices and mi tochondr ia l  super- 
natants  from hypercholes tero lemic  monkeys  
(21) and gerbils (20)fed coconut  oil incorpora te  
more lipid precursors into hepatic  triacyl- 
glycerol  or  perfusate VLDL-lipid than normo-  
cholesterolemic animals fed unsaturated fat. 

In conclusion,  this investigation has demon-  
strated that (a) saturated fat- induced hyper-  
cholesterolemia in squirrel monkeys  results in 
plasma V L D L  enriched in cholesteryl  ester, 
(b) perfused livers can secrete cholesteryl  ester- 
rich nascent V L D L  and (c) hypercholester-  
olemia results in enhanced VLDL produc t ion  
by the isolated perfused liver. 
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Inhibition of Rat Hepatic Sterol Formation 
from Squalene by Plasma Lipoproteins 
M.V. SRIKANTAIAH, D.W. LEW and R.J. MORIN, Department of Pathology, 
Harbor-UCLA Medical Center, 1000 West Carson Street, Torrance, CA 90509 

ABSTRACT 

The conversion of 3H-squalene to sterols by rat liver microsomes and cytosol was inhibited by 
individual rat and human plasma lipoproteins at various concentrations. This inhibition was also 
observed with added human high density apolipoprotein, but triglycerides, cholesterol or cholesteryl 
esters had no inhibitory effects. Lipoproteins and apo high density lipoprotein (HDL) were demon- 
strated to bind 3H-squalene in vitro. The binding of 3H-squalene by apo HDL could be reversed by 
increasing concentration of liver cytosol containing sterol carrier protein I . 

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

The lack of correlation between synthesis of 
cholesterol and activity of 3-hydroxy-3-methyl 
glutaryl CoA reductase in a variety of cultured 
cells and in rats treated with ML-236B (1-3) 
indicates that regulation of cholesterol bio- 
synthesis at points beyond mevalonic acid may 
be of physiological importance. Regulation of 
cholesterol biosynthesis in the liver at steps 
beyond mevalonic acid has been suggested by 
several investigators. From studies on the 
effects of cholesterol feeding on hepatic syn- 
thesis of cholesterol and squalene in vivo, Rao 
and Olsen (4) concluded that there was possibly 
a control point for the biosynthesis of chol- 
esterol at the cyclization of squalene. Burns et 
al. (5) incubated human peripheral leukocytes 
with 14C-acetate and found that most of the 
radioactivity was incorporated into lanosterol, 
squalene and an unidentified sterol but not into 
cholesterol, suggesting that in human leuko- 
cytes rate-limiting steps exist beyond the 
3-hydroxy-3-methyl glutaryl CoA reductase 
reaction. Onajobi and Boyd (6) showed that rat 
serum contained a protein termed "squalene 
sequestering protein," which inhibited t h e  
conversion of mevalonate to cholesterol. 
They showed that this protein was very similar 
to apo high density lipoproteins (HDL) and that 
it bound squalene irreversibly, suggesting a 
novel mode of control of cholesterol bio- 
synthesis. In addition, our finding (7) that a 
hepatic cytosolic protein, sterol carrier protein1 
(SCP1), acts specifically at the oxidation and 
cyclization of squalene by microsomes indicates 
that this step is an important point at which 
cholesterol biosynthesis is regulated. This work 
deals with a probable regulatory role of lipo- 
proteins at this step. 

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

3H-Squalene was prepared biosynthetically 

from DL-[5-3H]-mevalonic (New England 
Nuclear, specific activity 1.0 Ci/mmol) by 
anaerobic incubation with a 20,000 x g super- 
natant of rat liver homogenate in a manner 
similar to that described by Tchen (8). The 
squalene was purified by passing the radioactive 
mixture through a 7-ml silicic acid (Unisil/ 
Supercel 5:1) column in benzene/carbon tetra- 
chloride (1:9) and then eluting with the same 
solvent mixture. This column procedure was 
repeated once more to obtain pure squalene. Its 
specific activity (sp act) was determined by 
liquid scintillation counting and colorimetric 
determination of squalene (9). Male Sprague 
Dawley rats (200-300 g) were used for prepa- 
ration of fiver microsomes and liver 105,000 x 
g superuatant (Sa0s). Livers were homogenized 
in 3 times their vol of buffer (0.02 M potassium 
phosphate buffer, pH 7.4, containing 10 -4 
EDTA) with a Polytron homogenizer. From 
this homogenate, the Sx0s and microsomes were 
prepared as previously described (7). The 
microsomes were washed once by suspending 
them in buffer equivalent to the initial vol of 
homogenate and then rehomogenizing with the 
Polytron. After centrifugation at 105,000 x g 
for 1 hr, the pellet was suspended in buffer to 
give a protein concentration of 10 mg/ml. SCPI 
was assayed in a reaction mixture of 2.0 ml 
buffer, microsomes (2 mg), NADPH (91.2 mM), 
NAD § (3 mM), 100 /Jg phosphatidylserine 
(prepared by sonicating 10 mg in 10 ml buffer 
at room temperature for 5 rain), FAD (0.1 
raM), 3I-I-squalene (20,000 cpm, 1.0 nmol) in 
dioxane/propylene glycol (2:1) and S10s as a 
source of SCP1. The incubations were carried 
out for 2 hr at 37 C in a Dubnoff shaker under 
oxygen. The remaining steps of the procedure 
were the same as described by Scallen et al. 
(10). 

Lipoproteins were isolated from the rat 
plasmas by centrifugation according to the 
Have1 et al. method (11). The serum was 
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brought to 1 mM EDTA and centrifuged at 
105,000 x g for 18 hr, after which the top 
floating layer of very low density lipoprotein 
(VLDL) was removed. Sodium chloride was 
added to the infranatant to adjust the solvent 
density to 1.063. After centrifuging at 105,000 
x g for 22 hr, the top layer of low density 
lipoprotein (LDL) was carefully removed. The 
infranatant was then adjusted to a solvent 
density of 1.21 by adding sodium bromide and 
centrifuged at 105,000 x g for 36 hr. This time 
the floating layer contained the HDL. The 
lipoproteins were dialyzed against 0.02 M 
potassium phosphate buffer (pH 7.4). 

HDL was delipidated by a modification of 
the Shore and Shore procedure (12). The 
delipidation was done at 4 C in 10-ml graduated 
centrifuge tubes equipped with teflon-lined 
screw caps. Five ml of HDL in phosphate 
buffer, containing 4 mg HDL protein/ml, was 
placed in each tube and an equal vol of diethyl 
ether/ethanol (1:1, v/v) was injected rapidly 
into the solution with a syringe. The tubes were 
immediately rotated on a Multipurpose Rotator 
for 10-15 rain to facilitate the extraction. The 
extraction mixture aws then centrifuged for 2 
min to form 2 distinct phases. The lipid- 
containing upper phase was removed by aspira- 
tion and replaced by 1.5 ml of  ether/ethanol 
(3:1 v/v), which was vigorously injected as 
before. The tubes were rotated and centrifuged, 
and the upper phase was removed and dis- 
carded. This procedure was repeated until the 
vol of the aqueous phase was reduced from ca. 
8.5 ml to 5 ml. A total of 6-7 extractions with 
ca. 1.5-ml aliquots of the ether-ethanol mixture 
was required. After delipidation, the aqueous 
phase containing apo HDL was dialyzed against 
0.1 M Tris buffer, pH 8.0, containing 0.1% 
EDTA to remove the organic solvent. 

For the binding studies, 50,000 cpm (5 
nmol) 3H-squalene was incubated with 1 mg of 
each lipoprotein fraction for 15 rain under 
nitrogen at 37 C; the mixture was then passed 
through a 10-ml Sephadex G-10 column. The 
column was eluted with the same buffer and 
1.0-ml fractions collected. Radioactivities in 
each fraction were determined by liquid scintil- 
lation counting and protein concentration 
determined by absorption at 280 nm; after- 
wards, the percentage binding of squalene was 
calculated. The unbound 3H-squalene remained 
on the column. 

RESULTS 

We investigated several proteins which could 
possibly bind squalene and act as competitive 
inhibitors of SCPx. The lipoproteins that were 

isolated from liver Sa0s by flotation after 
centrifugation for 72 hr at 105,000 x g in a 
solvent density of 1.21 had the capacity to bind 
squalene. Subsequently, we isolated the VLDL, 
LDL and HDL by centrifugation from both rat 
plasma and human plasma (I1). Each type of 
lipoprotein, when incubated with 3H-squalene 
and eluted from a Sephadex G-10 column, 
showed a squalene binding of 3-3.5 nmol/mg 
protein. 

Figures 1 and 2 show the inhibition by rat 
and human lipoproteins of the stimulatory 
effect of cytosol containing SCP1 on micro- 
somal conversion of squalene to sterols. This 
inhibition was not specific to any single type of 
lipoprotein. The inhibition was fully reversible 
by increasing the substrate concentration 10- to 
20-fold. At higher concentrations of  the llpo- 
proteins, the activity of microsomal enzymes 
was suppressed to lower than control activity of 
microsomes without added cytosol, suggesting 
that some residual SCP1 attached to micro- 
somes is being inhibited. Triolein (1.0 mM), 
cholesterol (1.0 mM), or cholesteryl oleate (1.0 
mM), added in 10 /J1 dioxane, propylene 
glycol (2:1) or sonicated triolein in buffer did 
not inhibit SCP1 activation. 

Cytosolic SCP1 activation was also inhibited 
by human apo HDL when apo HDL was added 
into the reaction mixture at different concen- 
trations (Table I). The inhibition by apo HDL 
could be reversed by adding higher concen- 
trations of cytosol (Table II). In this experi- 
ment, the 3H-squalene was used as squalene- 
HDL complex. Cytosol was still able to reverse 
the inhibition. 

DISCUSSION 

Squalene is the first water insoluble inter- 
mediate in the biosynthesis of cholesterol, and 
it is also the first precursor which requires SCP1 
in addition to microsomal enzymes in order to 
be converted into sterols (7). Squalene has been 
shown to bind to VLDL (13), LDL (14) and 
HDL (6) as well as to SCP (15). It was therefore 
important to determine the effects of these 
lipoproteins and their protein and lipid moie- 
ties, since all are synthesized in the liver and 
might compete there for binding of squalene. 
We found that all 3 types of lipoproteins and 
apo HDL bind squalene and that these were all 
inhibitory to activation of the microsomal 
enzymes by SCP1. The crude preparation of 
S10s used here as a source of SCP1 does contain 
proteins that float in the ultracentrifuge at a 
solvent density of 1.21 capable of binding 
radioactive squalene, but the concentration of  
these proteins in the actual reaction mixture in 
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FIG. 1. Inhibition of  rat liver SCPI activity by rat 
plasma lipoproteins: the 2-ml incubation mixtures  
contained 3.5 mg S~05 proteins, different concen- 
trations of  rat HDL (o . . . .  o); of  VLDL (~--D);  or 
LDL (o . . . .  e) and other contents  at concentrat ions 
as described in Methods. 

F i g u r e s  1 a n d  2 is f a r  less  c o m p a r e d  to  t h e  
a d d e d  p l a s m a  l i p o p r o t e i n  i n h i b i t o r s .  O n a j o b i  
a n d  B o y d  (6 )  o b s e r v e d  t h a t  w h e n  ra t  o r  h u m a n  
s e r u m  was  a d d e d  to  a n  i n c u b a t i o n  m i x t u r e  w i t h  
all t h e  c o f a c t o r s ,  i n c l u d i n g  a 1 9 , 0 0 0  x g r a t  
l iver  s u p e r n a t a n t  a n d  14C -meva l on i c  ac id  to  
s y n t h e s i z e  c h o l e s t e r o l ,  i n c o r p o r a t i o n  o f  m e v a -  
i on i c  ac id  i n to  c h o l e s t e r o l  was  d e c r e a s e d  a n d  
t h e r e  was  a c c u m u l a t i o n  o f  s q u a l e n e .  S u b s e -  
queri t - iy,  t h e y  s h o w e d  t h a t  t h e  f a c t o r  r e s p o n -  
s ib le  f o r  t h i s  s q u a l e n e  a c c u m u l a t i o n  was  v e r y  
s imi l a r  a n d  p o s s i b l y  i d e n t i c a l  to  a p o  H D L .  
G o o d m a n  o b s e r v e d  ( 1 3 )  t h a t  a l m o s t  all t h e  
s q u a l e n e  in  n o r m a l  h u m a n  p l a s m a  is b o u n d  to  
VLDL.  L e w i s  (14 )  f o u n d  t h a t  in  s u b j e c t s  w h o  
c o n s u m e d  a m e a l  c o n t a i n i n g  1.5 m g  o f  s q u a l e n e  
t h e r e  was  a n  i n c r e a s e  in  t h e  s q u a l e n e  c o n t e n t  o f  
p l a s m a  L D L  a f t e r  3 hr .  Al l  o f  t h e s e  s t u d i e s  
p r o v i d e  e v i d e n c e  fo r  t h e  b i n d i n g  o f  s q u a l e n e  b y  
l i p o p r o t e i n s .  O u r  c u r r e n t  s t u d i e s  s h o w  t h a t  all  
t h e s e  l i p o p r o t e i n s  a n d  a p o  HDL i n h i b i t  SCP1 in  
t h e  l iver  c y t o s o l .  T h e  r e c e n t  c h a r a c t e r i z a t i o n  o f  
a l i p o p r o t e i n  r e t i n y l  e s t e r  c o m p l e x  b y  He l l e r  
( 16 )  f r o m  ra t  l iver  c y t o s o l  s u g g e s t s  a p o s s i b l e  
p h y s i o l o g i c a l  i m p o r t a n c e  t o  o u r  f i n d i n g .  P r i o r  
to  t h i s  f i n d i n g ,  m a j o r  l i p o p r o t e i n s  h a d  b e e n  
d e m o n s t r a t e d  o n l y  in  t h e  Go lg i  a p p a r a t u s  
( 1 7 - 1 9 ) .  We f o u n d  t h a t  r e t i n o l  a d d e d  as l ipo-  
s o m e s  in  p h o s p h a t i d y l c h o l i n e  i n h i b i t e d  t h e  
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FIG. 2. Inhibition of  rat liver SCP~ activity by 
human  plasma lipoproteins: the 2-ml incubation 
mixture  contained 3.5 mg rat liver S~05 proteins, 
different concentrat ions of human  HDL (e . . . .  o); 
or VLDL (n- -D) ;  or LDL (o . . . .  e) and other contents  
at concentrat ions as described in Methods. 

TABLE I 

Inhibition o f  Cytosolic SCP1 by apo HDL 

Concentrat ion o f  
apo HDL 

~g/ml reaction mixture  
Percent conversion 

of squalene to sterols 

None 44.0 
6.0 40.0 

12.0 35.0 
60.0 23.0 

Reaction mixture  (2.0 ml) contained 3.5 mg $10 s 
protein,  different concentrat ions of apo HDL as above 
and other const i tuents  in concentrat ions as given in 
Methods. 

TABLE 11 

Reversal of  apo HDL Inhibition by 
Increased Cytosol Concentrat ion 

Concentrat ion of  $i0 s protein 
(mg/ml) Percent conversion 

None 18.0 
1.7 54.0 
3.5 74.0 
7.0 84.0 

aH-Squalene (0.2 /~Ci) was incubated with 250 ~tg 
o f  apo HDL at 37 C under N z for 15 min and was 
applied to a Sephadex G-10 column. One-ml fractions 
were collected and the fractions with radioactivity 
were pooled. The 2-ml incubation mixtures  contained 
2 mg microsomes,  0.5 ml o f  the  above pooled frac- 
tions, different concentrat ions of  $105 as above and 
other  const i tuents  at concentrat ions as described in 
Methods. 
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conversion of squalene to sterol by rat liver 
microsomes and cytosol (unpublished obser- 
vations). A recent report by Hashimoto and 
Dayton (20) showing that plasma lipoproteins 
from normal and hypercholesteremic rabbit 
serum stimulate cholesterol esterification in 
hepatic microsomes supports the concept that 
there may be some interaction between lipo- 
proteins and the fiver microsomes. 

The inhibition of SCP1 by lipoprotein is 
apparently competitive, since this inhibition 
could be reversed by increasing squalene 
concentrations. The inhibition does not result 
from any nonspecific sequestering of squalene 
by lipoproteins because the apo-HDL-bound 
3H-squalene becomes a substrate in the pres- 
ence of higher concentrations of SCPa. The 
inhibitory activity of the lipoproteins appar- 
ently results from their apo protein portion, 
since the lipid moieties such as phospholipid, 
triolein, cholesterol or cholesteryl ester are not 
inhibitory whereas apo HDL is inhibitory. 
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Composition and Biosynthesis of Fatty Acids 
in Pyramimonas grossii 
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ABSTRACT 

The green alga Pyramimonas grossii orginating in the coastal waters of the Atlantic Ocean Argen- 
tina was subcultured until a monoalgal culture was obtained. The fatty acid composition of the alga 
grown in a mineral medium at 12 C was determined by gas liquid chromatography (GLC) on 2 col- 
umns. The major fatty acids were oleic, linoleic, palmitic and a-linolenic acids, but the 20-carbon 
polyunsaturated acids, 20:4co6 and 20:5r respectively, belonging to the linoleic and a-linolenic 
series, were also found. Incubation with [1'C] oleate, [14C]acetate, [l*C]linoleate and [l*C]a-lino- 
lenate suggests that linoleate is not directly converted to a-linolenate, [~4C] Acetate was easily con- 
verted to palmitic, palmitoleic and oleic acids. However, after 48 hr of incubation, only traces of 
radioactivity were detected in linoleic acid and no label was found in a-linolenic acid. 

INTRODUCTION 

It has been established that the main fatty 
acids present in marine planktonic green algae 
belonging to the classes Chlorophyceae and 
Prasinophyceae are 16:4~o3, 18:3w3 and 16:0, 
with smaller quantities of the acids 18:26o6, 
18:36o6, 16:36o6 and 16:36o3 (1). In addition, 
it is reported that some species belonging to the 
genera Dunaliella and Heteromastix also con- 
tain significant quantities of  20:5603, 18:46o3 
and 22:56o3 acids (2). The presence of smaller 
quantities of odd carbon number saturated 
acids and the corresponding anteiso acids were 
also reported in a freshwater Chlorophyte (3). 

Two different routes have been proposed for 
the synthesis of a-linolenic acid in plants. In 
one pathway, it would be produced by the 
oxidative desaturation of linoleic acid in the 
6o3-bond position of the chain (4). The other 
route was reported by Kannangara et al. for the 
green alga Chlorella pyrenoidosa (5). These 
authors suggest the presence of an enzymatic 
system capable of desaturating dodecanoic acid 
to dodecatrienoic acid which is then elongated 
to a-linolenic acid. 

We report the fatty acid composition of the 
unicellular Chlorophyte Pyrarnimonas grossii 
isolated from coastal waters of  Argentina and 
the results of a preliminary study on fatty acid 
biosynthesis in this species. 

EXPERIMENTAL PROCEDURES 

Microorganisms 

P. Grossii Parke (6) was isolated from a 

1 Member of the Carrera del Investigador Cienti'f- 
ico, Comisidn de Investigaciones Cienti'ficas de la 
Provincia de Buenos Aires, Argentina. 

2 Members of the Carrera del Investigador Cienti'f- 
ico, Consejo Nacional de Investigaciones Cienti'ficas y 
T~cnicas, Argentina. 

coastal sea water sample (San Antonio Oeste 
Bay, Rib Negro, 42~ ' S-64 ~ 54~W, ' Argen- 
tina). The sample volume of 300 ml was en- 
riched with a mixture of  potassium phosphate 
and sodium nitrate according to Castellvi's 
method (7). After I week, P. grossii became 
dominant and a monoalgal culture was obtained 
by successive dilutions. 

Cultures were maintained in a lipid-free 
liquid medium, which consisted of (mmol/s 
NaNO3 (1), NaH2PO4 (1 X 10-1), NaSiO2 
(2 x 10-1), Na 2 EDTA (3 x 10-2), Tris (5), 
NaC1 (400, MgSO4 (20), MgCI~ (10), KC1 (I0),  
NaCO3H (2), FeC13 (2 x 10- ), H3BO 3 (2 x 
10 -1), MnC12 (7 x 10 -3), ZnC12 (8 x 10 -4), 
COC12 (2 x 10-s), CuC12 (2 x 10-v), Vit. B12 
(10 /Jg/s and distilled water (1,000 ml). The 
cultures were continuously illuminated with a 
15-watt tungsten lamp at 30 cm from the 
culture surface. 

Prior to incubation with labeled sustances, 
the ceils were grown in 1-s flasks with 400 ml 
of the medium, maintained in an incubator at 
12 C -+ 0.5 with continuous bubbling of sterile 
air at ca. 400 ml/min. When cultures reached 
half of the logarithmic growth phase (between 
1.5 and 2.0 x 106 cells/ml), cells were either 
separated for fatty acid analysis or incubated 
with radioactive substances. 

No contamination of cell cultures with 
bacteria could be detected by microscopic 
examination and only a few colonies appeared 
after culturing in the same medium with 3% 
agar for 9 days. Therefore, as bacterial contami- 
nation was negligible, the labeling products 
were ascribed specifically to the alga, 

Incubation with Labeled Substrates 

f l J 4 C ] S ~  acetate (61 mCi/mmol),  
[1- 4C]oleic acid (62 mei /mmol) ,  [ l J 4 C ] -  
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linoleic acid (61 mCi/mmol) and [ 1 -14C]o~-  

linolenic acid (58 mCi/mmol) of 98% purity 
were purchased from Radiochemical Centre, 
Amersham, England for use as radioactive 
tracers. 

Algal cultures were incubated with 2 /lmol 
sodium acetate (2 /ICi) for 48 hr. One /lmol 
(1 /aCi) of each of the other precursors was 
added to cultures as ammonium salt and 
incubated for 24 hr under the conditions 
already described. 

Some incubations with [ 1-14C] sodium ace- 
tate and [ 1-14C] ammonium oleate were carried 
out in the presence of 20 /lmol of nonradio- 
active linole,_'c acid. After incubation, the cells 
were separated by centrifugation at 2,500 x g 
for 10 rain and washed with small amounts of 
fresh culture medium. 

Fatty Acid Separation 

Lipids and pigments were extracted from 
whole cells by the Folch et al. procedure (8). 
However, the yield of fatty acids was less than 
the amount obtained by a direct saponification 
of cells. Therefore, cells were saponified with 
10% KOH in ethanol. Nonsaponifiable lipids 
were extracted with petroleum ether, radio- 
activity counted and then discarded. The 
solution was acidified with HC1 and free fatty 
acids were extracted with petroleum ether. 
They were immediately converted to the 
methyl esters by heating with HCl-methanol. 

The radioactivity of the different fractions 
was measured by dissolving the samples in 
Bray's scintillation liquid (9) and counting 
them in a Packard instrument. 

R.J .  P O L L E R O ,  R . R .  B R E N N E R  A N D  A.M. G A Y O S O  

mined in some cases by separating the methyl 
esters by TLC-AgNO3 (10%) and developing 
twice in hexane/diethyl ether/acetic acid 
(94:4:2) (12). Each fraction was reanalyzed 
by GLC. 

Radioactive fatty acid analyses were carried 
out by gas liquid radiochromatography in a 
Model 893 Packard apparatus equipped with a 
proportional counter using 15% DEGS on 
Chromosorb W AW (80-100 mesh). The relative 
radioactivity in the different fatty acid peaks 
was determined by measuring the area of the 
counter output peaks by triangulation (13). 

RESULTS AND DISCUSSION 

The total fatty acid composition of P. 
grossii is shown in Table I. Two GLC columns 
of different liquid phase polarities were used to 
help in the identification of some peaks. Only 
saturated fatty acids of 12, 14, 16, 18 and 20 
carbons were detected when the total fatty 
acid methyl esters were hydrogenated and 
rechromatographed. 

Fractionation of the fatty acid methyl esters 
by TLC-AgNO3 revealed the presence of satu- 
rated esters and unsaturated compounds of 
1, 2, 3, 4 and 5 double bonds. Each fraction 
was analyzed again by GLC to confirm the 

T A B L E  I 

F a t t y  Ac id  C o m p o s i t i o n  o f  P. grossii 

C o m p o s i t i o n  b 
F a t t y  acids  ECL a (wt  %) 

Fatty Acid Analysis 1 2 : 0  
14 :0  

Total lipid fatty acid composition of the alga 16:0 
16:1o~7 was determined by gas liquid chromatography 16:2 

(GLC) in a Packard 420 apparatus with hydro- 16 :3co6  
gen flame detector. Glass columns of 180 c m x  18:0 
0.4 cm id packed with 15% EGSS-X on Chrom- 16:3~3 

18:1 
osorb WHP (80-100 mesh) at 180 C and 15% 16:4co3 
EGSS-Y on Chromosorb W aw (80-100 mesh) 18:2co6 
at 190C were used. A flow rate of 60 ml/ 18:3w6 
rain of nitrogen as gas carrier was used. Quanti- 18:3co3 

18 :4co3  
tation was performed by triangulation. 20:4co6 

Chromatographic peaks obtained from both 20:5co3 
columns were tentatively identified by com- 
parison of  their relative retention times (rrt 
18:0) with standards and checked by deter- 
ruination of their equivalent chain length 
values (EEL) (10). The number of carbons in 
the fatty acids was determined by hydroge- 
nation (11) and GLC of the methyl esters of 
the saturated acids thus formed. 

The number of double bonds was deter- 

(?) 

12.oo 2.0 (o.2) 
1 4 . 0 0  0 .9  (0 .0 )  
1 6 . 0 0  14 .3  (0 .6 )  
1 6 . 6 3  4 .7  (0 .3 )  
1 7 . 4 5  4 .8  (0 .2 )  
1 8 . 0 0  
1 8 . 0 0  10 .0  c (0 .4)  

1 8 . 5 2  
18 .52  21"4d  (0 .9 )  

19 .05  7 .4  (0 .2 )  
1 9 . 4 2  17.1 (0 .4 )  
2 0 . 0 0  1.0 (0 .1 )  
2 0 . 4 2  10.6  e (0 .5 )  
2 1 . 0 6  2.2 (0 .1)  
2 2 . 3 9  1.2 (0 .1 )  
2 3 . 4 7  1.4 (0 .1 )  

a E q u i v a l e n t  cha in  l eng th  ca l cu l a t ed  f r o m  r e t e n t i o n  
t imes  m e a s u r e d  on  EGSS-X at  180  C. 

b R e s u l t s  are t he  m e a n  of  3 d e t e r m i n a t i o n s  + 
e x t r e m e  dev ia t i ons  o f  the  m e a n ,  in b r a c k e t s .  

CThe 1 6 : 3 ~ 6  ac id  a m o u n t s  t o  ca. 6% o f  t o t a l  
f a t t y  acids .  

d T h e  16 :3co3  acid  a m o u n t s  to  ca. 1 % o f  t o t a l  f a t t y  
acids .  

eMay  inc lude  s o m e  20 :1  acid.  
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previously assigned identities of fatty acids. 
Results show that the most abundant fatty 

acids are: octadecenoic, linoleic, palmitic and 
a-linolenic with values similar to those of 
C. pyrenoidosa as shown by Matucha et al. (3). 
Although P. grossii is a marine alga, it contains 
a high proportion of linoleic acid. However, 
a significant amount of linoleic acid was also 
reported in the marine unicellular green algae 
Chlamydomoncts sp. (2) and Dunaliella satina 
(14). Nevertheless, the quantitative fatty acid 
composition of P. grossii is significantly differ- 
ent from the one described for unicellular green 
algae, including other members of the class 
Prasinophyceae (2). Other saturated acids of 
12, 14 and 18 carbons accompanied palmitic 
acid. Mono-, di-, tri-, tetra- and pentaethylenic 
unsaturated acids belonging to the 663 and 606 
families also were found (Table I). The abund- 
ance of 18:1 and 18:26o6 acids in P. grossii 
and the presence of 18:46o3, 20:4666 and 20: 
56o3 show a similarity with the fatty acid 
composition of some nonplanktonic members 
of the Chlorophyceae group (15,16). However, 
we must take into account that the nitrogen 
content in the medium, light intensity, or 
growth cycle phase may affect the fatty acid 
composition in algae (17). 

F a t t y  A c i d  B iosynthes is  

The results obtained by gas liquid radio- 
chromatography after incubating the alga with 
labeled substrates are shown in Table II. When 
cells were incubated for 48 hr with [1-a4C] 
sodium acetate, saponified and lipids extracted 
with petroleum ether, a part of the radio- 
activity (76%) remained in the aqueous phase. 
A significant amount of the label was found in 
the unsaponifiable material (19%) and only a 
small proportion in the fatty acids. Although 
significant decarboxylation of sodium acetate 
is possible, this suggests that sodium acetate 
dissolved in the medium is incorporated by the 
cell, but that it is not used preferentially for 
fatty acid synthesis but for other syntheses, 
such as for sterols. At any rate, incorporation in 
16:0, 16:1, 18:0 and 18:1 acids and traces in 
18:2 acid was demonstrated�9 The lack of 
incorporation into the other acids, especially 
18:3, could be explained by a slower bio- 
synthesis, compartmentalization of acetate 
usage, or alternative substrates. 

When cells were incubated with [1-14C] 
18:2666 and [1-14C] 18:3663 salts, labeling 
was only detected in the incubated precursors 
and the shorter chain acids, but not in the 
higher homologs. This suggests that these fatty 
acids were incorporated but were possibly 
broken down to acetyl-CoA which was then 
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used by the cell in the synthesis of new short 
chain fatty acids. This is the most likely inter- 
pretation since it is very difficult to accept 
either a biohydrogenation of 18:2 to 18:1, or 
18:3 to 18:2, 18:1 and 18:0 or a chain short- 
ening of 18:3 to 16:3. In addition, the results 
of Table II suggest that in P. grossii, A6 as well 
as c~3 desaturases and elongases are inactive 
in our experimental conditions or that the 
added substrates do not reach the corres- 
ponding enzymes. A6 Desaturase is considered 
a typical enzyme of animals and 603 desaturase 
is typical of plants. However, activity of both 
enzymes has been reported in some unicellular 
photosynthetic, as well as heterotrophic organ- 
isms (18-21). 

Therefore, these results suggest the existence 
of other mechanisms different from those 
of direct desaturation of 18:26o6 and 18:36o3 
to 18:36o3 and 18:46o3 acids, respectively. A 
possible route for the synthesis of a-linolenic 
acid in P. grossii could be the one proposed 
by Stumpf et al. for spinach chloroplasts, 
C. pyrenoidosa and CandMa bogoriensis 
(5,22,23) starting from acids of low molecular 
weight. 

After incubating the alga with [1-14C] 
18:16o9, labeling was observed in some acids 
of lower molecular weight as well as in 18:2606, 
18:3co3 and 20:1. It seems likely that 20:1 is 
synthesized by chain elongation of the 18:1 
precursor. With regard to the polyunsaturates, 
however, 2 possible synthetic pathways must 
be considered. One involves degradation of 
18:1co9 to acetate and de novo synthesis of 
products; the second is the conversion of 
18:16o9 to 18:26o6 by a co6 desaturase and 
thence to 18:36o3 by a 6o3 desaturase. How- 
ever, as already discussed, [1-14C]18:2o~6, 
when directly supplied to the alga, was not 
converted to 18:36o3. Therefore, the evidence 
points strongly toward degradation of 18:16o9 
to acetate and de novo synthesis of 16:36o3, 
which is then elongated to 18:3603, by Stumpf's 
pathway. This de novo pathway is supported 
by the observation of labeled short chain fatty 
acids as additional reaction products. 

The conversion of [14C] 18:1 to 18:3 acid is 
facilitated by adding unlabeled lJnoleic acid 
to the medium (Table II, column 4), whereas 
the conversion to palmitic acid is decreased. 
In addition, when unlabeled linoleic acid is 
added to the culture medium, the incorporation 
of [ 14C] acetate into fatty acids is also affected 
markedly (Table II, column 2). Linoleic acid 
facilitates the incorporation of acetate into 
1 8  : 1 but incorporation into palmitic and 16 : 1 

acids is reduced. Thus, P. grossii is able to 
synthesize saturated and unsaturated fatty 
acids, resulting in a composition rich in pal- 
mitic, stearic, oleic, linoleic and a-linolenic 
acids, but the type and amount of acids syn- 
thesized would be controUed by the concen- 
tration of linoleic acid and also probably by 
other fatty acids in the medium. 
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Oxidation of 3-Oxygenated z~ 4 and A5-C27 Steroids 

by Soybean Lipoxygenase and Rat Liver Microsomes 
LEIF ARINGER, Hormone Laboratory, Department of Obstetrics and Gynecology, 
Karolinska Sju khuset, S-104 01 Stockholm, Sweden 

ABSTRACT 

The formation of dioxygenated metabolites of cholesterol, epicholesterol (5-cholesten-3a-ol) 
4-cholesten-3t3-ol, 4-cholesten-3a-ol, 4-eholesten-3-one and 4-stigmasten-3-one was studied after 
incubations with soybean lipoxygenase and linoleic acid. From cholesterol and epicholesterol were 
formed the 7a-hydroxy-, 7a-hydroperoxy-, 7#-hydroxy-, 7~-hydroperoxy-, 7-oxo and 5,6-epoxy- 
derivatives as well as 6~-hydroxy-4-cholesten-3-one. All zX4-steroids were hydroxylated in the 6a- and 
6~-positions. The ratios between the yields of 6~- and 6a-hydroxylated metabolites varied between 3:1 
and 2:1. Incubations with 4-cholesten-3c~-ol and 4-cholesten-3&ol also afforded the 4,5-epoxides of 
these steroids. The ratios between the yields of the 4~,5& and 4a,5a-epoxides were ca. 4:1 for 4- 
cholesten 3/3-ol and ca. 3:2 for 4-cholesten-3ce-ol. With iron-supplemented microsomes from rat liver, 
the compounds formed were qualitatively and quantitatively the same as with soybean lipoxygenase, 
whereas with 18,000 X g rat liver supernatant fractions the yields of all products formed-except 
7a-hydroxycholesterol and 6&hydroxy-4-cholesten-3-one-were markedly decreased. The results 
indicate the presence of a rat liver microsomal 613-hydroxylase which can use 4-cholesten-3-one as a 
substrate and extend previous findings of similarities between soybean lipoxygenase and a nonspecific 
lipoxygenase in rat liver microsomes. 

N O M E N C L A T U R E  

Epicholesterol, 5-cholesten-3a-ol; 4-stigmas- 
ten-3-one, 24C~F-ethyl-4-cholesten-3-one; TMS 
ether, trimethylsilyl ether; tR, retention time 
relative to that of 5a-cholestane. 

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

Incubation of 3~-hydroxy-5-ene-steroids with 
soybean lipoxygenase (E.C. 1.13.11.12, also 
called soybean lipoxidase) and linoleic acid 
have been performed by Johansson (1), Aringer 
and Eneroth (2) and Teng and Smith (3,4). 
Johansson found that cholesterol afforded the 
same pattern of products as under conditions 
stimulating rat liver microsomal NADPH- 
dependent lipid peroxidation. Among the 
products identified were the 7c~-hydroxy-, 
7/3-hydroxy- and 7-oxo-derivatives. Aringer and 
Eneroth could demonstrate that, apart from 
the 7-oxygenated derivatives of cholesterol, 
the 5t3,6~3- and 5a,6~-epoxy-derivatives were 
formed. 13-Sitosterol afforded the same pattern 
of products as cholesterol after incubation with 
soybean lipoxygenase and linoleic acid, as weU 
as under conditions stimulating rat liver micro- 
somal NADPH-dependent lipid peroxidation 
(2). Teng and Smith found that cholesterol 
incubated with soybean lipoxygenase (under 
conditions slightly different from those used by 
Johansson, Aringer and Eneroth) afforded the 
epimeric 7-hydroperoxides as the major 
products. Teng and Smith have also oxidized 
4-cholesten-3/3-ol and 4-cholesten-3-one with 
soybean lipoxygenase (5). The major product 

identified with this first substrate was 4- 
cholesten-3-one, whereas the predominating 
metabolites of 4-chotesten-3-one were epimeric 
6-hydroperoxy- and 6-hydroxy-derivatives as 
well as the 6-oxo-derivative. 

During studies on the metabolism in rat liver 
subceUular fractions of isomeric 3-oxygenated 
C27- and C29-steroids with A 4- and A s-configu- 
ration, we found that several different dioxy- 
genated metabolites were formed (6,7). The 
yields of some of these metabolites were 
increased under conditions favoring nonspecific 
lipid peroxidation in rat fiver microsomes. In 
order to investigate which dioxygenated metab- 
olites can be formed by lipid peroxidation 
without the presence of tissue components, 
this study with soybean lipoxygenase was 
undertaken. 

M A T E R I A L S  

Solvents 

All solvents and reagents were analytical 
grade purchased from Merck AG, Darmstadt, 
West Germany, unless otherwise stated. They 
were used without further purification. 

Substrates and Reference Steroids 

All substrates were prepared and purified as 
described previously (6). 5a-Cholestane-3/3,5- 
diol, 5/3-cholestane-3/3,5-diol, 4a,5-epoxy-5c~- 
cholestan-3~-ol and 4~,5-epoxy-5/3-cholestan- 
3~-ol were gifts from Prof. S. Bergstr6m, 
Karolinska Institutet, S-104 01 Stockholm, 
Sweden. 4~,5-Epoxy-5~-cholestan-3-one and 
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4a ,5-epoxy-5a-choles tan-3-one  were ob ta ined  
in 53 and 20% yields, respectively,  f rom 4- 
choles ten-3-one which was oxidized wi th  
hydrogen  peroxide  and sodium hyd rox ide  as 
described by Henbest  and Jackson (8). The 
epoxides  were purified by th in  layer chro- 
ma tography  (TLC) in sys tem 2 (see Table I). 
Reduc t ion  wi th  sodium bo rohydr ide  in d ioxan-  
water  (4:1,  v/v) (11) af forded 4~,5-epoxy-5~- 
cholestan-3a-ol  and 4/3,5-epoxy-5~-cholestan- 
3/3-ol in the  p ropor t ions  2:1 f rom 4~,5-epoxy- 
5/3-cholestan-3-one and 4a,5-epoxy-5a-choles- 
tan-3a-ol  and 4a ,5-epoxy-5a-choles tan-3~-ol  in 
the  p ropor t ions  1:5 f rom 4a ,5-epoxy-5a-  
cholestan-3-one.  These c o m p o u n d s  were acetyl-  
ated and purified by TLC in system 2. Af te r  
mild saponif icat ion (12), final pur i f icat ion was 
per formed by TLC in sys tem 1 (see Table I). 

6&Hydroperoxy-4-choles ten-3-one  was pur- 
chased f rom Steraloids Inc., Pawling, NY. 
Sodium borohydr ide  r educ t ion  in me thano l  
of  this c o m p o u n d  af forded 4-cholestene-3a,6/3- 
diol and 4-cholestene-3~,6~-diol (13). 6~- 
Hydroxy-4-choles ten-3-one  was obta ined in low 
yields by oxida t ion  of  4-cholestene-3/3,6/3-diol 
wi th  cholesterol  oxidase as described by  Rich- 
m o n d  (14). The 6-hydroxy-A4-s teroids  were 

purified in TLC system 1. 5-Cholestene-3~,7a- 
diol, 5-cholestene-3~,7~-diol, 3~-hydroxy-5- 
cholesten-7-one,  5,6a-epoxy-5a-cholestan-3/3-ol  
and 5,6~-epoxy-5/3-cholestan-3/3-ol were pre- 
pared and purified as described previously 
(2,15). 

All reference steroids were analyzed by gas 
liquid chromatography-mass  spec t rome t ry  
(GLC-MS). The chromatograph ic  proper t ies  of  
those  c o m p o u n d s  which we have no t  charac- 
ter ized previously (6) are presented  in Table I, 
using the  same condi t ions  as in the earlier work.  

Liquid Chromatography 

Hydroxva lky la ted ,  55% subs t i tu ted  Sepha- 
dex LH-20 (140-170 mesh) was synthesized 
with a mixture  of  C11-C14-epoxides as des- 
cribed by Ellingboe et al. (16). The co lumns  
(0.75 cm 2 x 13 cm) were used in me thano l /  
wa te r /d i ch lo roe thane  (95 :5 :25 ,  v/v). Flow rate 
was 0.5 m L / c m  2 rain at 24 C. 

Thin Layer Chromatography 

Unless o therwise  s tated,  p recoa ted  Silica Gel 
60 plates (Merck) were used in the solvent 
systems described in Table I or in the  text .  

TABLE I 

Chromatographic Properties of Reference Steroids 

Steroid analyzed 
TLC a 

System 1 System 2 GLC b 

5c~-Cholest ane-3/3, 5-diol 
5fl-Cholestane-3~, 5-diol 
4-Ch olest ene-3c~, 6fl-diol 
4-Cholest ene-3~3,6fl-diol 
6fl-Hydroxy-4-cholest en-3-one 
6~-Hydroperoxy-4-cholesten-3-one 
4c~, 5-Epoxy- 5a-cholestan- 3c~-ol 
4/3,5-Epoxy- 5fl-cholestan-3 c~-ol 
4c~,5-Epoxy- 5c~-cholestan-3/3-ol 
413, 5- Epoxy- 5 ~cholestan-3~3-ol 
4c~, 5-Epoxy- 5a-cholestan- 3-one 
4fl, 5- Epoxy- 5~-cholest an-3-one 

0.18 
0.50 
0.30 
0.15 
0.46 
0.55 
0.57 
0.66 
0.55 
0.55 
0.91 
0.94 

2.56 
3.34 
2.04 
2.38 
2.72 

0.45 2.70 
0.47 1.87 
0.52 2.62 
0.45 2.51 
0.62 c 2.16 c 
0.71 c 1.93 c 

aThe figures denote Rf-values. System 1: glass plates 20 X 20 cm, coated with Silica 
Gel G (Merck A.G., Darmstadt, West Germany). Solvent system, diethyl ether/cyclohexane 
(9:1, v/v). System 2: precoated Silica Gel 60 plates, 20 X 20 cm (Merck A.G.). Solvent 
system, benzene/ethyl acetate (15:1, v/v). The steroids were analyzed as their acetate 
derivatives in system 2. 

bThe figures denote retention times relative to that of 5c~-cholestane (tR-values). A Pye 
gas chromatograph (Model 104) equipped with a hydrogen flame ionization detector was 
used. The column contained Supelcoport 100-120 mesh coated with 3% SP-2100 (Supelco 
Inc., BeUefonte PA). The temperatures were: flash heater 270 C and column oven 255 C. 
Carrier gas was nitrogen and gas flow rate was 480 mL/cm2/min. All compounds containing 
a hydroxyl group were analyzed as their TMS ethers. Except for SC3-cholestane-3~3,5-diol, the 
TMS ethers were prepared as described by Makita and Wells (9). With this compound, the 
di-TMS ether had to be prepared with a trimethylbromosilane-containing reagent mixture 
as described previously (10). With the conditions used, all hydroxyl groups but no oxo 
groups were trimethylsilylated. 

CNot derivatized. 
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Separated compounds were detected by iodine 
vapor or by radioautography (see following). 
Compounds were extracted from the gel with 
5 mL of chloroform/methanol (4:1, v/v)/cm 2 
of gel followed by 5 mL of methanol/cm 2 
of gel. For identification purposes, the plates 
were sprayed with a solution of 70% H 2 S O  4 

saturated with K2Cr207 and then heated at 
120 C. 

Gas Liquid Chromatography 

See Table I, footnote b. 

Gas Liquid Chromatography- 
Mass Spectrometry 

This type of  analysis was carried out with an 
LKB 9000 instrument equipped with a 1.5% 
SE-30 column (2 m x 3 mm) operated at 
250 C. Helium was used as carrier gas. Flash 
heater: 270 C; molecular separator: 280 C; ion 
source: 290 C; energy of bombarding electrons: 
22.5 eV. 

Measurement of Radioactivity 

A Packard Model 2009 liquid scintillation 
spectrometer was used. At least 2,000 counts 
above the background were counted, a4C- 
Labeled spots on thin layer chromatograms 
were localized by exposing a sheet of Agfa 
Gevaert M3 for 1-4 days. GLC analysis with 
radioactivity detection (GLC-RD) was accom- 
plished with a Packard Model 894 instrument. 
At least 2,000 dpm were injected. 

EXPERIMENTAL PROCEDURES 

Experiments with Soybean Lipoxygenase 

Thirty mL of 0.1 M Tris-C1 buffer, pH 7.5 
was kept at 30 C in a water bath for 5 min. The 
incubation flask was then vibrated and a stream 
of nitrogen was continously blown into the 
flask (15). Linoleic acid (12 mg), Sigma, grade 
III (see following), 500 /Jg of 4-14C-labeled 
substrate in 1 mL of acetone, and 3 mg of 
Lipoxidase, Type I (E.C. 1.13.11.12), Sigma, 
in 250/11 of the Tris-Cl buffer, were added after 
20, 30 and 40 sec, respectively. Prior to addi- 
tion, the linoleic acid was converted into its 
ammonium salt by the addition of 0.25 ml of 
0.019 M NH4OH/mg of linoleic acid (I). The 
vibration under nitrogen was continued for 120 
additional sec and then the flask was placed in 
the water bath. Shaking was initiated and a 
stream of air was blown into the flask for 30 
sec. The incubation was then continued for an 
additional 30 min. 

To terminate incubation, the reaction 
mixture was transferred into a separation 

funnel containing 60 mL of CHC13/MeOH (2:1, 
v/v). The incubation vessel was rinsed with 
another 60 mL of CHC13/MeOH (2:1, v /v)and 
10 mL of 0.9% NaC1 (w/v). The chloroform 
phase was collected and the water phase was 
extracted with 90 mL of CHCla/MeOH (2:1, 
v/v). The combined chloroform phases were 
taken to dryness and then purified by liquid 
chromatography (LC) (see Materials). Fractions 
were collected as follows: fraction I, 0-60% 
TCV; fraction II, 60-180% TCV; and fraction 
III, 180-400% TCV for all C27-substrates. For 
4-stigmasten-3-one, the fractions were collected 
somewhat differently, i.e., fraction I, 0-65% 
TCV; fraction II, 65-210% TCV; and fraction 
III, 210-450% TCV. 

No attempts were made to identify metab- 
olites from LC fraction I. Fraction II (which 
contained the dioxygenated steroids except 
the 3-oxo-4,5-epoxides) and fraction III (which 
contained the monooxygenated steroids and 
the 3-oxo-4,5-epoxides) were subjected to 
TLC followed by radioactivity detection 
(TLC-RD) in solvent system 1 (see Table I) 
or in benzene/ethyl acetate (7:1, v/v), respec- 
tively. The metabolites were extracted from the 
gel and the amount of radioactivity was deter- 
mined. The TMS ethers were prepared (9) and 
the metabolites were analyzed by GLC-RD and 
GLC-MS. A metabolite was considered as 
identified according to the standard procedure 
when the TLC mobility, GLC mobility and the 
mass spectrum were identical to those of the 
authentic reference compound. 

The mass spectra of all identified com- 
pounds, reference compounds and substrates 
can be made available through the World 
Health Organization (WHO) collection of  mass 
spectral data for steroids, Dr. Jan Sjovall, 
Department of Chemistry, Karolinska Insti- 
tutet, S-104 01 Stockholm, Sweden. 

Experiments with Rat Liver 
Subcellular Preparations 

Iron-supplemented rat liver microsomes were 
prepared from cholestyramine-treated rats (15) 
as described by Mitton et al. (17). Microsomes 
equivalent to 1 g wet liver suspended in 4.25 
mL 154 mM KC1 solution and 4.25 mL 0.1 M 
Tris-C1 buffer, pH 7.4, were used for incuba- 
tions with 5-100 /~g of 4-14C-labeled substrate 
for 30 min at 37 C. The incubation buffer was 
fortified with NADPH, ADP and FeSO4 to give 
a final concentration of 1.1 mM, 1 mM and 0.2 
mM, respectively (17). 

Supernatant fractions (18,000 x g) were 
prepared (from cholestyramine-treated ra ts ) in  
a 0.25 M sucrose solution containing 0.01 M 
fi-mercaptoethylamine and 0.001 M EDTA as 
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described previously (15). Incubations were 
performed at 37 C for 30 min with 5-100 gg of 
4-14C-labeled substrate and 10 /Jmol NADPH 
(15). Prior to the incubations, a 0.1 M potas- 
sium phosphate buffer, pH 7.0, containing 
0.028 M nicotinamide and 0.01 M 13-mercapto- 
ethylamine was added so that each incubation 
flask contained 8.5 mL of a 1:1 (v /v)mixture  
of the sucrose solution and the phosphate 
buffer (15). 

The metabolites from incubations with rat 
liver subcellular fractions were purified and 
identified exactly as just described for the 
products from the incubations with soybean 
lipoxygenase. 

Rf 

0 .8  

0.6 

0.4 

0.2 

0.0 

6 O  

5 0  5 0  

5 4 0  4 0  2 0  2 0  
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l O  
2 0  l e  
l O  

l e  
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RESULTS 

Products of Cholesterol 

The yields of radioactivity from LC fractions 
I and II were 5 and 21%, respectively. The TLC- 
RD analysis of LC fraction II is illustrated in 
Figure 1. Compounds A1-A4 were identified as 
5-cholestene-313,70~-diol (A1), 5-cholestene-313, 
713-diol (A2), 313-hydroxy-5-cholesten-7-one (A3) 
and a mixture of 5,6t3-epoxy-513-cholestan- 
3/3-ol and 5,6a-epoxy-5a-cholestan-3~ol in the 
proportions 4:1 (A4) as described previously 
(2). 

The material eluted from positions A5 and 
A6 were each (after preparation of the TMS 
ethers) subjected to GLC-RD and GLC-MS 
analyses. Compounds with mobilities and mass 
spectra as 5-cholestene-3~70t-diol, 6/3-hydroxy- 
4-cholesten-3-one and 313-hydroxy-5-cholesten- 
7-one were the main products primarily from 
position A5, whereas compounds with GLC 
motilities and mass spectra as 5-cholestene-3/3, 
713-diol and 3~-hydroxy-5-cholestene-7-one were 
the major products of preliminary identifi- 
cation from position A6. Small amounts of 
5-cholestene-313,713-diol were also identified 
from position A5 and small amounts of 5- 
cholestene-313,70~-diol were identified from 
position A6. In order to explain this discrep- 
ancy between the results of the TLC-RD 
analysis on one hand and the GLC-RD and 
GLC-MS analysis on the other hand, aliquots of 
the materials eluted from positions A5 and A6 
were again (without preceding trimethylsilyla- 
tion) subjected to TLC-RD analysis in system 1. 
The major part of the radioactivity was then 
located at the same position as authentic 5- 
cholest ene-313,7a-diol, 3~hydroxy-5-cholesten- 
7-one and 6j3-hydroxy-4-chotesten-3-one (com- 
pounds A5) or as 5-cholestene-3J3,7/3-diol and 
3~-hydroxy-5-cholesten-7-one (compounds A6). 
Aliquots of compounds A5 and A6, respec- 
tively, were also reduced with sodium b o r o -  

FIG. 1. Product pattern (TLC-RD) sketch after 
incubation of A 4- and AS-steroids with soybean 
lipoxygenase. Solvent system: diethyl ether/cyclo- 
hexane (9:1, v/v). A-F represent incubations with: 
cholesterol (A), epicholesterol (B), 4-cholesten-3O-ol 
(C), 4-cholesten-3a-ol (D), 4-cholesten-3-one (E) and 
4-stigmasten-3-one (F). Compounds A1-A4 were 
identified as 5-cholestene-3B-7c~-diol (A1), 5-chol- 
estene-3#,7#-diol (A2), 3~3-hydroxy-5-cholesten-7-one 
(A3) and a mixture of 5,6~3.epoxy-53-cholestan-33-ol 
and 5,6a-epoxy-5a-cholestan-3/3-ol (A4). Compounds 
C3, D3, El, and F1 were all found to be identical 
with 6a-hydroxy-4-cholesten-3-one, and compounds 
C4, D4, E2 and F2 were identical to 6~3-hydroxy-4- 
cholesten-3-one. For the identities of the other com- 
pounds, see Results. 

hydride in methanol. Compound(s) A5 afford- 
ed 5-cholestene-3~,7a-diol, 5-cholestene-313,7j3- 
diol and 4-cholestene-313,N3-diol as the main 
products. Reduction of compound(s) A6 
yielded mainly 5-cholestene-313,713-diol and also 
minute amounts of 5-cholestene-3~3,7a-diol. 
These results indicate the presence of 3/3- 
hydroxy-5-cholesten-7c~-hydroperoxide at posi- 
tion A5 and of 3~-hydroxy-5-cholesten-7~ 
hydroperoxide at position A6. 

The yields of compounds from LC fraction 
II are presented in Table II. The yields of the 
7-hydroperoxides have been calculated as the 
sum of the yields of  5-cholestene-3/3,70~-diol and 
5-cholestene-3~3,713-diol after sodium boro- 
hydride reduction of the material at position 
A5 (Ta-hydroperoxide) or A6 (713-hydro- 
peroxide), respectively. 

TLC-RD analysis of LC fraction III afforded 
one major radioactive spot. This radioactive 
compound was identified as cholesterol accord- 
ing to the standard procedure. The yield was 
70%. Small amounts (0.2% yield) of 4-choles- 
ten-3-one were also found in this LC fraction. 

Products of Epicholesterol 

The yields of radioactivity from LC fractions 
I and II were 5 and 27%, respectively, TLC-RD 
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analysis of LC fraction II revealed the metab- 
olite pattern shown in Figure 1. Metabolites 
B1-B6 were each eluted from the gel and 
analyzed by GLC-RD and GLC-MS. Metabolite 
B1 was further purified by TLC-RD in the 
solvent system ethyl acetate/cyclohexane (6:1, 
v/v) yielding one single labeled spot with an Rf 
value of 0.21. 

GLC-RD analyses of the isolated compounds 
B1 and B2 on a 3% SP-2100 column yielded 
only one labeled peak each (t R -- 2.17 and 
t R = 2.15, respectively). Both compounds gave 
rise to a mass spectrum which was almost 
identical to that of 5-cholestene-3/3,7a-diol (or 
5-cholestene-3~,713-diol) (15). 

The TMS ethers of compounds B3 and B4 
were eluted at t a  = 3.18 and t a = 2.26, respec- 
tively, on the SP-2100 column. GLC-MS 
analysis yielded mass spectra which were 
identical with those of the TMS ethers of 
3/3-hydroxy-5-cholesten-7-one (15) and 5,6- 
epoxides of cholesterol (2), respectively. 
However, the tR-values for 3/3-hydroxy-5- 
cholesten-7-one, 5,6a-epoxy-5a-cholestan-3/3-ol 
and 5,6~-epoxy-5~-cholestan-3~-ol were 3.79, 
2.76 and 2.67, respectively. Compounds B3 
and B4 were therefore identified as 3(x-hydroxy- 
5-cholesten-7-one and 5,6-epoxycholestan-3a- 
ol, respectively. 

Sodium borohydride reduction of 3a- 
hydroxy-5-cholesten-7-one in methanol yielded 
compounds B1 and B2 in the proportions 1:3. 
Incubation of compounds B1 and B2 with rat 
liver microsomes fortified with NAD as des- 
cribed previously (18) gave rise to compounds 
with the same chromatographic properties 
(TLC system 1 and GLC-RD) as 7a-hydroxy-4- 
cholesten-3-one (3% yield) and 7/3-hydroxy-4- 
cholesten-3-one (6% yield), respectively. In 
parallel experiments, 5-cholestene-3/3,7&-diol 
and 5-cholestene-3/3,7/3-diol yielded 7&-hydroxy- 
4-cholesten-3-one (35% yield) and 7/3-hydroxy- 
4-cholesten-3-one (2% yield), respectively. The 
combined results justified the identification of 
compound B1 as 5-cholestene-3a,7a-diol and 
compound B2 as 5-cholestene-3c~,7~-diol. 

The compounds eluted from positions B5 
and B6 were reduced with sodium borohydride 
in methanol. The major products then identi- 
fied according to the standard procedure were 
4-cholestene-313,6~-diol from position B5 and 
5-cholestene-3a,7~-diol from position B6. From 
the material at position B5 small amounts of 
5-cholestene-3a,7&-diol were also identified. 
These results indicate that the mixture at 
position B5 was composed of 6/3-hydroxy-4- 
cholesten-3-one and smaller amounts of 3c~- 
hydroxy-5-cholesten-7a-hydroperoxide and that 
the predominant compound at B6 was identical 

to 3a-hydroxy-5-cholesten-7j3-hydroperoxide. 
The yields of compounds from LC fraction 

II are presented in Table II. The yields of 
6~hydroxy-4-cholesten-3-one and of the tenta- 
tively identified 3a-hydroxy-5-cholesten-7&- 
hydroperoxide, and 3~-hydroxy-5-cholesten- 
7/3-hydroperoxide are calculated as the yields 
of 4-cholestene-3~,6/3-diol, 5-cholestene-3c~,7&- 
diol and 5-cholestene-3c~,7~-diol, respectively, 
after reduction with sodium borohydride. 

TLC-RD analysis of LC fraction III yielded 
one major radioactive spot. This radioactive 
compound was identified as epicholesterol 
according to the standard procedure. The yield 
was 60%. Small amounts (0.7% yield) of 
4-cholesten-3-one were also found in this LC 
fraction. 

Products of 4-Cholesten-3/3-ol 

The yields of radioactivity from LC fractions 
I and II were 2 and 11%, respectively. The 
metabolite pattern after TLC-RD analysis of LC 
fraction II is shown in Figure 1. Compounds 
C2, C4 and C5 were identified as 4-cholestene- 
3~,6/3-diol (C2), 6/3-hydroxy-4-cholesten-3-one 
(C4), and 4/3,5-epoxy-5/3-cholestan-3~-ol (C5), 
according to the standard procedure. 

GLC-RD analysis of the TMS ethers of 
compounds C1 and C3 yielded radioactive 
peaks at tR = 2.77 (C1) and t R = 3.63 (C3) 
compared to t R -- 2.38 and t R = 2.72 for the 
TMS ethers of compounds C2 and C4. GLC-MS 
analyses of the TMS-ethers of compounds C1 
and C3 gave rise to mass spectra with the same 
fragments as were present in the mass spectra 
of the di-TMS-ether of 4-cholestene-3~,6~3- 
diol and the mono-TMS ether of 6/3-hydroxy- 
4-cholesten-3-one, respectively. Thus, promi- 
nent peaks were seen in the high end of the 
mass spectrum at m/z 546 (M), 10%; 531, 6%; 
517, 2%; 456, 100%; 441, 45%; 403, 79% for 
compound C1 and at m/z 472 (M), 44%; 457, 
I00%; 444, 9%; 416, 87%; 401, 12% for com- 
pound C3. However, for the di-TMS ether of 
4-cholestene-3/3,6/3-diol, the relative intensities 
of these fragments were: m/z 546, 23%; 531, 
33%; 517, 16%, 456, 72%; 441, 45%; 403, 
100% and for the mono-TMS ether of 6/3- 
hydroxy-4-cholesten-3-one: m/z 472, 40%; 457, 
91%; 444, 10%; 416, 100%; 401, 10%, respec- 
tively. Sodium borohydride reduction in iso- 
propanol of metabolite C3 afforded metabolite 
C1 as the major product. Compounds C1 and 
C3 were thus identified as 4-cholestene-3~, 
6a-diol and 6&-hydroxy-4-cholesten-3-one, res- 
pectively. 

The TMS ethers of 4&,5-epoxy-5&-cholestan- 
3~ol and 4~,5-epoxy-5~-cholestan-3j3-ol had the 
same Rf-values in TLC system 1 and similar 
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tR-values on an SP-2100 column (see Table I). 
The mass spectra were almost identical. To 
examine whether compound(s) C5 (49,5- 
epoxy-5~-cholestan-3~-ol) also contained small 
amounts of 4a,5-epoxy-5c~-cholestan-3~-ol, the 
acetate derivatives were prepared and analyzed 
by TLC-RD in system 2 (see Table I). Radio- 
active spots were detected at Rf = 0.45 (70% 
yield) and Rf = 0.52 (15% yield). The radio- 
active material with the lower Rf-value was 
identified as (GLC-RD and GLC-MS) 3/3- 
acetoxy-4r The radio- 
active material with the higher Rf-value had the 
same Rf-value as 313-acetoxy-4a,5-epoxy-5c~- 
cholestan. In another attempt to identify 
4a,5-epoxy-5c~-cholestan-313-ol, the compounds 
at C5 were reduced with lithium aluminium 
hydride and analyzed with TLC-RD in system 
1. Radioactive spots were detected at the Rf- 
values for 5c~-cliolestane-3/~,5-diol and 5/3- 
cholestane-3~,5-diol (see Table I) in yields of 
10% and 42%, respectively. Extraction of these 
radioactive spots followed by GLC-RD analysis 
on an SP-2100 column yielded radioactive 
peaks at the tR-values for the TMS ethers of 
the respective diol (see Table I). Lithium 
aluminium hydride reduction of the authentic 
4,5-epoxides afforded only 5a-cholestane-3~, 
5-diol (80% yield) from the a-epoxide and only 
5~-cholestane-3~,5-diol (74% yield) from the 
~epoxide (19). No further attempts were made 
to identify 4a,5-epoxy-5c~-cholestan-3t3-ol. The 
yields of compounds identified from LC 
fraction II are listed in Table II. 

The major compounds identified from LC 
fraction III after LC were 4-cholesten-3-one and 
4-cholesten-3~-ol. They were identified ac- 
cording to the standard procedure. The yields 
were 44 and 32%, respectively. 

Products of 4-Cholesten-3c~-ol 

The yields of radioactivity from LC fractions 
I and II were 2 and 10%, respectively. The 
metabolite pattern from LC fraction II is shown 
in Figure 1. Compounds D2 and D4 were found 
to be identical to 4-cholestene-3a,6~diol and 
6~-hydroxy-4-cholesten-3-one. GLC-RD analysis 
of the TMS ether of compound D1 afforded a 
single radioactive peak at t R = 2.18. The t R- 
value for the TMS ether of 4-cholestene-3a, 
6~-diol was 2.04 but GLC-MS analysis of 
compound D1 yielded a mass spectrum that 
was only slightly different from that of the 
TMS ether of 4-cholestene-3a,6~-diol. Com- 
pound D1 was therefore identified as 4-choles- 
tene-3a,60~-diol. Compound D3 was identified 
as 6a-hydroxy-4-cholesten-3-one as just des- 
cribed for compound C3. Compounds D5 and 
D6 were identified as 4a,5-epoxy-5c~-chol- 

estan-3c~-ol and 4/3,5-epoxy-5/3-cholestan-3a-ol, 
respectively, according to the standard pro- 
cedure. The yields of compounds identified 
from LC fraction II are listed in Table II. 

The major compounds identified from LC 
fraction III were 4-cholesten-3-one and 4- 
cholesten-3a-ol. They were identified according 
to the standard procedure. The yields were 15 
and 63%, respectively. 

Products of 4-Cholesten-3-one 
and 4-Stigmasten-3-one 

The yields of radioactivity from LC fractions 
I and II were 2 and 5%, respectively, for both 
substrates. Compound E2 (Fig. 1) from LC 
fraction II was identified according to the 
standard procedure as 6r 
3-one. Compound El was identified as 65- 
hydroxy-4-cholesten-3-one as described for 
compound C3 obtained from incubations with 
4-cholest en-313-ol. 

GLC-RD analyses of each of the TMS ethers 
of compounds F1 and F2 on an SP-2100 
column afforded a single radioactive peak at 
ta = 5.69 (F1) and t R = 4.28 (F2), i.e., 1.57 
times the tR-value for-6a-hydroxy-4-cholesten- 
3-one and 6~hydroxy-4-cholesten-3-one, res- 
pectively. In previous studies, C~9-steroids 
oxygenated in the A and B rings constantly had 
tR-values on an SP-2100 column that were 
1.5-1.6 times those of the analogous Czv- 
steroids (6,20). Compounds F1 and F2 
were therefore tentatively identified as 24a- 
ethyl-6a-hydroxy-4-cholesten-3-one and 24a- 
ethyl-6/3-hy droxy-4-cholest en-3-one, respective- 
ly. GLC-MS analysis confirmed the preliminary 
identifications yielding mass spectra that only 
differed from those of the C27-analogs in that 
the side chain containing fragments were found 
28 mass units above those of the C27-com- 
pounds. The yields of the compounds identified 
from LC fraction II are listed in Table II. 

LC fraction III contained unchanged 4- 
cholesten-3-one and 4-stigmasten-3-one, respec- 
tively (identified according to the standard 
procedure) and the yields were 83% for both 
compounds. Traces of less polar (TLC-RD) 
compounds than 6~-hydroxy-4-cholesten-3-one 
were seen in both LC fractions II and III. 
Identification of 4c~,5-epoxy-5c~-cholestan-3-one 
and 413,5-epoxy-5~-cholestan-3-one was unsuc- 
cessful. If these compounds were formed, the 
yields of each one must have been less than 
0.02%. 

Metabolites from Incubations with 
Rat Liver Subcellular Fractions 

The similarities in metabolism between 
cholesterol and epicholesterol that were found 
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after experiments with soybean lipoxygenase 
were also seen following incubations with iron- 
supplemented rat liver microsomes (Table II). 
The major metabolites formed were also 
identified after incubations of cholesterol and 
epicholesterol with rat liver 18,000 x g super- 
natant fractions. However, with the exception 
of 5-cholestene-33-7a-diol (from cholesterol), 
much lower yields of metabolites were re- 
corded with the cholesterol and epicholesterol 
incubated with rat liver 18,000 x g supernatant. 

As can be deduced from Table II, the 18,000 
x g supernate caused epoxidation of all unsatu- 
rated sterol substrates. As with the soybean 
system, the 2 AS-steroids were epoxidized to 
the same extent. Unlike the findings with the 
soybean system, the epoxidation of 4-chol- 
esten-3~-ol occurred in higher yields than with 
the 2 &S-steroids, and the formation of 4,5- 
epoxides of 4-cholesten-33-ol could barely 
be demonstrated. 

DISCUSSION 

In this study with soybean lipoxygenase, 
the formation of C-7 oxygenated metabolites 
from epicholesterol was qualitatively and quan- 
titatively similar to that found for cholesterol. 
The influence of the hydroxyl group at C-3 on 
the yields of 7-oxygenated metabolites thus 
seems to be negligible. As with cholesterol, an 
intermediary formation of 7-hydroperoxides 
seems to be involved (3,4). These reactions 
with soybean lipoxygenase have been suggested 
to invoNe radical processes and not singlet 
oxygen (3,4). A participation of superoxide 
radical anion in cholesterol oxidation has 
previously been excluded by Smith et al. (21). 

The formation of 63-hydroxy-4-cholesten- 
3-one in similar yields (0.3%) from both chol- 
esterol and epicholesterol cannot likely result 
from an intermediary formation of 4-cholesten- 
3-one which was isolated in less than 1% yields. 
When the 4-cholesten-3-one was incubated with 
soybean lipoxygenase, 63-hydroxy-4-cholesten- 
3-one was isolated in only 0.9% yields. How- 
ever, Kulig and Smith (13) have reported on the 
formation of 33-hydroxy-4-cholesten-63-hydro- 
peroxide from cholesterol. It is possible that 
this compound (or the 3c~-isomer) was the 
precursor of 63-hydroxy-4-cholesten-3-one ob- 
tained from soybean lipoxygenase oxidation 
of cholesterol and epicholesterol. 

The identification of 5,6-epoxycholestan-3~- 
ol was based primarily upon the mass spectrum 
of the TMS ether of this compound, which was 
identical to that of the TMS ether of 5,63- 
epoxy-513-cholestan-3~3-ol (and 5,6a-epoxy-5c~- 
cholestan-3t3-ol). Since there is no significant 

difference between the mass spectra of the 2 
5,6-epoxides of cholesterol, it cannot be 
evaluated from the mass spectrum which 
isomer was formed from epicholesterol. It may 
be that the identified epoxide is composed of 
a mixture of both isomers. 

The 3-hydroxy-A 4-steroids yielded 6-hy- 
droxy- and 5,6-epoxy-derivatives as the major 
dioxygenated metabolites. 4-Cholesten-3a-ol 
and 4-cholesten-313-ol afforded also 4-cholesten- 
3-one and its metabolites 6a-hydroxy-4-chol- 
esten-3-one and 63-hydroxy-4-cholesten-3-one. 
Whether 6a-hydroxy-4-cholesten-3-one and 63- 
hydroxy-4-cholesten-3-one were formed via 
4-cholesten-3-one or via 4-cholesten-3,6-diols 
cannot be stated. The ratio between 63- and 
6a-hydroxylated metabolites ranged between 
2 and 3. 

Although the 4/3,5~-epoxide was the domi- 
nant isomer formed from 4-cholesten-33-ol, 4- 
cholesten-3c~-ol afforded the 2 4,5-epoxides 
in similar yields. These epoxy-derivatives were 
not found during recent studies by Teng and 
Smith (5) on the oxidation of 4-cholesten- 
33-ol and 4-cholesten-3-one by soybean lipoxy- 
genase, nor was the formation of 4-cholestene- 
3/],6a-diol or 4-cholestene-3~,6~-diol reported. 
The possibility remains that the 6-hydroxylated 
and epoxidized products of 4-cholesten-33-ol 
found in this study originate from 6-hydro- 
peroxides of 4-cholesten-33-ol (22). Slight 
differences in the methodology used (pH of the 
incubation medium and work-up procedures) as 
well as heterogeneity of commercial soybean 
lipoxygenase (23,24) might explain the differ- 
ence in results between this study and that o f  
Teng and Smith. These investigators have 
suggested that oxidation of 4-cholesten-33-ol 
by soybean lipoxygenase is caused by non- 
specific free radical processes (5). The lack of 
formation of 4a,5-epoxy-5c~-cholestan-3-one 
was considered as partial evidence to exclude 
participation of singlet molecular oxygen. In 
this study, it was possible to confirm that 
neither 4-cholesten-3a-ol, 4-cholesten-33-ol, nor 
4-cholesten-3-one afforded 4c(,5-epoxy-5c~-chol- 
estan-3-one or 4/3,5-epoxy-53-cholestan-3-one. 

The steroid metabolism patterns obtained 
with soybean lipoxygenase and iron-supple- 
mented microsomes were found to be very 
similar. The preparations of iron-supplemented 
microsomes that were used have been shown 
to stimulate nonspecific lipid peroxidation 
(17,25). Wher~ conditions which have been 
found to minimize this activity in the micro- 
somes (17) were used, some reactions still took 
place to a significant degree. The 63-hydroxy- 
lation of 4-cholesten-3-one and 4-stigmasten- 
3-one is one example, and it is tempting to 
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suggest that the microsomes contain a 6~- 
hydroxylase. The simultaneous absence of 6a- 
hydroxylated metabolites, which were found 
to be obligatory companions to the 6~hydroxy 
isomers in iron-supplemented microsomes and 
soybeanlipoxygenase oxidations, lends further 
support to the concept that microsomal frac- 
tions from rat liver contain a C27-steroid 
6/3-hydroxylase. 
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The Use of 13-Methyltetradecanoic Acid As an Indicator 

of Adipose Tissue Turnover 
ROGER A. KLEIN, Medical Research Council, Molteno Institute, University of Cambridge, 
Downing Street, Cambridge CB2 3EE, U.K. and DAVID H A L L | D A Y  and 
PHILIPPE G. PITTET, ~ Medical Research Council, Clinical Research 
Centre, Watford Road, Harrow, Middlesex HA1 3U J, U.K. 

ABSTRACT 

We show in this paper that 13-methyltetradecanoic acid (13-MTD) can be used as a structurally 
labeled marker for investigating the mobility of fatty acyl chains in adipose tissue in the rat. The 
presence of an cod methyl group allows easy quantitation by gas liquid chromatography (GLC) 
and permits an assessment to be made of any oxidation and chain elongation reactions with reincor- 
poration of the label into the adipose tissue, since the iso-acyl chain is well resolved from odd or 
even-numbered homologous fatty acids with straight chains. The kinetics of uptake and loss of the 
structural label were different for adipose tissue taken from the various sites which were sampled, 
namely post abdominal, mesenteric, perirenal, pericardiac and subcutaneous adipose tissue as well 
as the epidydimal fat pads. We also report preliminary results in man which confirm that the method is 
applicable to human clinical studies and that 13-MTD kinetics differ for adipose tissue taken from 
the 3 different subcutaneous sites-waist, arm and thigh. 

NOMENCLATURE 

1 3-MTD, 13 -me thy l t e t r adecano ic  acid;  13- 
MTDG, 13-methy l t e t r adecano in  tri-[ 13-methyl-  
t e t r adecanoy l ]  -glycerol).  

INTRODUCTION 

The s tudy  of  p lasma free fa t ty  acid ( F F A )  
tu rnove r  (1) or aspects  of  it such as c learance,  
ox ida t ion  or up take  by  d i f fe ren t  tissues, has 
been  the  objec t  of n u m e r o u s  invest igat ions  in 
b o t h  man  and  animals  (2-5). Few studies,  
however ,  have dealt  wi th  the  direct  incorpo-  
r a t ion  of d ie tary  fa t ty  acids in to ,  and  the i r  
subsequen t  release f rom adipose tissue. A majo r  
obs tac le  in this  respect  is tha t  the  m e a s u r e m e n t  
of adipose  t issue f a t ty  acid t u rnove r  in vivo 
using rad ioac t ive ly  labeled mater ia l  is e thical ly  
l imi ted  to an imal  studies.  The  use of  large 
a m o u n t s  of specifically labeled 13C-fatty acids 
is no t  feasible on  e c o n o m i c  grounds .  However ,  
the  use of  a s t ruc tura l ly  labeled fa t ty  acid 
occurr ing  na tura l ly  in t race a m o u n t s  and  no t  
syn thes ized  de novo  by  the  b o d y  would provide  
a m e t h o d  which  was more  appl icable  to clinical 
s tudies in man.  

A m o n g  the  few invest igators  who have 
a t t e m p t e d  to use such nonrad ioac t ive  labels,  
G a r t o n  et al. (6)  fed l ambs  wi th  e i ther  ace ta te ,  
b u t y r a t e  or p r o p i o n a t e  mixed  wi th  a conven-  
t ional  diet  and d e m o n s t r a t e d  a s ignif icant  
i n c o r p o r a t i o n  of odd -ca rbon  n o r m a l  sa tu ra ted  
fa t ty  acids as well as m o n o m e t h y l - b r a n c h e d  
fa t ty  acids in to  the  adipose tissue of  those  

1 Institut de Physiologie, Universite de Lausanne, 
CH-1011 Lausanne, Switzerland. 

animals  reared on the  p rop iona t e - con t a in ing  
diet.  Pi -Sunyer  (7) fed ra ts  w i th  t r i undecano in ,  
an 1 1:0 t r iglyceride,  for  6 weeks and  showed 
a marked  i n c o r p o r a t i o n  of u n d e c a n o a t e  and  
longer odd-ca rbon  acids inc luding  t r idecanoic  
and  pen t adecano ic  acids in to  the i r  adipose  
tissue fat  stores.  Campbel l  and  Hashim (8,9)  
had also observed chain e longa t ion  u p o n  
feeding t r i u n d e c a n o i n  to b o t h  dogs and  rats and  
advoca ted  the  use of an odd-ca rbon  fa t ty  
ac id-enr iched diet  for the  s tudy  of depo t  fa t ty  
acid tu rnover .  

The  purpose  of this  s tudy  was to develop a 
m e t h o d  of  label ing the  adipose  tissue sui table  
for  clinical s tudies in man.  Medium chain  l eng th  
f a t t y  acids up to C10-12 are absorbed  by  the  
in tes t ine  and  to a large e x t e n t  t r anspo r t ed  by 
the  por ta l  c i rcula t ion  (10-12)  to  be oxid ized  in 
the  liver (13 ,14) ,  wi th  on ly  a small  p r o p o r t i o n  
be ing  t r a n s p o r t e d  as chy lomic ra  in the  l y m p h  
and the re fo re  available for i n c o r p o r a t i o n  in to  
the  adipose  tissue glyceride pool .  This led us to  
use a longer chain  l eng th  f a t t y  acid k n o w n  to 
be readi ly  t r a n s p o r t e d  in the  l y m p h  as chylo-  
micra  (12 ,15-17) ,  in order  to  ove rcome  this  
par t icular  p rob lem.  We chose to use 13-methyl -  
t e t r adecano ic  ( i sopen tadecano ic )  acid, doub le  
labeling provid ing  us wi th  s ignif icant  improve-  
m e n t s  over the  use of an odd -ca rbon  chain  
a lone as a s t ruc tu ra l  label for  iden t i fy ing  its 
i n c o r p o r a t i o n  in to  adipose  tissue. The  presence 
of the  i sopropyl  group makes  it possible to  
iden t i fy  readily b o t h  chain e longa t ion  and c~- or 
/3-oxidation p roduc t s  by  means  of  the  g roup ' s  
charac ter i s t ic  in f luence  on  gas ch roma tog raph i c  
behavior ,  as well as d is t inguishing this  group 
f rom a s t ra ight  chain  co- terminus  using mass 
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spectrometry (MS) and nuclear magnetic 
resonance (NMR) spectoscopy. It also enabled 
us to assess any recycling of the labeled fatty 
acid that might have occurred. 

13-Methyltetradecanoic acid (13-MTD) is 
not synthesized de novo in the body but occurs 
naturally in both bovine (18) and human milk 
(19) as well as in various ox and sheep depot 
fats together with closely related branched- 
chain iso and anteiso odd-numbered acids 
(20-25). Moreover, it is possible to prepare 
13-methyltetradecanoic acid by an unambig- 
uous synthetic route in the large quantities 
necessary for dietary experiments. 

We decided to explore the use of 13-MTD as 
an indicator of adipose tissue fatty acid turn- 
over in rats solely on grounds of convenience 
before applying the method, if shown to work 
successfully in a laboratory animal, to studies 
on human adipose tissue metabolism. In this 
paper, we report the synthesis and characteriza- 
tion of the triglyceride-containing 13-MTD 
(13-MTDG), and the results of dietary experi- 
ments using rats fed with a 13-MTDG supple- 
ment. Some preliminary results obtained with 
human volunteers are also described demon- 
strating that the method is applicable to human 
clinical studies. 

MATERIALS A N D  METHODS 

Synthesis of 13-Methyltetra- 
decanoic Acid (13-MTD) 

13-Methyltetradecanoic acid was synthesized 
electrolytically from isovaleric acid and methyl 
hydrogen dodecanedioate in methanolic solu- 
tion (26-28). Dimethyl dodecanedioate was 
prepared from commercially available dodeca- 
nedioic acid (Aldrich Chemical Company, 
Milwaukee, WI), by esterification with 75 parts 
v/w methanol containing 5% w/v concentrated 
sulfuric acid. The dimethyl ester, after purifi- 
cation by vacuum distillation, was converted to 
the half ester using the theoretical quantity 
of anhydrous barium hydroxide in absolute 
methanol (29). The methyl hydrogen dodecan- 
1,12-dioate was purified by distillation. 

The electrolytic coupling reaction was 
carried out with monoester (typically 3-5 mol) 
and a 2- fo ld  molar excess of isovaleric acid 
dissolved in methanol (12 ~) containing sodium 
methoxide (5 g), using 15 cm x 10 cm plati- 
num electrodes at a current density of 0.053- 
0.066 A d c  cm -2. The reaction mixture was 
stirred magnetically and maintained at 50 C by 
water cooling. Electrode polarity was reversed 
every 25 min to prevent the build-up of depos- 
its on the electrode surfaces. The point at 
which the gas liquid chromatography (GLC) 

peak for methyl 13-MTD no longer increased 
provided a more reliable endpoint than either 
the solution going alkaline or the passage of the 
theoretical number of coulombs. Although we 
used carbon plates originally for economic 
reasons, we found that platinum electrodes 
were essential in order to keep side reactions to 
a minimum. With carbon electrodes, an 
equivalent amount of a second compound apart 
from methyl 13-MTD was produced, and its 
GLC behavior indicated it was probably methyl 
12-methyltetradecanoate, suggesting free radi- 
cal migration (26,28). 

After electrolysis the reaction mixture was 
cooled to room temperature and the dimethyl 
docosanedioate which precipitated was re- 
moved by filtration. The filtrate was acidified 
with acetic acid and the methanol removed by 
rotary evaporation under reduced pressure. The 
crude methyl 13-MTD was purified by frac- 
tional vacuum distillation. Analytical data were 
as follows: Dimethyl dodecanedioate-bp 176- 
182 C/3-5 mm (lit. 150 C/2 ram); 100 MHz 
NMR chemical shifts: CH30, 3.686 (singlet, 
6H); CH2CO , 2.328 (triplet, 4H, J=6-7 Hz); 
CH2CH2CO, 1.648 (triplet, 4H, J=6-7 Hz); 
(-CH2-), 1.336 (singlet, 12H). Methyl hydrogen 
dodecanedioate--bp 198-204 C/5-7 mm. 100 
MHz NMR chemical shifts: CH30, 3.688 
(singlet, 3H); CH2CO (ester), 2.326 (triplet, 
2H, J=7 Hz); CH2CO (acid), 2.366 (triplet, 
2H, J=7 Hz); C}]2CHzCO, 1.648 (triplet, 
4H, J=6.5 Hz); (-Cld2-) , 1.326 (singlet, 12H); 
COOH, 11.348 (singlet, 1H). Methyl 13- 
methyltetradecanoate (13-MTD)-bp 138-144 
C/2-3 mm (lit. 100-106 C/0.3 ram; estim. 
135 C/2 mm); C=75.31%; H=12.69%; 0 = 
12.25% (74.94, 12.58, 12.48 calculated); 
100 MHz NMR chemical shifts: C~130, 3.668 
(singiet, 3H); CH2CO, 2.318 (triplet, 2H, 
J=7.5 Hz); (-CH2-), 1.296 (singlet, 20H); 
CH2CH2CO + CH, 1.628 (triplet, 3H, J=6 
Hz); (CHa)2CH , 0.876 (doublet, 6H, J=6 
Hz). The 70 eV mass spectrum gave M +., m/e 
256; (M-29) +, m/e 227; (M-31) § m/e 225; 
(M-43) +, m/e 213; base peak m/e 74. Accurate 
mass measurement for M + (Ca6H3202) gave 
m/e 256.23999 (calculated mass 256.24020). 
Infrared ~IR) spectroscopy showed C=O, 
1745 cm-" (stretch); and (CH3)2CH, 1365 
cm ~ and 1383 cm -1 (deform.). GLC analysis 
gave a single peak with equivalent chain length 
as follows: on PEGA (197 C),15.40; on SE30 
(200 c), 15.30. 

Synthesis of Tri-( 13-methyltetra- 
decanoyl)-glycerol (13-MTDG) 

Methyl 13-methyltetradecanoate was hydro- 
lyzed by refluxing with excess 10% w/v sodium 
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hydroxide in ethanol/water (50:50, v/v). After 
cooling and acidification, the free acid was 
extracted with diethyl ether and purified by 
vacuum distillation. 13-Methyltetradecanoyl 
chloride was prepared by refluxing anhydrous 
13-MTD with excess oxalyl chloride for 2 hr, 
removing the oxalyl chloride by distillation at 
atmospheric pressure and purifying the acid 
chloride by vacuum distillation. The acid 
chloride was added with efficient stirring to 
anhydrous ethanol-free chloroform containing 
1 mol equivalent of dry pyridine and the 
theoretical quantity of anhydrous glycerol. 
Stirring was continued for 10 hr and the 
mixture allowed to stand overnight at room 
temperature. The reaction mixture was then 
refluxed for 2 hr, allowed to cool, and the 
chloroform solution successively washed with 
1 N hydrochloric acid, methanol/water (50:50, 
v/v), 1 M potassium bicarbonate and water, 
before being dried over anhydrous sodium 
sulfate. The solution of crude triglyceride in 
chloroform was treated with activated charcoal 
and the chloroform then removed under 
reduced pressure by rotary evaporation. 

The crude 13-MTDG was purified by passing 
a solution of it in chloroform over silicic acid 
(Mallinckrodt CC4), followed by rechromatog- 
raphy of the triglyceride fraction over silicic 
acid using diethyl ether/petroleum ether (40-60 
C fraction) 25:75, v/v. The eluate was decolor- 
ized with activated charcoal and the solvent 
removed leaving a light-yellow oil. The partially 
purified triglyceride was recrystallized from 
ethanol/diethyl ether (6:1, v/v). The product, 
which solidified at room temperature, gave a 
major spot ( > 95%) on TLC: silica gel, petro- 
leum ether 40-60 C fraction/diethyl ether/ 
acetic acid (80:20:1 v/v). Minor impurities ( <  
5%) corresponding to 1,2- and 1,3-diglycerides, 
monoglycerides and fatty acids were detected. 
The fatty acid content of the glyceride deter- 
mined by GLC was >99% 13-methyltetra- 
decanoic acid. Analytical data were as follows: 
13-methyltetradecanoic acid ( 1 3 - M T D ) - b p  
164-167 C/2 mm (lit. n-15:0 158 C/1 mm). 
13-Methyltetradecanoyl chloride-bp 162-178 
C/8-9 mm (lit. n-15:0 157 C/5 mm); n ~  
=1.4502; IR spectroscopy showed C=O, 1802 
cm -l (stretch). Tri-(13-methyltetradecanoyl)- 
glycerol (13-MTDG)-C=75.58%; H=11.87%; 
O=12.40% (75.34,12.12.12.54 calculated). IR 
spectroscopy showed (CH3)2CH, 1365 cm -~ 
and1382 cm -~ (deform.); C=O, 1740 cm 1 
(stretch). 100 MHz NMR chemical shifts: 
(CH3)2CH, 0.898 (doublet, 18H, J=6 Hz); 
(-CH2-), 1.316 (singlet + shoulder, 63H); 
CHACO , 2.346 (triplet, 6H, J=7 Hz); Ctt20, 
4.256 ([AB]2X octet, 4H, Jab=12Hz, Jax=4.2 

Hz, Jbx=5.9 Hz); CHO, 5.288 (AX4 perturbed 
quintet, 1H, J=5 Hz). 

The 70 eV mass spectrum showed M +- , m/e 
765;(M-RCO2) +, m/e 523; (M-RCO2CH2) +, m/e 
509. Accurate mass measurement gave M .+ 
( C 4 8 H 9 2 0 6 )  m/e 764.69174 (calculated mass, 
764.68934), and (M-RCO2CH2) + (C32 H61 04) 
m/e 509.45701 (calculated mass, 509.45695). 
Methyl ester content estimated by NMR was 
0.3% by weight. 

Overall yields in the synthesis of 13-MTDG 
were 6.6% and 12.6% for 2 separate prepara- 
tions (dimethyl dodecanedioate = 100%). Stage 
yields for the conversion of 13-MTD to 13- 
MTDG were 33% and 43%, respectively. At all 
stages yield was sacrificed for the highest purity 
obtainable. 

Dietary Composition 

Postweanling rats (male, CFY strain) were 
fed a diet contaning 20% protein, 10% fat and 
64% carbohydrate by weight and adequate 
minerals and vitamins to sustain optimal growth 
(D.W.T. Crompton, personal communication). 
The diet had a calculated calorific content of 
3.86 ME cal g-1 and was fed at the rate of 15 
g/day for 2 weeks postweaning and 20 g/day 
thereafter. The experimental group of animals 
received the 13-MTDG supplement for 3 weeks. 

Preparation of the Corn Oil 
plus 13-MTDG Mixture 

One part by vol of 13-MTDG was mixed 
with 9 vol of commercially available corn oil 
(Boots Pure Drug Co., Nottingham) and the 
fatty acyl chains randomized by heating the 
mixture to 80-100 C for 2 hr in the presence 
of 0.1% sodium methoxide under an atmo- 
sphere of nitrogen (30,31). Randomization was 
checked by argentation chromatography. The 
fatty acid composition of the corn oil-13- 
MTDG mixture is given in Table I. 

Sampling of Adipose Tissue 

Groups of animals were killed under ether 

TABLE I 

GLC Analysis of Dietary Fat Supplement  Containing 
Corn Oil plus 13-MTDG 

Composit ion 
Fat ty  acid (wt %) 

iso-15:0 6.2 
n-16:0 10.1 
n-18:0 1.6 

c9-18:1 24.6 
c9,12-18:2 56.5 

c9,12,15-18:3 0.7 
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anesthesia at the following times after starting 
on the diet: zero weeks (controls, 6 animals); 
1,2,3,4,6 and 10 weeks (4 animals each); 
Weights were recorded every other day. A 
similar group of rats maintained on a diet 
containing corn oil alone were sampled at 
similar intervals to provide baseline data, 

Samples of adipose tissue (100-500 rag) were 
removed by dissection from the following 
anatomical locations: epididymal fat pad, 
subcutaneous, mesenteric, postabdominal, peri- 
renal and pericardiac adipose tissue. Blood was 
taken by aortic or cardiac puncture into hepar- 
inized tubes and the plasma separated by 
centrifugation. Tissue was also removed for 
standard histological assessment of possible 
toxic side effects. Pieces of adipose tissue or an 
aliquot of plasma were immediately placed into 
10 ml of chloroform/methanol (2: 1,v/v) (32) 
and dispersed with an all-glass or PTFE-glass 
homogenizer. Two ml 145 mM NaC1 solution 
were added, the mixture shaken well and the 
phases allowed to separate. The protein precipi- 
tate was removed by filtration through clean 
glass wool and the aqueous phase removed. The 
chloroform phase, after washing with meth- 
anol/145 mM NaC1 (1:1, v/v), was dried under a 
stream of nitrogen and the residue dissolved in 
a small volume of chloroform/methanol (2:1, 
v/v) for analysis. 

Preparation of Fatty Acid Methyl Esters 

Fatty acid methyl esters were prepared from 
adipose tissue lipids by alkoxide-catalyzed 
methanolysis (33) and dissolved in n-hexane 
for GLC analysis. 

Human Studies 

Two human volunteers (one normal male, 
P.P., and one obese female, T.L.) were fed an 
appropriate corn oil-plus-13-MTDG supplement 
as part of a rigorously controlled diet. Samples 
of adipose tissue from the arm, thigh and waist 
were obtained by percutaneous needle biopsy. 
All experiments on human volunteers were 
conducted with prior consent of the Ethical 
Committee (EC 13), Clinical Research Centre 
and Northwich Park Hospital, Harrow, Middle- 
sex HA1 3UJ, U.K, 

Gas Chromatography and Mass Spectrometry 

Fatty acid methyl esters were analyzed on 
columns of polyethylene glycol adipate (PEGA; 
330 cm x 6mm) using argon as carrier gas at 30 
ml min -1 and flame ionization detection in a 
Pye Series 104 gas chromatograph. The compo- 
sition of each sample was determined either 
using peak height and retention time (34) or by 

electronic integration. Gas chromatography- 
mass spectrometry (GC-MS) was conducted 
using a Pye 104 coupled to an Associated 
Electrical Industries MS902 double-focusing 
mass spectrometer with an ionization energy of 
70 eV as previously described (35). 

Reagents 

All reagents were of AR grade or the equiva- 
lent; bulk chemicals were obtained in the purest 
commercial grade available. 

RESULTS AND DISCUSSION 

No significant differences were observed in 
weight gain for groups of rats fed c o r n  oil alone 
or corn oil plus 13-MTDG, suggesting that its 
inclusion had not altered the overall use of 
available calories. We found no histological 
evidence of organ toxicity resulting from the 
administration of 13-MTDG at any stage of 
the experiment. Histological assessment of a 
range of tissues including liver, kidney, spleen, 
brain and cardiovascular tissue was carried out 
whenever adipose tissue was sampled for 
analysis. 

GC analysis of fatty acid methyl esters 
prepared from subcutaneous adipose tissue is 
illustrated in Figure 1. This demonstrates the 
increase in the peak for 13-MTD methyl ester 
after 3 weeks on the diet, followed by the 
decrease 3 weeks after removing the 13- MTDG 
supplement. Also shown in Figure 1 is the ex- 
cellent resolution of this peak from surrounding 
fatty acid methyl esters. Since the terminal 
isopropyl group enables one to distinguish 
13-MTD and related fatty acid methyl esters 
from straight-chain saturated and unsaturated 
homologs, we were in a position to determine 
whether a- and ~-oxidation, chain elonga- 
tion or desaturation with reincorporation of 
acyl chains into the adipose tissue occurred. We 
found no evidence by GLC that any of these 
metabolic interconversions took place with 
reincorporation into the adipose tissue glycer- 
ide pool to any detectable extent. By contrast, 
both chain elongation and desaturation have 
been observed during the feeding of triun- 
decanoin to dogs (8). 

We felt it was essential to demonstrate that 
the GLC peak which increased as a result of 
feeding corn oil plus 13-MTDG (Figure 1) was 
indeed caused by the methyl ester of 13-MTD. 
This was shown to be the case for samples 
taken at random from among those we ana- 
lyzed. Using GC-MS we demonstated that the 
fatty acid incorporated into adipose tissue 
was 13-methyltetradecanoic acid (13-MTD) on 
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FIG. 1. GLC of fatty acid methyl esters prepared from rat subcutaneous adipose tissue showing the incor- 
poration and loss of the 13-MTD label administered in the diet. Methyl 13-MTD (e) and methyl myristate 
(-~l are specifically indicated. The separation was carried out on columns of polyethylene glycol adipate at 
197 C as detailed in MateriMs and Methods. 

the basis of the mass spect rum of its methy l  
ester being identical  with the synthesized ma- 
terial. Also, the incorporated material exhi- 
bited GLC behavior on PEGA and SE30 col- 
umns characterist ic of an co-1 methyl -branched 
fat ty  acid methyl  ester. The major i ty  of the 
lipid ext rac ted  f rom adipose tissue is in the 
form of tr iglyceride (36-40). Thin layer chro- 
matography (TLC) analysis of  a selection of  our 
samples showed that  ~ 9 5 %  of the total  extract- 
able lipids were triglycerides. 

The incorpora t ion  of  13-MTD into the lipids 
extracted f rom subcutaneous,  pos tabdominal ,  
mesenter ic ,  epididymal ,  perirenal and peri- 
cardiac adipose tissue is shown in Figure 2 (a-f). 
No detectable  increases in 13-MTD levels in 
plasma were found,  suggesting ex t remely  rapid 
clearance. These results are given as the abso- 
lute percentage by weight of 13-MTD in the 
total  adipose tissue fat ty  acids, with the size of  
the symbols representing the range of  values 
obtained.  Al though the number  of points  in 
Figure 2 are l imited,  it is possible to distinguish 
the kinetics of  uptake and loss of 13-MTD label 
for the 6 tissues sampled. The t �89 for uptake  

was very similar for all the tissues, lying be- 
tween 41A-6�89 days. Loss of 13-MTD label is, 
however,  characterized by somewhat  greater 
differences be tween the tissues with t �89 ranging 
f rom 9-10 days (pericardiac and perirenal) to 
18 days (epididymal) .  Pos tabdominal  and 
mesenteric  adipose tissue are very similar 
(11-12 days) whereas subcutaneous adipose 
tissue resembles epididymal  fat in its t �89 for loss 
of label (15-16 days). There is some suggestion 
f rom the semilogari thmic plots that  there may 
be a second exponent ia l  phase with t �89 greater 
than 30 days. Al though the l imited data re- 
por ted  here do no t  permit  a definite conclu- 
sion, it is worth not ing that  a 2-compar tment  
system for fat ty acid uptake has been suggested 
by previous work (41 ). 

Comparable  values of t �89 have been observed 
for the uptake and loss of undecanoate  by 
perirenal adipose tissue in rats fed triundeca- 
noin (uptake t �89 = 8.7 days; loss t<2 -- 12.1 
days) by Campbell  and Hashim (9). These 
half-life t imes are generally rather shorter than 
o ther  repor ted  values for fa t ty  acids in adipose 
tissue using radioactive or structural  markers 
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FIG. 2, Incorporat ion of 13-MTD label into adipose tissue from various sites in the rat, shown as the 

absolute percent by weight of the total  fa t ty  acids. The period of feeding with 13-MTDG is shown as o: 
(a) subcutaneous;  (b) postabdominal ;  (c) mesenteric;  (d) perirenal; (e) epididymal;  (f) pericardiac. 

(41)~ This discrepancy may arise because of 
extensive recycling and metabolism of the 
labels used in these studies. 

We can offer no satisfactory explanation 
for the somewhat peculiar kinetics of uptake 
shown by pericardiac tissue (Fig. 2f). This 
peculiarity was not reflected in the other tissues 
examined at the same time. The very small 
mass of pericardiac adipose t issue'may render 

it more liable to short-term changes in compo- 
sition than the larger, more "buffered" sites. 
Although differences in the kinetics of 13- 
MTD loss were observed between the various 
tissues, the overall fatty acid compositions 
were remarkably similar at different stages 
in the experiment (Table I I )wi th  the possible 
exception of pericardiac fat. Samples taken 
from right and left sides showed no significant 

TABLE II 

Fatty Acid Composit ion by Weight of Adipose Tissue Taken from Various Anatomical  Sites in the Rat a 

Fatty Acid 
(wt %) 

14.0 16:0 16:1 18:0 18:1 18:2 18:3 

Subcutaneous (A) 1.3 19.3 4.1 2.8 30.4 41.1 0.6 
(B) 0.6 16.9 2.4 3.2 31.5 44.3 0.5 

Postabdominal (A) 1.2 22.4 5.1 2.7 29.7 38.3 0.6 
(B) 0.6 18.8 3.1 3.2 31.4 41.9 0.5 

Mesenteric (A) 1.4 22.1 5.1 2.9 29.2 38.9 0.5 
(B) 0.6 18.2 2.8 3.3 32.4 41.8 0.5 

Perirenal (A) 1.2 23.4 5.7 3.0 30.6 35.3 0.7 
(B) 0.8 20.8 3.8 3.8 32.6 37.4 0.5 

Epididymal (A) 1.3 21.0 5.9 2.5 29.4 39.2 0.5 
(B) 0.7 19.0 4.5 2.6 30.5 41.4 0.7 

Pericardiac (A) 1.7 22.8 4.0 6.4 30.3 29.5 0.8 
(B) 0.5 19.9 3.7 3.9 34.7 36.1 0.5 

aOnly major components  are shown (~> 0.5%): (A) immediate ly  at the start  of the experimental  diet; (B) 
10 weeks later. Reproducibi l i ty between animals was ca. 2-3% of the value quoted.  
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FIG. 3. Incorporation of  13-MTD label into human 
adipose tissue from arm, waist and thigh. Palmitate 
was used as an internal standard. The period of  feeding 
with 13-MTDG is shown as o, and the amount per day 
represents 13-MTDG added to the diet. 

differences. 
Data for 13-MTD uptake by human adipose 

tissue are shown in Figure 3, in which the 
level of tissue palmitic acid is used as an inter- 
nal standard. These results strongly suggest 
that subcutaneous adipose tissue in man around 
the waist is more mobile as far as labeling with 
13-MTD is concerned than that of either the 
upper arm or thigh. A simple estimate of the 
relative rate of labeling may be obtained 
by comparing the incorporation of 13-MTD at 
2 weeks with that after 6 weeks, giving ratios 
of 0.56, waist; 0.12, thigh; 0.09, arm (derived 
from the data for P.P.). Both sets of data indi- 
cate the relative lability of subcutaneous 
adipose tissue around the waist. Further 
human clinical studies are already in progress 
using 13-MTD labeling as a means of investi- 
gating subcutaneous adipose tissue turnover in 
man. 

In summary, we have shown that 13-MTD 
may be used to label adipose tissue glycerides in 
vivo. Uptake and toss of the label is easily 
followed by GC. There is no evidence for the 
metabolism and recycling of 13-MTD in adipose 
tissue and we believe, therefore, that 13-MTD is 
preferable to other structurally or radioactively 
labeled markers which may be metabolically 
altered and reincorporated, as a means of 
estimating adipose tissue turnover. Reincor- 
poration of the marker would lead to artificially 
long biological half-fifes. 
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Cuticular Lipid Constituents of Cabbage Seedpod Weevils 
and Host Plant Oviposition Sites 
As Potential Pheromones 
INGOLF RICHTER and HORST KRAIN,  Federal Center for Lipid Research, 
Piusellee 68/76, D-4400 M~nster, West Germany 

ABSTRACT 

The cuticular lipids of cabbage seedpod weevils (Ceutorrhynchus assimilis Payk.) and those at their 
oviposition site, i.e., the seed pods of the host plant (Brassica napus L.), were analyzed by chromato- 
graphic techniques in conjunction with mass spectrometry (MS). Long chain hydrocarbons were most 
abundant in both lipids; however, the seed pods of B. napus contained n-alkanes only, whereas C 
assimilis showed a predominance of dimethylalkanes over internally branched methylalkanes as well 
as iso- and n-alkanes. The amounts of ketones, secondary alcohols and aldehydes, the usual plant 
components that are unique in insects, occurred in cuticular lipids of both organisms in approximately 
the same ratio. The composition of n-alkanes, n-ketones, secondary n-alcohols, iso- and anteiso- 
aldehydes and esterified primary anteiso-alcohols of wax esters was similar between C assimilis and 
B. napus. In both sources, qualitative but not quantitative similarities were observed in the compo- 
sition of n-aldehydes and esterified primary n- and iso-alcohols, respectively. The esterified fatty acids 
of wax esters from B. napus were composed of roughly equal proportions of saturated branched and 
unbranched components. The esterified fatty acids of wax esters and steryl esters from C. assimilis 
consisted of major proportions of saturated as well as unsaturated n-compounds, whereas iso- and 
anteiso structures were present in minor proportions only. Free fatty acids and traces of ethyl esters of 
fatty acids found in C. assimilis were mainly composed of unsaturated n-compounds. 

INTRODUCTION 

In t e rac t ions  of  p h y t o p h a g o u s  insects  wi th  
the i r  hos t  p lants  in t e rms  of  chemical  messen-  
gers, such a s  insect  p h e r o m o n e s  or re lated 
behav io r -mod i fy ing  chemicals ,  are being slowly 
unravel led  (1-3). It is becoming  increasingly 
appa ren t  t h a t  surface l ipids play an i m p o r t a n t  
role in the  chemical  c o m m u n i c a t i o n  b e t w e e n  
m e m b e r s  of  the  same species or m e m b e r s  of  
d i f fe rent  species (~). Surface  waxes f rom 
various insects  (5) as well as f rom highe~ p lants  
(6) have been  invest igated.  Close-range sex 
p h e r o m o n e s  have been  f o u n d  in the  cu t icu la r  
hp ids  o f  flies (7-21),  midges (22) ,  cockroaches  
(23 ,24)  and bee t les  (25-27) .  Insect  a t t r a c t a n t s  
f r o m  host  p lan ts  m ay  serve insects  as key  
chemical  cues for  loca t ing  food  resources  and  
ov ipos i t ion  sites (28) .  

The  cabbage seedpod weevil, Ceutorrhyn- 
chus assimilis Payk. ,  causes cons iderab le  dam- 
age to the  cu l t iva t ion  of  rape,  Brassica napus L., 
by  p u n c t u r i n g  the  seed pods  for  ovipos i t ion ,  
and  f rom frass by  larvae and  adults .  The  bee- 
tles, af ter  h i b e r n a t i o n ,  are guided to rape  as 
the i r  pr inc ipa l  hos t  p lan t  b y  a c o m b i n a t i o n  of  
visual and o l fac to ry  s t i m u h  (29).  In th is  s tudy,  
the  compos i t i ons  of  surface l ipids of C. assimilis 
and seed pods  of  B. napus (cv. Lesira) were 
invest igated for  the  presence  of  insec t -hos t  
p lant  in te r re la ted  c o n s t i t u e n t s  tha t  migh t  play a 
role as key  chemica l  cues in r e p r o d u c t i o n  o f  the  
beet le .  

MATERIALS AND METHODS 

All solvents  were ana ly t ica l  grade and were 
redist i l led before  use. A d s o r b e n t s  for  t h in  layer  
c h r o m a t o g r a p h y  (TLC) and  reagents  were 
purchased  f rom E. Merck AG, Darms tad t ,  
G e r m a n y .  Lipids used as re fe rence  c o m p o u n d s  
for  c h r o m a t o g r a p h y  were ob t a ined  f rom 
Nu-Chek-Prep,  Inc.,  Elysian,  MN, f rom ICN 
Pharmaceut ica ls ,  Inc.,  Plainview, NY,  and f rom 
A p p h e d  Science Labora tor ies ,  . Inc. ,  Sta te  
College, PA. 

Isolation of Cuticular Lipids 

Sexual ly  ma tu re  beet les  C. assimilis Payk. 
(ca. 3 m m  long) as well as i m m a t u r e  seed pods  
(2-6 cm long) of  hos t  p lan ts  B. napus, cv. 
Lesira, were col lected dur ing  Apri l  t o  J u n e  
f rom f ie ld-grown plants .  The  cu t icu la r  l ipids of  
insects  and seed pods  were washed  off  sepa- 
ra te ly  by  a l - ra in  immers ion  in to  excess h e x a n e  
and  t h e n  isolated by  f i l t r a t ion  over  glass wool.  

Separation and Quantification 
of Lipid Classes 

Cuticular  l ipids were f r a c t i ona t ed  in to  l ipid 
classes by  c h r o m a t o g r a p h y  on  layers  of  Silica 
Gel  H, 0.25 m m  th ick ,  wi th  h e x a n e / d i e t h y l  
e the r  (95 :5 )  as the  developing  solvent .  A l iquo t s  
of  5-10 mg were appl ied to 20 x 20 cm layers,  
wh ich  had  been  p rewashed  wi th  d ie thy l  e ther .  
The  c o m p o n e n t  lipid classes were de tec ted  by  
spraying the  edges of  the  plates  wi th  0.1% 
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ethanolic 2,7 -dlchlorofluorescein solution and 
eluted from the adsorbent with water-saturated 
diethyl ether. 

The ratios of lipid classes were determined 
by gas liquid chromatography (GLC) with some 
modification of the procedures reported by 
Christie et al. (30). A definite amount of 
heptadecyl heptadecanoate was added as. 
internal standard to aliquots of the extracted 
lipid classes. In addition, the fractions con- 
taining wax esters and steryl esters were re- 
duced with LiA1H4 in diethyl ether (31). Each 
of the lipid fractions was analyzed using a 
Perkin-Elmer F-22 gas liquid chromatograph 
equipped with 2 flame ionization detectors and 
2 glass columns (1.8 m • 3 mm) packed with 
3% OV-101 on Gas-Chrom Q, 100-120 mesh 
(Applied Science Laboratories, Inc.): Nitrogen 
was used as carrier gas at a flow rate of 40 
ml/min. The temperature was programmed 
from 180-250 C, 4 C/min, and then kept at 250 
C for 70 min. Peak areas were measured with 
an Autolab System IV B Spectra Physics 
Reporting Integrator. 

Analysis of Lipid Fractions 

Hydrocarbon fractions were further resolved 
by argentation chromatography (32) on layers 
of Silica Gel G, 0.25 mm thick, containing 5% 
silver nitrate with hexane as the developing 
solvent. The fractions consisting of alkanes 
were eluted from the adsorbent with water- 
saturated diethyl ether and the components 
were identified by combined gas liquid chro- 
matography-mass spectrometry (GLC-MS) using 
an LKB 9000 instrument equipped with a glass 
column (1 m x 2 mm) packed with 3.8% UC W 
98 on Supelcoport, 80-100 mesh (Supelco, Inc., 
Bellefonte, PA). The flow rate of helium was 30 
ml/min and the temperature was programmed 
from 250-300 C at 2 C/min. The separator and 
ion source both were maintained at 300 C. 
The mass spectrometer was operated at 70 eV 
and a trap current of 60 pA. The percentage 
composition of alkanes was determined by GLC 
on 3% OV-101, as just described. 

Fractions consisting of wax esters and steryl 
esters were resolved on layers of magnesium 
oxide, 0.3 mm thick, with hexane/diethyl 
ether/ethyl acetate (75:25:1) as the developing 
solvent (33). The fractions of wax esters and 
steryl esters were each eluted from the adsor- 
bent with water-saturated diethyl ether, and 
then transmethylated (34). The resulting 
mixtures of methyl esters and long chain 
primary alcohols as well as methyl esters and 
sterols, respectively, were separated on layers of 
Silica Gel H, 0.25 mm thick, with hexane/ 
diethyl ether (80:20) as the developing solvent. 
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The fractions were eluted from the adsorbent 
with diethyl ether saturated with water: 

Fractions consisting of primary alcohols 
were acetylated in acetic anhydride/pyridine 
(5:1) (35), and the resulting acetates were 
purified on layers of Silica Gel H, 0.25 mm 
thick, with hexane/diethyl ether (80:20)as  the 
developing solvent.The acetates were recovered 
from the adsorbent by elution with water- 
saturated diethyl ether and analyzed by a 
Varian Aerograph 2700 gas liquid chromato- 
graph attached to a Varian MAT CH 7 mass 
spectrometer. The column (1:8 m x 2 ram) was 
packed with 3% Silar-5 CP on Gas-Chrom Q,; 
100-120 mesh (Applied Science Laboratories, 
Inc.); the helium flow rate was 30 ml/min at 
245 C. Both the separator and ion source were 
maintained at 250  C. The mass spectrometer 
was operated at 70 eV and a trap current of 
300 pA. The acetates were identified by com- 
parison with the retention times and mass 
sepctra of reference mixtures, which were 
prepared from BC Mix branched chain fatty 
acid methyl esters (Applied Science Labor- 
atories, Inc.) via reduction with LiA1H4 and 
subsequent acetylation. The percentage compo- 
sition of primary alcohols was determined by 
GLC on 3% OV-101, as already described. 

Samples of methyl esters, before and after 
catalytic hydrogenation over platinium (35), 
were analyzed by GLC on glass columns (1.8 m 
x 3 mm) packed with 10% EGSS-X on Gas- 
Chrom P, 100-120 mesh (Applied Science 
Laboratories, Inc.) or 3% OV-101 (as described) 
at 200 and 250 C, respectively. 

The composition of fractions consisting of 
ketones or secondary alcohols was determined 
directly by GLC on 3% OV-101, using long 
chain ketones (ICN Pharmaceuticals) or their 
LiA1H4 reduction products, respectively, as 
reference compounds. 

Aldehyde fractions containing trace amounts 
of ethyl esters were resolved by chromatog- 
raphy on layers of Silica Gel H, 0.25 mm 
thick, with hexane/diethyl ether (95:5) as 
the developing solvent. The chromatoplates 
were developed twice, and the 2 lipid fractions 
were eluted from the adsorbent with water- 
saturated diethyl ether. The aldehydes were 
reduced with LiA1H4 to primary alcohols, 
which were subsequently acetylated and 
analyzed as already described. Fractions of 
ethyl esters were characterized by GLC, both 
directly and after transmethylation, as des- 
cribed for the analysis of methyl esters. 

Fractions consisting of free fatty acids were 
esterified with diazomethane (36), and the 
resulting methyl esters were purified on layers 
of Silica Gel H, 0.25 mm thick, with hexane/ 
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diethyl ether (80:20) as the developing solvent. 
The methyl esters were recovered from the 
adsorbent by elution with water-saturated 
diethyl ether and analyzed by GLC as already 
described. 

RESULTS A N D  DISCUSSION 

Cabbage  s e e d p o d  weevi ls  p r o d u c e  o n l y  o n e  
g e n e r a t i o n / y e a r  and  d e p e n d  o n  i m m a t u r e  seed 
p o d s  o f  r ape  fo r  ov ipos i t i on .  T h e  cu t i cu la r  
l ipids o b t a i n e d  f r o m  4 0 0 0  sexua l ly  m a t u r e  
bee t l e s  (6 g) and  f r o m  1000 g o f  i m m a t u r e  seed 

p o d s  o f  h o s t  p l a n t s  a m o u n t e d  to  20 m g  and  
500 mg,  respec t ive ly .  T h e  q u a n t i t a t i v e  distr i-  
b u t i o n  o f  lipid classes in cu t i cu la r  l ipids o f  C. 
ass imi l i s  and  B. n a p u s  seed p o d s ,  given in Table  
I, s h o w s  tha t  h y d r o c a r b o n s  were  m o s t  a b u n -  
dan t  in b o t h  lipids, and t h a t  va r ious  es ters ,  
ke tones ,  a l d e h y d e s  and  a l coho l s  as well  as f ree  
f a t t y  acids o c c u r r e d  in m i n o r  p r o p o r t i o n s  on ly .  

T h e  h y d r o c a r b o n  f r ac t i on  o f  cabbage  
s e e d p o d  weevils  was  f o u n d  to  c on t a in  on ly  
t races  o f  olef ins.  T h e  s a t u r a t e d  h y d r o c a r b o n  
f r a c t i on  o f  C. ass imi l i s  revealed the  p re sence  
o f  h o m o l o g o u s  series o f  n-a lkanes ,  i so-a lkanes ,  

TABLE I 

Composition (%) of Cuticular Lipids of Cabbage Seedpod Weevils 
(C. assimilis) and of Host Plant (B. napus) Seed Pods 

Lipid classes C. assimilis B. napus 

Hydrocarbons 77 63 
Wax esters and steryl esters 6 9 a 
Ketones 5 15 
Aldehydes 2 b 3 
Unidentified 1 
Secondary alcohols 2 8 
Primary alcohols tr c 2 
Fatty acids 7 tr c 

aWax esters exclusively. 
bInclusive traces of ethyl esters. 
Ctr = Trace < 0.5%. 

TABLE II 

Composition (%) of Hydrocarbons from Cuticular Lipid Fractions of Cabbage Seedpod 
Weevils (C. assimilis) and of Host Plant (13. napus) Seed Pods 

Number of 
carbon atoms n-Alkanes 

C. assimilis a 

iso-Alkanes X-Methylalkanes c X,Y-Dimethylalkanes c 

B. napus b 

n-Alkanes 

23 tr d 
25 1 
26 tr (tr) d 
27 1 tr 
28 tr (tr) tr 
29 14 5 tr 
30 tr tr 7 
31 tr 3 tr 
32 4 
33 (tr) 
34 tr 
35 
36 
37 

Total > 16 e < 9 < 12 

t r  
tr 
18 

1 
40 

< 1  
3 

< 6 3  

t r  
tr 
2 

> 1  
95 

< 1  
1 

100 

aTrace amounts of unsaturated hydrocarbons were not analyzed. 
bHydrocarbons other than n-alkanes were not detected. 
cx = Position of methyl branches predominantly at Cll, C13 or C15 ; Y = position of second methyl group 

predominantly at Cx+ 4. 
dtr = Trace < 0.5%; (tr) = trace <0.1%. 
eproportion of n-alkanes as percentage of total hydrocarbons was subject to strong seasonal variations from 

12-45%. 
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in te rna l ly  b r a n c h e d  m o n o m e t h y l a l k a n e s  and  
in te rna l ly  b r a n c h e d  d ime thy la lkanes ,  ranging 
f rom 23 to 37 c a r b o n  a t o m s  (Table  II). T he  
i so -branched  h y d r o c a r b o n s  were ident i f ied  b y  
means  of  re lat ively large (M-43) f ragments  in 
the  mass spect ra  in c o n j u n c t i o n  w i th  the  
absence  of  (M-29) f r agmen t s ;  the  in te rna l ly  
b r a n c h e d  h y d r o c a r b o n s  were iden t i f i ed  o n  the  
basis of  charac te r i s t ic  mass ra t ios  o f  even-  and  
o d d - n u m b e r e d  f ragments  resul t ing  f rom t he  
b r a n c h i n g  pos i t ion  (37 ,38) .  

The  ma jo r  c o m p o n e n t s  of  t e rmina l ly  
b r a n c h e d  h y d r o c a r b o n s  were iso-alkanes wi th  
29 and  31 c a r b o n  a toms,  whereas  anteiso-  
a lkanes  could  n o t  be  de t ec t ed  (Table  II). The  
pr incipal  cons t i t uen t s  of  in te rna l ly  b r a n c h e d  
m o n o m e t h y l a l k a n e s  had  30 and 32 c a r b o n  
a toms ,  whereas  in d i m e t h y l a l k a n e s  c o m p o n e n t s  
wi th  33, 35 and 37 c a r b o n  a toms  p redom-  
ina ted .  All in te rna l ly  b r a n c h e d  h y d r o c a r b o n s  
consis ted of  i somer ic  mix tu re s  wi th  one  m e t h y l  
b r a n c h  p r e d o m i n a n t l y  in 11-, 13- or  15-posi- 
t ions  or  2 m e t h y l  groups  in 11, 15-, 13, 17- or  
15, 19-posi t ions,  respect ively.  

I t  should  be  n o t e d  t h a t  a var ie ty  o f  m o n o -  
and  d i m e t h y l b r a n c h e d  alkanes,  de t ec t ed  in 
cu t icu lar  lipids of  cabbage seedpod  weevils, 
have been  d o c u m e n t e d  in the  l i t e ra tu re  as 
c o m p o n e n t s  of  close-range sex p h e r o m o n e s  o f  
house  flies (39)  and  s table  flies (14,16) .  Homol -  
ogous  cu t icu lar  or  syn the t i c  h y d r o c a r b o n s  o f  
d i f fe ren t  chain  lengths  have been  r epo r t ed  as 
con t ac t  m a t i n g  p h e r o m o n e s  of  t h e  tsetse  fly 
(21)  and  the  b i t ing  midge (22) .  

The  n-a lkane  f rac t ions  f rom cut icu la r  l ipids 

of b o t h  C. assimils and seed pods  of  B. napus 
c o n t a i n e d  n - n o n a c o s a n e  as the  p r e d o m i n a n t  
c o m p o n e n t  (Table  II). In  B. napus  seed pods  
n - n o n a c o s a n e  cons t i t u t ed  as m u c h  as 95% o f  
the  t o t a l  h y d r o c a r b o n s ,  and  h y d r o c a r b o n s  
o t h e r  t h a n  n-a lkanes  were no t  de tec ted  at  all. 
Ep icu t i cu la r  leaf  waxes  f rom B. napus  also have 
been  found  to con t a in  n - n o n a c o s a n e  as t he  
p r o m i n e n t  c o m p o n e n t  (40).  In C. assimilis, t h e  
relat ive p r o p o r t i o n  of  n - n o n a c o s a n e  of  the  t o t a l  
h y d r o c a r b o n s  was f o u n d  to increase  f rom 12% 
in Apri l  to  up  to 45% by  the  end  of  June .  
A l t h o u g h  the  reason  for  these  seasonal  vari- 
a t ions  of  n - n o n a c o s a n e  was no t  invest igated,  i t  
is in te res t ing  to no t e  t h a t  in grasshoppers  the  
i n c o r p o r a t i o n  of  d ie ta ry  n-alkanes  in to  cut ic-  
ular  l ipids has  been  r epo r t ed  (41,42) .  

In  cabbage seedpod weevils, t h e  cu t icu lar  
l ipids con t a ined  6% of  var ious  classes of  esters 
and  7% of  free f a t t y  acids, whereas  those  in 
hos t  p l an t  seed pods  c o n t a i n e d  9% of  esters and  
2% of  free p r imary  a lcohols  (Table  I). The  es ter  
f r ac t ion  in C. assimilis was f o u n d  to  be  com- 
posed  of  equal  p r o p o r t i o n s  of  wax esters and  
s teryl  esters, whereas  in B. napus on ly  wax 
esters were present .  The  qual i ta t ive  c o m p o s i t i o n  
of  ester if ied p r imary  a lcohols  o f  wax esters and  
t h a t  o f  unes te r i f ied  p r imary  a lcohols  revealed a 
fair ly close r e semblance  b e t w e e n  beet les  and  
seed pods  (Table  l iD.  In each case, m ix tu re s  of  
n,  iso and  ante iso  homologs  were found ,  ma in ly  
in the  range of  26-30 c a r b o n  a toms ,  and  t he  
c o m p o s i t i o n  of  m i x t u r e s  was qual i ta t ive ly  
similar to  co r re spond ing  f rac t ions  f rom n o r m a l  
and m u t a n t  fo rms  of  B. napus leaves (40) .  

TABLE III 

Composition (%) of Esterified Primary Alcohols of Wax Esters and Free Primary Alcohols from Cuticular 
Lipid Fractions of Cabbage Seedpod Weevils (C. assimilis) and of Host Plant (13. napus) Seed Pods 

C. assimilis 

Number of Esterified primary alcohols 
carbon atoms n iso anteiso 

B. napus 

Esterified primary alcohols Free primary alcohols 

n iso anteiso n iso anteiso 

14 tr a 1 tr 
16 3 tr tr 
18 1 (tr) a tr (tr) tr 
19 (tr) 
20 1 tr tr tr tr (tr) 
21 (tr) (tr) 
22 7 1 < 1 tr 1 (tr) 
23 3 < 1  
24 3 1 2 tr 3 tr 
25 2 2 
26 8 10 16 2 28 1 
27 32 tr 54 1 
28 4 5 6 2 15 1 
29 1 8 tr 12 1 
30 < 1 9 tr < 1 1 4 

Total 29 26 45 26 5 69 > 50 > 6 

< 1  

< 1  

35 

7 

< 44 

a t r=  Trace < 0.5%; (tr) = trace < 0.1%. 
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Although quantitative differences of i so-and  
n-alcohols were observed, it appears likely that 
primary alcohols in cuticular lipids of cabbage 
seedpod weevils are of host plant origin. 

The major portion of esterified primary 
alcohols from cuticular lipids of cabbage 
seedpod weevils was composed of anteiso 
homologs (Table Ill), whereas the terminally 
branched hydrocarbons contained exclusively 
iso-alkanes (Table II). Thus, in the beetle, the 
biosynthesis of cuticular hydrocarbons obvious- 
ly does not correlate with the presence or 
absence of primary alcohols. 

Table IV shows that the esterified and free 
fatty acids from cuticular lipid fractions of 
cabbage seedpod weevils and of host plant seed 
pods occurred predominantly in the range of 
14-22 carbon atoms. Wax esters of B. napus 
seed pods, in conformity with wax esters of 
leaves (40), contained only saturated esterified 
fatty acids that were composed of roughly 
equal proportions of branched and unbranched 
components. On the other hand, esterified 
fatty acids of wax esters and steryl esters from 
C. assimiIis consisted of major proportions of 
saturated as well as unsaturated n-compounds, 
whereas iso- and anteiso structures were present 
in minor proportions only. Nevertheless the 
predominant esterified branched fatty acids of 
the host plant wax esters, anteiso with 17 and 
19 carbon atoms, may be contributing to the 
esterified anteiso fatty acids of the insect wax 
and steryl esters. The unesterified fatty acids 
from cuticular lipids of C. assimilis were com- 
pletely devoid of branched components and 
were mainly composed of stearic, oleic, linoleic 
and linolenic acids. A similar composition of 
esterified fatty acids was also found in the ethyl 
ester fraction from cuticular lipids of cabbage 
seedpod weevils (Table IV). In this context, it is 
interesting to note that ethyl palmitate, stear- 
ate, oleate and linoleate have been claimed to 
be biologically active constituents of the 
assembling scent from the Khapra beetle 
(43,44). 

The composition o f  aldehydes, ketones and 
secondary alcohols from cuticular lipid frac- 
tions of cabbage seedpod weevils and host plant 
seed pods is given in Table V. All components 
were found to be saturated. The aldehyde 
fractions of both cuticular lipids consisted of 
more than 90% unbranched compounds with 
26, 28 and 30 carbon atoms as the major 
constituents. Minor proportions of anteiso- 
aldehydes had odd carbon numbers; iso-alde- 
hydes were found in traces only. All fractions 
of ketones and secondary alcohols contained 
unbranched compounds exclusively, and, as in 
corresponding fractions from normal and 
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mutant forms of B. napus leaves (40), n- 
nonacosanone or secondary n-nonacosanol, 
respectively, were the prominent components. 
The ratios and composition of  corresponding 
fractions of aldehydes, ketones and secondary 
alcohols from cuticular lipids of  C. assimilis and 
B. napus indicate close resemblance (Tables I 
and V). Because these components are quite 
common in plants and rare in insects, the small 
amounts of aldehydes, ketones and secondary 
alcohols on the beetle suggest that they could 
be of host plant origin. 

The occurrence of nonacosanone and 
homologous long chain ketones in the cuticular 
lipids of cabbage seedpod weevils (Table V) is 
notable with regard to the fact that ketones of  
such chain lengths, isolated from cuticular 
waxes of female house flies and of female 
German cockroaches, have been evaluated or 
identified, respectively, as close-range sex 
pheromones (11,23,24). 

Considering the discovery of potential 
pheromones as constituents of the cuticular 
hpids investigated, tests on biological activity 
are in progress. 
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METHODS 

Quantitative Analyses of Hydroxystearate Isomers 
from Hydroperoxides by High Pressure 
Liquid Chromatography of Autoxidized 
and Photosensitized-oxidized Fatty Esters 1 
W.E. NEFF and E,N. FRANKEL, Northern Regional Research Center, Agricultural Research, 
Science and Education Administration, U.S. Department of Agriculture, Peoria, I L 61604 

ABSTRACT 

A high pressure liquid chromatography (HPLC) method is described for the determination of the 
isomeric hydroxystearates from hydroperoxides of oxidized fatty esters. The samples are hydroge- 
nated and the mixtures of hydroxystearates are concentrated by partial removal ofunoxidized esters 
and complete removal of polar materials. Isomeric hydroxystearates are then separated on a porous 
microparticulate adsorption (10 ~) column and elution with 0.25% isopropyl alcohol in n-hexane is 
monitored at 212 nm. The 8-OH, 9-OH, 10-OH, ll-OH and 16-OH isomers were completely separated, 
but the 12-OH, 13-OH and 15-OH were only partly resolved by HPLC. The relative percentages of 
isomeric hydroxy esters were analyzed quantitatively by a computer integration method. Accuracy 
of the method was checked with known mixtures of synthetic hydroxystearates. The isomeric hydro- 
peroxide composition of oxidized methyl oleate, linoleate, linolenate and soybean methyl esters 
determined by HPLC were in good agreement with previous analyses by gas chromatography-mass 
spectrometry. 

INTRODUCTION 

Recently, renewed interest in the problems 
of lipid oxidation has resulted in improved 
methodology for the analysis of fatty acid 
hydroperoxides. Gas chromatography-mass 
spectrometry (GC-MS) was applied to the study 
of hydroperoxides from oxidized methyl 
oleate, linoleate, linolenate and their mixtures 
by quantitative analysis of the silylated hy- 
droxystearate derivatives (1-3). GC analysis was 
used to determine allylic hydroxy esters as 
trimethylsilyl (TMS) derivatives in mixtures of  
oxidized oleate and linoleate (4). Capillary GC 
was also used to separate the TMS ethers of 9- 
to 14-hydroxystearates (5). On one hand, high 
pressure liquid chromatography (HPLC) was 
used to analyze conjugated allylic hydroxy 
esters from oxidized linoleate (6) and linolenate 
(7) by ultraviolet (UV) detection at 234 nm for 
conjugated diene absorption. On the other 
hand, HPLC was used to analyze the hydroxy- 
stearate derivatives from oleate hydroperoxides 
by UV detection at 212 nm for ester absorption 
using 0.75% ethanol in hexane as solvent 
system (8). 

In this paper, the Chan and Levett HPLC 
method (8) has been extended and improved to 

i Presented at ISF-AOCS Meeting, New York, NY, 
April 27-May 1, 1980. 

allow quantitative analysis of isomeric hydroxy- 
stearate composition from different hydro- 
peroxides formed by both autoxidation and 
photosensitized oxidation of methyl oleate, 
linoleate, linolenate and soybean esters. The 
quantitative accuracy was checked with known 
mixtures of  synthetic hydroxystearates and the 
results were compared with previous analyses 
by GC-MS (1-3). 

METHODOLOGY 

HPLC Equipment and Conditions 

A Water's HPLC system was used with a 
loop injector and a column (0.39 • 30 cm) 
packed with 10-/2 Porasil (Waters Associates, 
Milford, MA); flow: 1.5 ml/min;  solvent: 
0.25% isopropanol in hexane; sample size: 
1.0-2.4 mg hydroxystearate dissolved in mobile 
phase; detector: variable wavelength UV 
(Schoeffel Instruments, Westwood, NJ) set 
at 212 nm. Detector output was quantitated by 
computer as area percentage along with abso- 
lute retention time. The same synthetic methyl 
9-, 10, 13-, and 16-hydroxy esters were used as 
before (1-3). The methyl 15- and 17-hydroxy- 
stearates were synthesized by literature meth- 
ods (9). Autoxidation and hydrogenation 
procedures were also the same. Photosensitized 
oxidations were described previously (10). 
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S a m p l e  C o n c e n t r a t i o n  f o r  H P L C  

Hydroxystearates from hydrogenated-oxi- 
dized samples were concentrated by partial 
removal of nonoxidized components and 
complete removal of polar compounds to avoid 
column contamination. This concentration 
procedure was accomplished either with the 
disposable short pipette procedure described 
previously (11) or with silica Sep Pak (Waters 

a 

12-ON 9.OH 

16-OH b 

212 nm 12.OH $ OH 

13-0H C 

~6OH 

I I I I I 
15 30 45 60 75 

Ekebon Velul,le Iml) 

FIG. 1. HPLC chromatograms of hydroxystearates 
for the analysis of hydroperoxides; column: 0.39 X 30 
cm 10 g Porasil; flow; 1.5 ml/min; solvent: 0.25% 
isopropanol in hexane; sample size: 1.0-2.4 mg hy- 
droxystearate in mobile phase; detector: variable 
wavelength ultraviolet at 212 nm. (a) Hydrogenated 
photosensitized-oxidized linoleate (PV = 1124); (b) 
hydrogenated photosensitized-oxidized linolenate (PV 
= 1566); (c) hydrogenated autoxidized linoleate (PV = 
115); and (d) hydrogenated autoxidized linotenate 
(PV = 132). 

Associates). The Sep Pak procedure consisted 
of using a 200-mg sample dissolved in 1 ml 
hexane, eluting most of the methyl  stearate 
with 10 ml hexane, and then eluting all the 
hydroxystearates with 5 ml 1:1 diethyl ether/ 
hexane. More polar compounds remained on 
the Sep Pak. All separations were monitored by 
thin layer chromatography (TLC) (60:40 
diethyl ether/hexane) using synthetic hydroxy-  
stearate standards (I-3).  

R E S U L T S  A N D  DISCUSSION 

Typical separations of isomeric hydroxy-  
stearates from oxidized fatty esters on a /a- 
Porasil column are presented in Figure 1. Peak 
identification is based on retention of synthetic 
hydroxystearates.  With the 0.25% isopropanol 

1.2 

1.1 

10 

g 0.9 

0.8' 

= 0 3  

0.6 

0.5 

0.4 

o____o~~ 
I L i I I I I I 
9 10 11 12 13 14 15 16 17 

Position of OH Group 

FIG. 2. Retention of hydroxysteaxates by HPLC 
and TLC. See Figure l for HPLC conditions. TLC data 
obtained from Morris and Wharry (12); condi t ions-  
plate: Silica Gel G; solvent: diethyl ether/light petro- 
leum (1:1). Retention is expressed relative to methyl 
17-hydroxystearate: for HPLC = corrected retention 
volume of  OH stearate/corrected retention volume of  
17-OH stearate; for TLC = distance from origin of 
17-OH stearate/distance from origin of OH stearate. 

TABLE I 

HPLC Analysis of Synthetic Hydroxystearates 

Relative percent Standard Standard 
Mixture a 9-OH i 0-OH 12-OH 13-OH 15-OH 16-OH deviation b error b 

1 51.7 48.3 1.0 0.6 
2 29.8 21.2 25.0 24.0 1.2 0.6 
3 17.7 29.8 32.5 19.6 0.4 0.2 
4 16.8 16.7 17.5 14.4 16.4 18.1 0.8 0.5 
5 26.7 12.8 10.7 9.6 11.8 28.2 0.9 0.5 

aWeight % composition of synthetic mixtures: 1 :50.0  each; 2: 30.0, 20.0, 20.0, 30.0; 3: 20.0, 30.0, 30.0, 
20 .0;4:16.7  each;and 5: 30.0, 10.0, 10,0, 10.0, 10.0, 30.0. 

bBy analysis of variance (14). 

LIPIDS, VOL. 15, NO. 8 



METHODS 5 8 9  

r  

o 

,.,,, 

o 

.~~ 

.< 

0 

r 1 6 2  

~ ,  ~ ~ ~  ~ 

0 ,-1 ,-.1 

t ~  

O 

? 

tq 

m 

C~ 

tt~ 

~7 

;> 

t ~  

t ~  

L) 
o 

o 

O 

o 

LIPIDS, VOL. 15, NO. 8 



590 METHODS 

in hexane solvent system, elutions relative to 
methyl 17-hydroxystearate (1.0) used as 
internal standard, are as follows: 13-OH, 0.49; 
12-OH, 0.52; 15-OH, 0.53; l l -OH, 0.59; 
16-OH, 0.64; 10-OH, 0.69; 9-OH, 0.85; and 
8-OH, 1.17. The 8-OH, 9-OH, 10-OH, l l -OH 
and 16-OH isomers are completely separated, 
but the 12-OH, 13-OH and 15-OH are only 
partly resolved by HPLC. When the 0.75% 
ethanol in hexane solvent system of Chan and 
Leve_tt (8) was tried with our column, we failed 
to resolve the 12-, 13-, and 15-hydroxystearates, 
a separation that is required for the analysis of 
photosensitized-oxidized linoleate and lino- 
lenate. 

The isomeric hydroxysterates show a similar 
change in elution order by HPLC as previously 
reported by Morris and Wharry using TLC (12). 
For comparison with HPLC, the TLC data were 
expressed as the reciprocal of the relative 
retention measured as the relative distance of  
spots from the origin (Fig. 2). There is a change 
in retention from the 17- to the 13-hydroxy- 
stearates and then another change in retention 
down to 8-hydroxystearate. The steeper change 
in retention between 8- and 13- and between 
15- and 17-OH isomers observed by HPLC 
affords better separation than by TLC. Critical 
pairs that are more difficult to separate by TLC 
than by HPLC include 11- and 14-OH, 10- and 
15-OH, 9- and 16-OH isomers. 

The relative percentage of hydroxystearate 
isomers was analyzed quantitatively by inte- 
grating peak areas with a computer method 
involving first and second derivatives of the raw 
data determined when peaks start and stop 
(13). Precision and accuracy of the HPLC 
method were evaluated by analyzing known 
mixtures of synthetic hydroxystearates. The 
average of replicate determinations was calcu- 
lated by computer and standard deviation and 
error were calculated by analysis of  variance 
(14). The accuracy of the analyses is reflected 
by the standard deviation from known compo- 
sition, which varied from 0.4 to 1.2 (Table I). 
Standard error ranged from 0.2 to 0.6. The 
standard deviations are in the same range as 
previously found for GC-MS analyses of syn- 
thetic hydroxystearate mixtures (I-3). 

HPLC was compared with the GC-MS 
method for the determination of isomeric 
hydroperoxides (1-3,10,11). Table II shows 
good agreement between these 2 methods in 
the analyses of hydroperoxides from different 
autoxidized and photosensitized-oxidized fatty 
esters. Replicate results computed by analysis 
of variance (14) gave standard deviations 
ranging from 0.5 to 2.1. The HPLC method 
described in this paper is therefore comple- 

mentary to GC-MS for the analysis of hydro- 
peroxides from methyl oleate, linoleate, lino- 
lenate and soybean esters. 

The agreement between results of  the HPLC 
and GC-MS methods provides further confi- 
dence in this new methodology. The isomeric 
hydroperoxide composition of autoxidized and 
photosensitized-oxidized oleate, linoleate, lino- 
lenate and soybean esters has now been fully 
confirmed by 2 independent HPLC and GC-MS 
methods. The results with linolenate hydro- 
peroxides obtained by autoxidation also 
confirm previous analysis using a third entirely 
different approach based on cleavage analysis 
(15). These quantitative studies of isomeric 
hydroperoxides form the basis for clarifying the 
mechanism of free radical autoxidation and 
photosensitized oxidation of  unsaturated fatty 
esters (16,17). 
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The Removal of Peroxides 
from Phosphatidylcholine Preparations 
G.G. POGHOSSIAN and R.M. NALBANDYAN, Institute of Biochemistry, 
Academy of Sciences of Armenian SSR, Yerevan, 375044, USSR 

ABSTRACT 

A major portion of the peroxides from egg yolk phosphatidylcholine preparations can be removed 
by filtration through Sephadex LH-20, by repetitive suspending of phosphatidylcholine preparations 
in water, precipitation by acetone and brief incubation of the lipid with superoxide dismutase. 

INTRODUCTION 

Peroxides and other products of oxidation 
are usually present in phosphatidylcholine 
preparations, although the peroxide content 
depends on various factors such as the method 
of purification, type of storage and admixture 
of certain organic compounds or heavy metals. 
It is necessary, therefore, to assess the peroxide 
content of phospholipids at different stages of 
purification in order to obtain homogeneous, 
peroxide-free phospholipid preparations. The 
thiobarbituric acid (TBA) test and the ratio 
A233 nm/A215 nm in optical spectra of phos- 
phatidylcholines are sensitive criteria for such 
assessment (1,2). 

The complete removal of peroxides trom 
phosphatidylcholine preparations and from 
other phospholipids by a rapid and simple 
method still is often desirable. We report here 
how this can be accomplished. 

MATERIALS AND METHODS 

Phosphatidylcholine from egg yolks was 
prepared essentially according to Bangham 
et al. (3) by chromatography on aluminum 
oxide and silicic acid columns. The phospho- 
lipid purification was completed within 48 hr at 
4 C. The phosphatidylcholine thus obtained 
was homogeneous as judged by thin layer 
chromatography (TLC) on silica gel plates 
("Silufol," Czechoslovakia) using chloroform/ 
methanol/ammonia (230:90:15, v/v) or chloro- 
form/methanol/water (65:25:4, v/v) as devel- 
oping systems. Fractions were detected using 
Dragendorf's solution (4) for choline-containing 
compounds and a phospholipid stain reagent 
(5). Only a single spot was detected by either 
of the methods just described or by using 
sulfuric acid spray on chromatograms of freshly 
prepared phosphatidylcholine. The peroxide 
content in phosphatidylcholine preparations 
was determined from their spectral ratio, 
A233 nm/A21 s nm, in ethanol solution as well 
as by the TBA assay (1). Superoxide dismutase 

(SOD) was obtained from bovine erythrocytes 
according to the McCord and Fridovich method 
(6). The concentration of the enzyme was 
determined from molar extinction of 300 M -1 
cm -1 for the absorption at 680 nm. Optical 
spectra were recorded at 20 C on Specord 
(GDR) or Beckman model 26 instruments using 
10 mm cells. All solvents were distilled twice 
immediately before use. Sephadex LH-20 and 
Sepharose 4B were obtained from Pharmacia. 
All other chemicals of "Puriss" grade were 
manufactured in the USSR. 

RESULTS AND DISCUSSION 

In accordance with numerous earlier studies, 
we observed that freshly prepared phospha- 
tidylcholine stored in the presence of oxygen 
for several weeks increased in peroxide content 
as determined by both the methods already 
described. Thus, the ratio A233 nm/A21s nm 
was increased from 0.13, which is typical for 
freshly prepared phosphatidylcholine, to 0.50 
or higher for the preparations stored for 3 wk. 
According to these criteria, the peroxide 
content was raised during storage from 0.065% 
to 2.5%. These data correlate reasonably well 
with results of the TBA test. 

In an attempt to decrease the peroxide 
content or phosphatidylchollne preparations, 
the phospholipids were filtered through a 
Sephadex LH-20 column. For this purpose, the 
lipids were dissolved in ethanol and adminis- 
tered to a Sephadex LH-20 column that had 
been preconditioned with ethanol. Gel filtra- 
tion of the phosphatidylcholine resulted in the 
partial removal of peroxides. However, the 
resolution of phospholipids and of their per- 
oxides was not completely effective, probably 
because of the small differences in molecular 
weights. Figure 1 shows the typical elution 
pattern of phosphatidylcholine and of the 
fraction corresponding to peroxides and com- 
pares the spectra of both fractions. 

In the following series of experiments, the 

591 



592 METHODS 

effect  of  SOD on  the  pe rox ide  c o n t e n t  was 
tes ted .  This  e n z y m e  is k n o w n  to  be  very act ive 
in t he  d i s m u t a t i o n  of  superox ide  anion-radicals ,  
O~-,  and  in t he  des t ruc t i on  of  H 2 0 2  and  of  
organic  pe rox ides  (7-10).  It  was f o u n d  t h a t  the  
i n c u b a t i o n  of  p h o s p h a t i d y l c h o l m e  p r epa r a t i ons  
wi th  SOD results  in a f u r t h e r  decrease of  the  
perox ide  c o n t e n t  in t he  phospho l ip id .  In these  
exper imen t s ,  phospho l ip id  p repa ra t i ons  were 
suspended  in wa te r  at  c o n c e n t r a t i o n s  o f  10-30 
m g / m l  and  10-6-10 -7 M of  the  e n z y m e  was 
added to  the  suspension.  T he  suspens ion  was 
i ncuba t ed  at  r o o m  t e m p e r a t u r e  for  1-30 min,  
t h e n  3 vol  of  ace tone  were added  and  t he  
prec ip i ta te  fo rmed  was co l lec ted  by  cent r i fu-  
ga t ion  and  dissolved in e thanol .  The  ef fec t  of  
SOD on the  pe rox ide  c o n t e n t  in  phospha t idy l -  
chol ine  p repa ra t ions  is s h o w n  in Figure 2. The  
data  ind ica te  t ha t  the  i n c u b a t i o n  of  the  phos-  
phol ip id  wi th  SOD results  in  t he  a lmos t  com- 
plete  de s t ruc t i on  of  peroxide .  

We also found  t ha t  w h e n  p repa ra t i ons  w i th  
high pe rox ide  c o n t e n t  were suspended  in wa te r  
and  t h e n  sed imen ted  by  add i t i on  of  ace tone ,  
the  residue had  r emarkab ly  lower  pe rox ide  
c o n t e n t  t h a n  the  u n t r e a t e d  p repara t ions .  In 
expe r imen t s  we u n d e r t o o k  in this  series, 
typ ica l ly  20-30-mg po r t i ons  of  the  phospho -  
lipid were suspended in 3-5 ml of  disti l led 
water ,  and  3 t imes  this  vol  of  ace tone  was 
added  at r o o m  t empe r a t u r e .  The  prec ip i ta te  
was col lected b y  cen t r i fuga t ion  at  3000  x g for  
5 rain and  dissolved in e t h a n o l  to  c o m p a r e  its 
spec t rum wi th  t h a t  of  t he  ini t ia l  p r epa r a t i on  of  
p h o s p h a t i d y l c h o l i n e  and to d e t e r m i n e  the  
pe rox ide  c o n t e n t  by  T B A  assay. Af t e r  this  
t r e a t m e n t ,  t he  pe rox ide  c o n t e n t  o f  phospha -  
t idy lcho l ine  was s ignif icant ly  decreased.  When 
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FIG. 1. (a) Elution pattern of phosphatidylcholine 
gel filtration through Sephadex LH-20. The lipid 
(100 mg) was dissolved in ethanol (1.5 ml) and admin- 
istered onto the column (2 cm x 45 cm). The shoulder 
of the peroxide fraction is shown by an arrow; (b) 
optical spectra of central (I) and peroxide (II) trac- 
tions. 
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FIG. 2. The effect of SOD on spectral purity index 
of the phosphatidylcholine; (a) initial spectrum (after 
4 treatments with water and acetone, see b in Figure 
3); (b) spectrum of the same preparation after addi- 
tional incubation with 3 x l 0 .7 M SOD for 5 rain. The 
insert shows the dependence of the spectral index on 
SOD concentration. 
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FIG. 3. The effect of the water/acetone washing 
procedure on the spectral purity index of phospha- 
tidylcholine; (a) spectrum of an initial peroxide- 
containing preparation; (b) spectrum of the same 
preparation after treatments with water and acetone. 
The insert shows the dependence of the spectral index 
on the number of washings. 
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TABLE I 

The Effect of Repeated Washing on the Peroxide Content 
of a Phosphatidylcholine Preparation 
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Initial 
content of 
peroxides 1 2 3 4 

According to spectral criteria 2.5% 1.8% 1.6% 1.4% 1.1% 
According to TBA test 0.6% 0.5% 0.4% 0.35% 0.3% 

No. of washings 

the  t r ea tmen t  was repeated  3-4 t imes,  the  
peroxide  con ten t  was lowered  by 50-60% as 
shown in Figure 3 and Table I. It is impor t an t  
to no te  tha t  the  washing of  t he  lipid wi th  water  
or wi th  ace tone  alone did no t  lead to the  
removal  o f  peroxides  and tha t  prec ip i ta t ion  is 
required.  

The 3 p rocedures  descr ibed for  t he  removal  
of overall p roduc t s  of  ox ida t ion  f rom phospha-  
t idy lchol ine  can be used separately or in combi-  
nat ion.  We were able to  prepare  ra ther  stable 
phospha t idy lcho l ine  l iposomes  wi th  0.5% per- 
oxide  con ten t  f rom the  initial phospha t idy l -  
choline p repara t ion  containing 4% peroxides  
using only the  t r e a t m e n t  of  the  initial prepa- 
ra t ion  by SOD. The water  suspension of  the  
lipid was first o f  all incuba ted  twice wi th  10 -6 
M enzyme  and then  the  lipid ob ta ined  was used 
for  the  prepara t ion  of  l iposomes  by  the  Papa- 
had jopoulos  and Miller m e t h o d  (11). We also 
observed tha t  the  addi t ion  of  10 -7 M SOD to 
l iposomes  has a remarkably  stabilizing effect  
on the  l iposome structures .  Traces o f  SOD can 
be removed by gel f i l t ra t ion o f  the  suspended  
l iposomes th rough  a Sepharose 4B column.  
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A Convenient Spectrophotometric Assay 
for Phospholipase D Using p-Nitrophenyl-phosphocholine 
As Substrate 1 
MUNISHWAR N. GUPTA 2 and FINN WOLD, Department of Biochemistry, 
College of Biological Sciences, University of Minnesota, St. Paul, MN 55108 

ABSTRACT 

A simple assay for plant phospholipase D is described. The enzyme hydrolyzes p-nitrophenyl- 
phosphocholine to p-nitrophenyl phosphate, which in the presence of an acid phosphatase generates 
P-nitrophenol (a chromogenic compound). Thus, p-nitrophenylphosphocholine can be used for assay 
of phospholipase D in sources that do not also contain high levels of phospholipase C. 

INTRODUCTION 

Phospholipase D (EC 3.1.1.4) is generally 
found in the tissues of  higher plants and has 
both  hydrolase and transferase activity,  with a 
broad specificity towards phosphatides:  

Phosphatidylcholine + H20 P..hospholipase D 
Phosphatidic acid + choline 

Phosphatidylcholine + ROH Phospholipase D ~- 
Phosphatidyl -OR + choline 

The hydrolase activity usually predominates  
unless a high concent ra t ion  of  a lcohol  is present 
(1). Both activities are generally assayed by 
fol lowing the l iberat ion of  choline f rom an 
emulsion of  phosphat idylchol ine  (PC). This 
involves separat ion of  choline f rom the react ion 
mixture  and subsequent  quant i f ica t ion of  the 
isolated choline either chemically or  radio- 
chemically (2). The available assay can thus 
be somewhat  cumbersome and may require 
special exper ience and may depend,  for exam- 
ple, on the quali ty of the PC dispersion (3,4). 

We wish to report  here a convenient  assay 
for phospholipase D which is an extension of  
an assay already available for phospholipase C 
(5). Phospholipase C is repor ted  to hydro lyze  
p-n i t rophenylphosphochol ine  (NPPC) to liber- 
ate p-n i t rophenol  which can be measured 
spect rophotometr ica l ly .  We have found that  the 
same substrate NPPC is hydrolyzed  by phos- 
pholipase D apparent ly to give p-ni t rophenyl-  
phosphate  since the subsequent  addi t ion of  acid 
phosphatase liberates p-ni t rophenol .  We have 
used this coupled assay to detect  and fo l low the 
purif icat ion of  phospholipase D from plant 
source. 

IThis work was supported by a U.S. Public Health 
Service Research Grant (GM15053). 

2permanent address: Chemistry Department, In- 
dian Institute of Technology Delhi, New Delhi 110029, 
India. 

MATERIALS AND METHODS 

Phospholipase D f rom peanut  ( type  ti) ,  
phospholipase D f rom cabbage ( type  I), phos- 
phodiesterase I (crotalus adamanteus venom,  
type  II) and NPPC were obta ined f rom Sigma 
Chemical  Company.  Acid phosphatase  (human 
prostatic) was purchased f rom the  Calbiochem- 
Behring Corp. All o ther  chemicals were of  
analytical  grade. 

Assay Procedure 

The extent  of  hydrolysis  of  NPPC was 
moni to red  by measuring the absorpt ion o f  
fiberated p-n i t rophenol  at 400 rim. NPPC (25 
/.tmol in 0.5 ml 50 mM acetate buffer ,  pH 5.6) 
containing 50 mM Ca ++ was mixed with 0.4 
units of  acid phosphatase in the same buffer  
and varying amounts  of  phospholipase D were 
added together  wi th  the appropr ia te  amount  of  
acetate buffer  to give a to ta l  vol  o f  0.9 ml. 
Af ter  incubat ion at 37 C, 100 /11 of  0.05 M 
NaOH was added to te rminate  the react ion and 
the absorbance was read at 400 nm against a 
blank f rom which phospholipase D had been 
omi t ted .  

RESULTS AND DISCUSSION 

The t ime course for NPPC hydrolysis  wi th  
different  concent ra t ions  of  phospholipase D 
given in Figure l (a)  shows that  the react ion 
is l inear with t ime. Like Kurioka and Matsuda 
(5), we also have used NPPC concentra t ions  
which are below the est imated K m value of  
0.05 M. This may  account  for the nonl inear i ty  
observed with respect to enzyme  concent ra t ion  
above ca. 12 units of  enzyme  (Fig. 1 [b] .  Thus, 
under  the condi t ions  repor ted  here, the  prac- 
tical range of  enzyme concen t ra t ion  assay is 
l imited to 0-12 units. The fact that  a 5-f01d 
increase in phosphatase concen t ra t ion  did no t  
alter the results in Figure I conf i rms the con- 
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FIG. l(a) Time course for NPPC hydrolysis at 37 C 
by phospholipase D. The amount of phospholipase D 
in the reaction mixture is given in activity units next 
to each line; (b) dependence of the rate of hydrolysis 
at 37 C of NPPC on the concentration of phospho- 
lipase D. The experimental conditions for both a and b 
are given in the text. The results shown were all 
obtained with the commercial preparation of peanut 
phosphohpam D. Identical results were obtained with 
both crude and purified preparations of peanut and 
cabbage phospholipase D. Phospholipase D alone or 
phosphatase alone gave no measurable color produc- 
tion. The amount of enzyme added is indicated in 
units of phosphatidylcholine (PC) activity. One unit 
will liberate 1 ~mol of choline from PC/hr under the 
conditions used; thu% the reactive rates with the 
natural substrate and with NPPC are 25:1 using 4 
times higher concentration of NPPC (25 mM) than 
that used in the standard assay with PC (6 raM). 

clusion that  the observed hydrolysis  rate is a 
func t ion  of  phospholipase D concent ra t ion  
under  the condi t ions  used. Kurioka and Mat- 
suda (5) have ment ioned  that  the presence o f  
60% sorbitol  accelerates NPPC hydrolysis  by 
phospholipase C. In the case of  phospholipase 
D, we did no t  observe any increase in the rate 
of  hydrolysis  when sorbitol  was added. 

With PC as substrate,  phospholipase D is 
repor ted  to require Ca ++ for opt imal  activity.  
It also has been ment ioned  that  E D T A  inhibits 
the activity at a concent ra t ion  lower than that  
required for chelat ion o f  Ca ++ , suggesting that  
the enzyme might  require the presence of  
another  u n k n o w n  trace meta l  (4). Our obser- 
vations with NPPC as substrate (Fig. 2) agree 
with those findings. When the react ion with 
NPPC is carried out  in absence of  Ca § and with 
1 mM or 0.1 M E D T A  incorpora ted  in the 
buffer ,  the enzyme  activity is significantly 
lowered and no t  abolished. It thus appears that  
a l though Ca +§ activates the enzyme,  is no t  an 
absolute requi rement  when NPPC is used as 
substrate. This conclusion is consistent with 
the suggestion that  a major  role o f  Ca § in the 
phospholipase-D-catalyzed hydrolysis  of  the 
natural  substrate is in forming the proper  
dispersion o f  the substrate (4). 

In using this assay, we were concerned about  
the possible in terference of  nonspecif ic  phos- 
phodiesterases. Some phosphodiesterases like 
bovine spleen diesterase do not  catalyze the 
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FIG. 2. Inhibition of peanut phospholipase D 
activity by EDTA. The experimental conditions are 
those described in the text with incubation/'or 1 hr at 
37 C. In the EDTA-buffer, Ca *+ was replaced by 
0.1 M EDTA. Increasing the EDTA concentration to 
I M did not give further inhibition. Enzyme activity: 
50 units/mg of protein. 

hydrolysis  of  NPPC (5). However ,  we have 
found that  venom phosphodies terase  I has 
substantial  activity with this substrate (Fig. 3). 
A convenient  way to check for general phos- 
phodiesterase activity is to use bis-(p-nitro- 
phenyl)  phosphate ,  which is a good substrate 
for  diesterases in general, but  which is no t  a 
substrate for phospholipase D. In the case of  
part ial ly purified phosphol ipase D preparat ions 
f rom cabbage and peanuts,  which give good 
levels of  activity with NPPC as substrate,  no  
activity was observed when bis-(p-nitrophenyl)-  
phosphate  was used. Thus, the  activity mea- 
sured in these preparat ions can be concluded to 
represent  phospholipase D activity.  It may be 
useful to note  in this connec t ion  that  the 
venom phosphodiesterase activity can be 
significantly lowered in the presence o f  10 -3 M 
Cu +§ (Fig. 3) (6), which does no t  affect the 
phospholipase D activity.  Most of  the phospho-  
diesterases have a specific meta l  requi rement  or  
are inhibited by certain metal  ions and in 
general it should be possible to use such prop-  
erties to distinguish be tween  general phospho-  
diesterase act ivi ty and combined activity of  
phospholipase D and endogenous phosphatase 
(6). 

A final cons idera t ion  for t h e  validity o f  this 
assay for phospholipase D is the possible 
ambigui ty  in distinguishing be tween  high levels 
of  phospholipase C activity and combined 
activity of  phospholipase D and endogenous 
phosphatase.  Since we do not  k n o w  of  systems 
where the 2 enzymes  coexist ,  this p roblem is 
unlikely to arise. In any case, specific stimu- 
lat ion of  phospholipase C activity by sorbitol  
may be used to resolve this potent ia l  ambiguity.  
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SECONDS 

phospho l ipase  D is a b o u t  200 t imes  more  act ive 
t h a n  phospho l ipase  C in the  absence  of  so rb i to l  
and  20 t imes  more  active in the  presence  of  
60% sorbi tol ,  and  t h a t  it m a y  be  possible  to  
assay phospho l ipase  D even in t he  presence  of  
equal  quan t i t i e s  of phospho l ipase  C in t he  
absence  of  sorbi tol .  

As is the  case for  mos t  art if icial  subs t ra tes ,  
t he  use of  NPPC will p r o b a b l y  n o t  yield any  
un ique  insight  regarding the  in vivo f u n c t i o n  
of  phospho l ipase  D. In our  h a n d s  it has, how-  
ever, provided a fast, easy and  r ep roduc ib le  
assay by  which  phospho l ipase  D pur i f i ca t ion  
f rom p lan t  sources  can be  m o n i t o r e d  spect ro-  
p h o t o m e t r i c a l l y  wi th  a readi ly  available sub- 
s trate.  
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Species Variation in Serum Levels of Prostaglandins 

and Their Precursor Acids 
D.W. HWANG, l R.A. GODKE and R.W. RINGS, louisiana Agricultural Experiment Station, 
Human Nutrition and Foods, Home Economics Building, 
louisiana State University Baton Rouge, LA 70803 

ABSTRACT 

Levels of prostaglandin (PG) precursor acids, and PGE 2 , PGF2a and TXB 2 in sera of adult animals 
(5/species) were determined by gas chromatography and radioimmunoassay, respectively. The level of 
arachidonic acid in horse serum lipids was the lowest (0.61 -+ 0.03%), and that in dog serum lipids was 
the highest (18.1 _+ 1.8%). Bovine serum lipids contained considerable amounts of 20:3to6 (precursor 
of monoene PG) and 20:5to3 (precursor of triene PG) in addition to arachidonic acid. Thromboxane 
B 2 was not the major species of endoperoxide metabolite synthesized by platelets from arachidonic 
acid in male ruminants and pig. The concentration of TXB a in the serum of the lactating cow was 
more than 50 times greater than that of ovariectomized cows or of bulls. Although TXB 2 was the 
major species of endoperoxide metabolite synthesized by human platelets, its serum concentration was 
much lower than that of nonruminant animals except the pig. These results showed that there were 
considerable variations in levels of PG and their precursors among various species of animals. The 
species variation in PG and TXB 2 concentrations was not simply attributed to the differences in 
platelet concentration blood. 

INTRODUCTION 

Most animal cells are capable of synthesizing 
prostaglandins (PG). Amounts and kinds of  PG 
synthesized vary with types of  tissues and 
species of animals (1,2). The capability of 
platelets to synthesize PG and/or thromboxanes 
has been demonstrated in humans (3), rats 
(4,5), horses (6) and monkeys (7). However, 
comparative capacities of platelets from differ- 
ent species of animals have not been reported. 
Circulating blood does not contain detectable 
amounts of  PG because they are rapidly metab- 
olized in major organs and excreted. Serum 
concentrations of PG indicate amounts of PG 
synthesized by platelets during clotting of  the 
blood withdrawn from circulation. Human 
erythrocytes cannot synthesize PG and neither 
erythrocytes nor plasma can metabolize PG 
synthesized by platelets (8-10). Therefore, 
measuring serum PG may be more quantitative 
than measuring PG in other tissue homogenates 
possessing enzymes metabolizing the PG. 

The PG precursor acids-eicosatrienoic acid 
(20:36o6), arachidonic acid (20:4606) and 
eicosapentaenoic acid (20:5co3)- in  animal 
tissues can be derived from linoleic acid or 
linolenic acid by desaturation and elongation. 
For animals which are incapable of desaturating 

1Author to whom requests for reprints should be 
addressed. 

linoleic acid or linolenic acid, the direct PG 
precursors have to be derived from dietary 
sources. As an example, the cat is not able to 
desaturate linoleic acid to arachidonic acid (11). 
Since most animal foods contain the direct PG 
precursor acids, ominivores and carnivores can 
obtain the precursor acids directly from their 
diets regardless of  their abilities to desaturate 
linoleic acid or linolenic acid. However, in 
herbivores, the precursor acids have to be 
synthesized from linoleic acid or linolenic acid 
in their tissues. Therefore, composition of the 
precursor acids in tissue lipids in herbivores can 
provide information about types of PG and 
thromboxanes (i.e., monoene, diene or triene 
PG) which can be synthesized in the tissue. This 
study was to determine relative concentrations 
of PG and their precursor acids among various 
species of  animals. 

MATERIALS AND METHODS 

Venous blood samples were collected from 
5 adult male animals. The animals were ran- 
domly selected from research farms belonging 
to the Department of Animal Science, Depart- 
ment of  Dairy Science, Department of  Poultry 
Science and the School of Veterinary Medicine, 
Louisiana State University. Each species of  
animal was kept on the same dietary regimen. 
Blood samples for humans were obtained from 
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volunteer graduate students (2 males and 4 
females). The blood samples were incubated at 
37 C for 1 hr to optimize PG production (12). 
Sera were stored at -20 C until assayed. 

Serum samples were extracted according to 
a modification of the Green et al. method (13). 
Three ml of acetone cooled to -20 C was added 
to lml  serum and the mixture was shaken for 
1 rain. Three ml of  petroleum ether (bp 30-60 
C) was added, vortexed for 1 min and centri- 
fuged briefly. The petroleum ether layer 
containing neutral lipids and most of the 
acetone was removed. This step was repeated 
once. The pH of aqueous phase was adjusted 
to 3.5 with 2% formic acid and the mixture was 
extracted twice with 5 ml diethyl ether. The 
diethyl ether layer was transferred to a flask 
and evaporated under nitrogen. The trace of 
formic acid was eliminated through additional 
amounts of diethyl ether and repeated evapora- 
tion. The residue was dissolved in phosphate- 
buffered saline (0.14 M NaC1, 0.01 M NaPO4, 
0.1% gelatin, pH 7.0). The recovery of tritiated 
thromboxane B: (120 ci/mnol, New England 
Nuclear, Boston, MA) added into rat serum was 
87 + 0.9%. The loss of radioactivity in the 
petroleum ether phase was less than 2%. 

Concentrations of PG in the extracted 
samples were determined by radioimmuno- 
assay. Antibodies for PGE~ and PGF:a  used in 
this study were prepared previously and assess- 
ment of the validity of the assay system, 
characterization of antibodies and analysis of 
the data using a radioimmunoassay computer 
program (14) were described in previous 
reports (5,12,15). The preparation of TXB~ 
antibody was also described in a previous 
report (15). Tritiated PGE~ (130 ci/mmol) 
and tritiated PGF~a (178 ci/mmol), purchased 
from New England Nuclear, were used without 
further purification. Fatty acid composition 
assays of serum lipids with emphasis on PG 
precursor acids were carried out as previously 
reported (5,12). 

RESULTS AND DISCUSSION 

Plants do not contain arachidonic acid; 
therefore, the presence of  arachidonic acid in 
tissue lipids of herbivores reflects the capability 
to desaturate and elongate linoleic acid. Among 
herbivores studied in this report, rats showed 
the highest concentration of  arachidonic acid 
in serum lipids as shown in Table I. Presence of 
A s and A 6 desaturases in the rat were well 
documented (16,17). Serum lipids of rats also 
contained a considerable amount of 20:5co3 
(the precursor of triene PG) which is derived 
from 18:3co3. In the dog, an omnivore, arachi- 
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donic  acid could be derived f rom the  diet or 
f rom linoleic acid by desa tura t ion  and elonga- 
t ion.  Po lyunsa tura ted  fa t ty  acids of  the  663 
family were no t  found  in dog serum. Major 
emphasis  in PG research has been  focused on  
diene PG derived f rom arachidonic  acid because 
it is the  major  precursor  acid found  in tissue 
lipids of  humans  and many  o ther  species of  
animals. However ,  bovine serum lipids con- 
ta ined considerable  amoun t s  of  20:3666 (pre- 
cursor o f  m o n o e n e  PG) and 20:5093 in add i t ion  
to arachidonic  acid. It was shown tha t  bovine 
e ry th rocy tes  do no t  conta in  arachidonic  acid 
(18) and the  major  PG precursor  acid in bovine 
seminal vesicles was 20:3606 (1). It is i m p o r t a n t  
to de termine  relative amoun t s  of  m o n o e n e  and 
t r iene PG compared  to  diene PG synthes ized in 
bovine tissues since d i f fe rent  PG can exert  
d i f ferent  physiological  responses  and potencies .  
The percentage of arachidonic  acid in horse 
serum lipids was the  lowest ,  whereas tha t  o f  
linoleic acid was the highest  among  animals 
studied,  implying that  horses  may have l imited 
capacity to desaturate  l inoleic acid to arachi- 
donic  acid. Triene PG precursor  acids (20:5603) 
was unde tec t ed  in horse  serum lipids whereas  
18:36o3 was present  at a 1% level. Chicken and 
cat sera showed considerable  amoun t s  of  fa t ty  
acids o f  the  co3 family. These fa t ty  acids might  
be derived f rom their  diets containing fish 
products .  It was shown tha t  the  cat is incapable 
of  desaturat ing linoleic acid to arachidonic  acid 
(11); therefore ,  arachidonic  acid in cat serum 
lipids also might  be derived f rom its diet. 
Excep t  in humans ,  dogs, rats and pigs, 20:3663 
was present  in serum lipids o f  o the r  animals 
(Silar-10C co lumn used in this s tudy gave a 
baseline separat ion for  20:36o3 and 20:4606 
me thy l  ester s tandards) .  Serum lipids o f  most  

herbivores  conta ined  relatively large amoun t s  of  
18:3663, which might  be derived f rom chloro- 
plast lipids. One of  the  major  unsa tura ted  fa t ty  
acids in chloroplast  lipids is k n o w n  to be 
l inolenic acid (19). Bovine serum lipids con- 
ta ined an u n k n o w n  fa t ty  acid which was tenta-  
tively ident i f ied as 20:4663 based on  its equiv- 
alent chain length.  

Human  platelets can synthesize  PG E, F 
and D groups, and part icularly t h r o m b o x a n e  as 
a major  p roduc t  f rom arachidonic  acid. How- 
ever, it is u n k n o w n  whe the r  platelets f rom 
o ther  species of  animals can also synthesize  
t h r o m b o x a n e  as a major  p roduc t  f rom arachi- 
donic  acid. The data indicated (Table II) tha t  
t h r o m b o x a n e  B2 was no t  the  major  p roduc t  o f  
arachidonic  acid in ruminan ts  (excep t  lactat ing 
cows) and pigs, whereas it was the  major  
p roduc t  o f  arachidonic  acid in o ther  species o f  
animals. The concen t ra t ion  of  TXB2 in rumi- 
nants  and pigs was no t  significantly d i f fe rent  
f rom tha t  of  PGF2a  or PGE2. In the chicken,  
the  concen t ra t ion  of  TXB2 was about  150 
t imes higher than  that  of  PGF2a.  Al though  
TXB2 was the  major  PG in h u m a n  serum, its 
concen t ra t ion  was much  lower  than  in sera of  
n o n r u m i n a n t  animals except  for the  pig. The 
concen t ra t ion  o f  TXB2 in serum of  the  lactat-  
ing cow was more  than  50 t imes  greater than  
tha t  o f  bulls or ovar iec tomized cows. It is 
u n k n o w n  what  causes this drastic increase in 
PG synthesis  by  platelets  of  lactating cows. 
Analysis o f  serum samples obta ined f rom 
ano the r  set o f  animals ( lactat ing cows and 
nonlac ta t ing  but  nonovar iec tomized  cows) 
indicated tha t  increased synthesis  o f  TXB2 in 
lactat ing cows may not  result  f rom lac ta t ion  
i tself  but  f rom having an es terous  cycle (data 
not  shown) .  Sys temat ic  exper iments  are being 

TABLE II 

Concentrations of Serum PG in Various Species of Animals (ng/ml) a 

A n i m a l s  PGE 2 PGF2c ~ TXB 2 

Bull 0.68-+ 0.20 3.28 • 1.32 2.54 • 0.39 
Cat 1.64 • 0.61 4.73 • 1.37 127.10 • 13.08 
Chicken 1.57 • 0.32 2.66 • 0.69 396.38 • 99.98 
Cow b 0.69 • 0.09 1.70 • 0.23 1.69 • 0.47 
Dog 67.28-+ 15.25 25.54 • 3.04 782.81 • 166.45 
Horse 0.5 • 0.07 0.56 • 0.05 26.41 • 6.13' 
Human 0.97 + 0.26 1.41 • 0.29 24.44 • 6.37 
Lactating cow 2.04 • 0.27 6.67 • 0.64 139.15 • 11.65 
Monkey 6.00 • 1.84 12.64 • 2.11 365.72 • 61.20 
Pig 1.81 • 0.68 4.47 • 0.33 7.72 • 1.78 
Rabbit 4.92• 0.68 8.54• 2.11 290.67• 38.48 
Rat 6.78 -2- 1.51 11.01 • 2.20 97.59• 21.62 
Sheep 0.34 • 0.07 2.02 • 0.36 1.66 • 0.03 

a V a l u e s  are m e a n  +- SEM o f  5 samples .  

bOvariectomized cow. 
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carried out to elucidate this finding. Species 
variation in the concentration of  PGF2t x did not 
coincide with that of TXB2 ; therefore, species 
variation in PG concentrations was not simply 
attributed to the difference in platelet concen- 
tration in blood. 
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Major Unsaturated Cuticular Hydrocarbons 

of the Field Crickets, Gryllus pennsylvanicus 
a nd Nemobius fascia tusl 
J.D. WARTHEN, JR. and E.C. UEBEL, Biologically Active Natural Products Laboratory, 
Agricultural Environmental Quality Institute, Agricultural Research, Science and 
Education Administration, U.S. Department of Agriculture, Beltsville MD 20705 

ABSTRACT 

Adult male field crickets, Gryllus pennsylvanicus Burmeister, have more unsaturated cuticular 
hydrocarbons than adult females, and each has more unsaturates than last-instar male and female 
nymphs. The 2 most abundant unsaturated hydrocarbons from each adult were (Z)-7-nonacosene and 
(Z,Z)-6,22-nonacosadiene. Last-instar male nymphal field crickets, Nemobius fasciatus (De Geer), 
were almost devoid of cuticular alkenes compared to last instar female nymphs and adult males and 
females. The major unsaturated hydrocarbon from each was (Z,Z)-6,9-pentacosadiene. 

INTRODUCTION 

The cuticular saturated hydrocarbons from 
mixed sexes of field crickets have been identi- 
fied as homologous series of n-alkanes and 2- 
methylalkanes in Nemobius fasciatus (De Geer) 
along with internally branched monomethyl- 
and dimethylalkanes in Gryllus pennsylvanicus 
Burmeister (1); however, no mention of un- 
saturated hydrocarbons was made. 

The presence of cuticular alkenes was a 
possibility since similar materials were found 
in the house cricket, Acheta domesticus (L.) 
(2). We therefore investigated the cuticular 
lipids of the field crickets for alkenes that 
might be present in only one sex. 

EXPERIMENTAL PROCEDURES 

G. pennsylvanicus and N. fasciatus adults 
and nymphs were collected in Baltimore 
County, MD. Adult males and females on a 
diet of  Southern States 350 chicken crumb 
were held in separate cages for 3 weeks before 
being used; last-instar nymphs were used soon 
after collection. 

Cuticular lipids of  male and female nymphs 
and adults were extracted by immersing the 
insects in hexane. The lipids were fractionated 
in a manner similar to that described by War- 
then and Uebel (2) and examined by gas liquid 
chromatography (GLC) on a 91 • 0.2 cm id 
glass column packed with 2% OV-101 on 
Chromosorb W-HP. 

Hydrocarbons were separated from non- 
hydrocarbons on Florisil (60-100 mesh) by 
eluting with hexane and diethyl ether, respec- 
tively. The hydrocarbons containing saturates 
and unsaturates were analyzed by GLC and 

Orthoptera : Grynidae. 

then ozonized (3). Comparison of the GLC 
analysis of  the ozonized-hydrolyzed mixture 
with that of  the original mixture revealed which 
components were unsaturated. 

The hydrocarbons of the adult males and 
females were separated into alkanes, monoenes 
and dienes on 20% silver nitrate-impregnated 
Florisil by eluting with increasing concen- 
trations of diethyl ether in hexane. 

The monoenes and dienes were dissolved in 
hexane and hydrogenated while stirring over 
platinum oxide. Mass spectra of these hydro- 
carbons were obtained from a Hewlett-Packard 
5992A GC/MS equipped with a glass column 
packed with 2% OV-101. 

The positions of the double bonds were 
located in the following manner: the 29-carbon 
monoenes and dienes and the 25-carbon diene 
were isolated by preparative GLC and ozonized- 
hydrolyzed (3); the resulting aldehydes were 
identified by comparing retention times to 
those of  authentic standards. 

R ESU LTS 

G. pennsylvanicus 

Table I shows the amount o f  cuticular lipid 
and percentage hydrocarbon for G. pennsyl- 
vanicus. GLC analysis of the nonhydrocarbon 
fractions revealed numerous minor nonhydro- 
carbons with the same retention times (Rt) as 
many o f  the hydrocarbons. 

Last-instar malo nymphs and female nymphs 
contained unsaturated hydrocarbons as 2 GLC 
peaks at 29- and 30-carbon numbers (R t) and 
1 GLC peak at 29-carbon number (Rt) , respec- 
tively. Unsaturated hydrocarbons were found 
among the cuticular lipids of both the adult 
males and females as 3 GLC peaks; the largest 
amount of unsaturates for both sexes occurred 
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TABLE I 

Major Cuticular Unsaturated Hydrocarbons in G. pennsylvanicus and N. fasciatus 

G. pennsylvanieus N. fasciatus 

Adults Nymphs Adults Nymphs 

d 9 c~ 9 d 9 d 9 

Cuticular lipid 
(mg/insect) 0.62 0.77 0.39 0.41 0.20 0.20 0.12 0.14 

Hydrocarbon (%) 81 64 72 69 100 100 100 100 
Unsaturated 

hydrocarbon (%) -- -- 28 31 45 57 9 59 
Abundant monoene _a a . . . . . .  
Abundant diene b _b _ _ _c _c _ c 

a(z)-7- Nonacosene. 
b(z, Z)- 6,22- Nonacosadiene. 
c(z,z)-6,9-Pentacosadiene. 

jus t  prior to the  R t o f  the  29-carbon n-alkane 
standard (Fig. 1). The o the r  2 occurred  just  
prior to  the  R t for  27- and 31-carbon numbers .  

Silver n i t ra te - impregnated  Florisil chro- 
ma tography  revealed that  the h y d r o c a r b o n s  
f rom adult  males conta ined  47% alkanes, 24% 
m o n o e n e s  and 29% dienes;  the  h y d r o c a r b o n s  
f rom adult  females conta ined  82% alkanes, 
11% m o n o e n e s  and 7% dienes. The most  
abundan t  materials in the  m o n o e n e s  and dienes 
f rom b o t h  adult  males and females  were ana- 
lyzed by GC-MS. A 29-carbon m o n o e n e  and a 
29-carbon diene were found  in each sex. When 
each of  these  materials was hyd rogena t ed ,  
n -nonacosane  was obta ined .  

Silver ni t ra te  th in  layer ch roma tog raphy  
(TLC) of  the  m o n o e n e s  f rom adult  males and 
females wi th  au then t ic  cis and trans s tandards  
(2) showed the  m o n o e n e s  to  have only  the  

~ L s  

23 Z5 27 29 31 53 35 ?*7 39 41 43 '~ 47 

C A R B O N  NUMBER 

FIG. 1. Gas chromatograms of the cuticular 
hydrocarbons washed from adult male and female 
G. pennsylvanicus. Shaded peaks are unsaturated 
hydrocarbons. The column was 2% OV-101 (91 X 0.2 
cm id glass) operated at 185 C for 2 min and then 
programmed at 2 C/min to 305 C with a flow rate of 
30 ml/min. 

cis conf igurat ion.  Ozonolys is -hydrolys is  o f  the  
double  b o n d  o f  the  29-carbon m o n o e n e s  
p roduced  hep tana l  and docosanal  in nearly the  
same quant i t ies  for  bo th  males and females.  
Thus,  the  most  ab u n d an t  m o n o e n e  for  b o t h  the  
males and females  was (Z)-7-nonacosene.  

The diene f ract ions  f rom adult  males and 
females  showed no IR absorp t ion  indicative of  
double  bonds  in the  trans conf igura t ion  or  in 
the  terminal  posi t ion.  Ozonolys is -hydrolys is  o f  
the  29-carbon dienes f rom b o t h  the  males and 
females yielded hexanal  and hep tana l  as the  2 
most  abundan t  a ldehydes  and hexadecanedia l  
as the  most  abundan t  d ia ldehyde .  Fu r the r  
conf i rma t ion  o f  this f ragmenta t ion  was ob- 
ta ined by a partial  ozonolys is -hydrolys is  o f  the  
nonacosad ienes ;  docosena l  and tr icosenal  were 
the  major  unsa tura ted  a ldehydes  obta ined f rom 
b o t h  sexes. Thus, the p r e d o m i n a n t  diene was 
(Z,Z)-6 ,22-nonacosadiene .  

N. fasciatus 

Table I also shows the  a m o u n t  of  cuticular  
lipid and percentage  h y d r o c a r b o n  for N. 
fasciatus. A major  peak of unsa tura ted  hydro -  
carbon was present  in the adult  males and 
females and the  female n y m p h s  (Fig. 2) but  
present  in only a minor  amo u n t  in male 
nymphs .  The mass spec t rum of  this peak 
revealed a molecular  ion of  m/e  348 and the  
mass spec t rum of  its hyd rogena ted  produc t  had 
a molecular  ion of  m/e  352. The mass spec t rum 
and re t en t ion  t ime of  this p roduc t  were identi-  
cal to those  o f  n-pentacosane .  

Silver ni trate TLC of  this unsa tura ted  hydro-  
carbon revealed tha t  it was a diene,  and the  IR 
spec t rum indicated the  presence  of  cis double  
bonds.  

Ozonolys is-hydrolys is  o f  the  diene p roduced  
hexadecanal  and hexanal ,  whereas  partial  ozon-  

LIPIDS, VOL. 15, NO. 8 



COMMUNICATIONS 603 

F E M A L E  
A D U L T  

-_A_..A 

21 23 25 27 29 
C A R B O N  N U M B E R  

FIG. 2. Gas chromatograms of the cuticular 
hydrocarbons washed from adult females and last- 
instar male N. fasciatus. Shaded peaks are unsaturated 
hydrocarbons. The column was 2% OV-101 (91 • 0.2 
cm id glass) operated at 155 C for 2 min then pro- 
grammed at 2 C/min to 220 C with a flow rate of 30 
ml/min. 

olysis-hydrolysis  p roduced  nonena l  and non-  
adecenal.  The a ldehydes  were ident i f ied by  
mass spectral  f r agmenta t ion  and /o r  GC re ten-  
t ion  t ime.  The major  cuticular  diene of  male 
and female N. fasciatus was (Z,Z)-6,9-pentacos- 
adiene. 

DISCUSSION 

Alkenes and alkadienes are present  in the  
cuticular hyd roca rbons  of  several insects  
(4-12). The major  h y d r o c a r b o n  c o m p o n e n t  of  
Periplaneta americana (L.) is (Z,Z)-6,9-hepta- 
cosadiene (13,14).  The sex a t t rac tan t  o f  Musca 
domestica L. present  in the cuticular hydro-  
carbons is (Z)-9-tr icosene (15-17). Beeswax also 
conta ins  a n u m b e r  of  alkenes of  pr imari ly the  
(Z)-conf igura t ion (18-20). 

The 25-carbon alkadiene present  in N. 
fasciatus falls in to  the 6,9-diene class present  
in P. americana. However,  G. pennsylvanicus 
has a 29-carbon alkadiene wi th  double  b o n d s  
in the  6 ,22-posi t ion ra ther  than  the 6,9. Double  
b o n d s  at the  seventh carbon a tom have also 
been  repor ted  (21) for  cut icular  m o n o e n e s  in 
the  little housef ly ,  Fannia canicularis (1,). G. 
pennsylvanicus also has a 7 -monoene  of 29 
carbons.  

The major  unsa tura ted  cuticular hydro-  
carbons in A. domesticus are 37- and 39- 
carbons as opposed  to the  shor ter  ones of  
G. pennsylvanicus and N. fasciatus. G. pennsyl- 
vanicus adult  males conta ined  more  unsa tura ted  
cuticular hyd roca rbons  than  adult  females,as 
did A. domesticus adult  males. However,  the  
adults  and female n y m p h s  of  N. fasciatus 
conta ined  equal  amoun t s  of  unsa tura ted  
cuticular hyd roca rbons ;  the  male n y m p h s  
conta ined a very small amoun t  of  unsa tura ted  
hydroca rbon .  The biological func t ion  of  these 
cuticular c o m p o n e n t s  remains  to be discovered.  
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Effect of Dietary Fat on the Fluidity of Platelet Membranes 
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ABSTRACT 

Dietary fat type was reflected in the phospholipid fatty acid composition of the plasma membrane 
of rabbit platelets and apparently controlled the fluidity of these membranes. Rabbits were main- 
tained for 6 months on diets that varied in stearic and polyunsaturated fatty acids and thus had 
different potentials for thrombosis. Microviscosities at 37 C, calculated from the anisotropy of fluor- 
escence from the probe 1,6-diphenyl-l,3,5-hexatriene, were 3.5, 3.4, 2.8 and 2.2 poise for platelet 
membranes isolated from rabbits whose only source of dietary fat was cocoa butter, milkfat, coconut 
oil, or corn oil, respectively. The relative fluidities of the membrane isolates were correlated with the 
polyunsaturated fatty acid contents of the membrane phospholipids. 

INTRODUCTION 

Diets that are high in long chain, saturated 
fatty acids, particularly stearic have been 
implicated as predisposing animals to throm- 
bosis (1,2). Yet, our present knowledge of 
the role of  nutrition in hemostasis and throm- 
bosis is limited. Research pertaining to the 
interrelationships between chemical structure 
and physical surface properties of the platelet 
should help define the role of ingested fat 
by increasing our understanding of the molec- 
ular basis of  platelet physiology. We now report 
the effects of dietary fats, which vary in their 
contents of  stearic acid, polyunsaturated fatty 
acids and short chain fatty acids, upon the 
chemical composition and fluidity of the 
plasma membranes of rabbit platelets, as 
determined by fluorescence polarization. 

MATERIALS AND METHODS 

Animals and Diets 

Male New Zealand white rabbits weighing 
1.8-2.0 kg were purchased (Camm Research 
Institute) and fed commercial stock diet 

(Purina) ad libitum until they weighed 3.6-4.0 
kg. The animals were randomly divided into 4 
groups of  5 rabbits and fed experimental diets 
containing different natural fats. 

The Gaman et al. semipurified diet (3) minus 
corn oil was used as a basal diet. Pelleted diets 
consisting of the basal diet plus 5% cocoa 
butter, milkfat, coconut oil, or corn oil were 
prepared commercia l ly  (Teklad Test Diets) to 
our specifications. Fatty acid contents of the 
prepared diets (Table I) determined by gas 
chromatography (GC) were typical of these 
fats. The rabbits were allowed free access to 
food and water during the 6-month test period. 

Membrane Isolation 

Blood samples (~30  ml) were drawn via 
cardiac puncture into plastic syringes con- 
taining Na2EDTA in saline as an anticoagulant. 
Platelets were isolated by differential centrif- 
ugation (4) and washed by repeated centrif- 
ugation in Gaintner's (5) phosphate buffer, pH 
7.5, with added Na2EDTA (1 mg/ml). Platelets 
from rabbits consuming each diet were pooled, 
dispersed in washing buffer and lysed by the 
Barber and Jamieson glycerol lysis technique 

T A B L E  I 

F a t t y  A c i d  C o m p o s i t i o n  o f  D i e t s  ( m o l  %)  

D i e t  C o c o a  b u t t e r  M i l k f a t  C o c o n u t  o i l  C o r n  o i l  

A c i d  
1 0 : 0  - 0 . 7 1  1 . 7 0  - -  

1 2 : 0  - 3 . 6 8  5 0 . 2 5  - 
1 4 : 0  0 . 4 3  1 3 . 4 2  2 1 . 7 1  - 
1 6 : 0  2 7 . 3 9  3 7 . 2 8  1 1 . 3 6  1 3 . 5 9  
1 6 : 1  0 . 3 9  2 . 8 9  --  - 
1 8 : 0  3 0 . 9 2  1 1 . 6 3  2 . 5 7  2 . 2 0  
1 8 : 1  3 4 . 3 1  2 6 . 4 6  8 . 7 7  2 6 . 5 8  
1 8 : 2  4 . 9 4  3 . 0 6  3 . 6 4  5 5 . 4 5  
1 8 : 3  0 . 3 5  0 . 8 8  - 1 . 6 1  
2 0 : 0  1 . 2 7  --  - 0 . 5 7  
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(6). The lysed cell suspension was centrifuged 
through a 27% sucrose cushion (p=l.101 
g/cm 3) in a swinging bucket rotor at 86,000 • g 
for 3 hr to isolate the plasma membrane frac- 
tion at the buffer-sucrose interface. The mem- 
brane isolate was pelleted without further 
subfractionation in an angle head rotor at 
143,000 x g for 1 hr and dispersed in Gaint- 
net 's phosphate buffer for further study. 

Fluidity Measurements 

Fluidity of  the membrane lipid phase was 
determined from measurements of depolar- 
ization of fluorescence from the probe 1,6- 
diphenyl-l,3,5-hexatriene (DPH) by the Shinit- 
zky and coworkers methods (7-9). For probe 
incorporation, 2 x 10 -3 M DPH in tetrahydro- 
furan was diluted 500- to  1000-fold in aqueous 
suspensions of platelet membrane isolates and 
incubated with agitation at 35-37 C for 2 hr. 

Steady state fluorescence polarization inten- 
sity was measured with an Aminco-Bowman 
spectrophotofluorometer equipped with Glan- 
Thompson prism polarizers. DPH was excited at 
366 nm and the fluorescence at 450 nm was 
detected through a Wratten 2A cutoff filter for 
wavelengths shorter than 415 nm. Light scatter- 
ing errors were minimized by diluting the 
membrane suspensions until the polarization or 
anisotropy remained constant. Fluorescence 
data were taken as a function of  temperature 
from 45 to 0 C at intervals of 3-6 degrees. 

Microviscosities were calculated from the 
anisotropy data with the approximation: 

r]=2.4r/(0.362-r) 

by Shinitzky and Barenholz (9) of the Perrin 
equation for the anisotropy, r, of DPH fluor- 
escence. The measured anisotropies were 
obtained from the intensities of  emission polar- 
ized parallel and perpendicular to the polarized 
excitation using standard formulas (10). 

Chemical Analysis 

Platelet and membrane phospholipids were 
separated by thin layer chromatography (TLC) 
of CHC13/CH3OH extracts on Silica-Gel- 
HR-coated glass plates with a solvent system 
consisting of CHC13/CH3OH/CH3COOH/H20 
(25:15:4:2,  v/v). The fatty acid compositions 
of the various fractions were determined by GC 
of the corresponding methyl esters prepared by 
transesterification with methanolic He1. The 
results are reported here as the #mol of fatty 
acid/g protein, based on colorimetric protein 
analyses (12). 

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

Microviscosities of platelet membranes are 

20C -- 

7C-- cJ 
- 

~. 5(-- 

5C 

2( 

'~.o ~', ! ! ' '. ' ' 3 2  5 3 5.4 3 5 3.6 37  

103 /T  (~ 

FIG. 1. Logarithmic plot of microviscosity vs the 
reciprocal of the absolute temperature for plasma 
membranes isolated from platelets from rabbits fed 
diets containing different fats. Correlation coefficients 
for these logarithmic functions are: cocoa butter, 
r=0.9956; milkfat, r=0.9787; coconut oil, r=0.9732; 
and corn oil, r=0.9852. 

presented graphically in Figure 1 as logarithmic 
functions of the reciprocal of the absolute 
temperature. Each straight line in Figure l, 
plotted by least squares fit of the exponential 
function, represents 9-16 data points, which 
were omitted for clarity. Correlation coeffi- 
cients for these fines appear in the figure 
legend. Dietary influences on membrane 
fluidity are evident, particularly at physio- 
logically important temperatures. The values 
for ~ at 37 C of 3.5, 3.4, 2.8 and 2.2 poise for 
plasma membranes of platelets isolated from 
rabbits fed diets with cocoa butter, milkfat, 
coconut oil, or corn oil, respectively, reflect the 
relative viscosities of these fats. 

The fatty acid compositions of the mem- 
brane phospholipids are given in Table II, both 
as the / Jmol  fatty acid/g protein and as the mol 
%. The percentage distribution data reflect the 
fatty acid compositions of the ingested fats. 
The diet-induced differences in fluidity corres- 
pond to the relative percentages of saturated 
and polyunsaturated fatty acids in the phospho- 
lipids of these platelet membranes. Apparently 
the phospholipids of  the platelet membranes of  
rabbits were lower with the cocoa butter or 
milkfat diet than with the coconut oil or corn 
oil diet. This difference suggests that the higher 
microviscosities of the membrane fractions 
from the rabbits fed cocoa butter and milkfat 
might result in part from the rigidity-inducing 
influences of the membrane proteins (9) in 
addition to the effects of fatty acid saturation 
per se. Comparison of the u/s ratios (Table II) 
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T A B L E  II 

F a t t y  A c i d  C o m p o s i t i o n  o f  Pla te le t  M e m b r a n e  P h o s p h o l i p i d s  

C o c o a  b u t t e r  Mi lkfa t  C o c o n u t  oil Co rn  oil 

~umol/ ~zmol/ ~ m o l /  # m o l /  
Diet  g p r o t e i n  m o l  % g p r o t e i n  m o l  % g p r o t e i n  m o l  % g p r o t e i n  m o l  % 

Ac id  a 
1 4 : 0  . . . . . .  1 1 . 6 8  1 .53  
1 6 : 0  1 0 8 . 2 2  2 9 . 9 2  1 0 3 . 0 2  2 8 . 1 0  1 2 9 . 2 5  2 3 . 9 4  1 7 4 . 2 2  2 2 . 8 1  
16:1  - - 0 . 6 8  0 .19  4 . 8 2  0 . 8 9  1 2 . 8 4  1 .68  
1 8 : 0  1 0 8 . 1 3  2 9 . 8 9  1 0 9 . 5 9  2 9 . 8 9  1 4 6 . 7 0  2 7 . 1 8  2 0 1 . 3 2  2 6 . 3 6  
18:1  4 8 . 0 8  1 3 . 2 9  5 3 . 2 2  1 4 . 5 2  4 2 . 9 1  7 .95  5 3 . 6 7  7 .03  
18 :2  4 8 . 9 6  1 3 . 5 4  5 0 . 5 6  1 3 . 7 9  1 0 8 . 1 4  2 0 . 0 3  1 6 8 . 3 0  2 2 . 0 4  
2 0 : 0  2 .04  0 .56  1 .26  ' 0 . 3 4  2 .99  0 .55  2 .59  0 . 3 4  
2 0 : 4  3 1 . 7 2  8 .77  2 7 . 5 8  7 .52  6 5 . 4 9  1 2 . 1 3  7 3 . 4 2  9 .61 
2 2 : 0  3 .47  0 . 9 6  2 . 9 0  0 . 7 9  8.11 1 .50  8.51 1.11 
2 4 : 0  0 .85  0 .23  2 . 7 8  0 . 7 6  8 .25  1 .53  1 5 . 8 0  2 .07  
24 :1  1 0 . 2 4  2 .83  1 5 . 0 6  4 .11  2 3 . 1 7  4 . 2 9  4 1 . 3 6  5 .42  

u / s  r a t i o  b 0 , 6 2  0 .68  0 .83  0 . 8 4  

aNo  d e t e c t a b l e  a m o u n t s  o f  t he  f o l l o w i n g  f a t t y  ac ids  we re  p r e sen t  in a n y  m e m b r a n e  p h o s p h o l i p i d  s a m p l e :  
8 :0 ,  10 :0 ,  1 2 : 0 ,  1 5 : 0 ,  1 8 : 3 ,  2 0 : 3  a n d  2 2 : 6 .  

b u / s  R a t i o  is c a l c u l a t e d  b y  d iv id ing  the  t o t a l  tool  u n s a t u r a t e d  f a t t y  acid  b y  the  t o t a l  too l  s a t u r a t e d  f a t t y  acid .  

and the microviscosities at 37 C for the mem- 
branes shows that unsaturation is important but 
is not the only determinant of membrane 
fluidity. 

The fatty acid distributions in the various 
phospholipid classes are shown graphically in 
Figures 2-6. The amounts of material available 
for analysis were limited and complete distri- 
bution data were only obtained for plasma 
membrane phospholipids from milkfat- and 
cocoa-butter-fed rabbits and for whole platelet 
phospholipids from corn-oil- and coconut- 
oil-fed rabbits. Nevertheless, a comparison of 
these data for the phospholipid classes with the 
total phospholipid data (Table II) suggests that 
the phosphatidylcholine (PC) fraction is the 
most representative of the membranes. This is 
the largest fraction and its fatty acid distri- 
bution is most similar to that of the total 
phospholipids. The diet-induced differences in 
fatty acid unsaturation in the PC and phospha- 
tidylethanolamine (PE) fractions alone are in 
consonance with the observed fluidities. Jaku- 
bowski and Ardlie (13) reported that only the 
PC and sphingomyelin fatty acids differed 
significantly in platelets from human subjects 
fed diets enriched with saturated or poly- 
unsaturated fatty acids. 

From a series of studies with rats, rabbits 
and man, Renaud and Gautheron (1,14) con- 
cluded that long chain saturated fatty acids, 
particularly stearic, and, to a lesser degree, 
palmitic, are thrombogenic. They reported (14) 
correlations between blood clotting and the 
ratio of stearic-to-llnoleic acids in the dietary 

fats of laboratory rabbits. Renaud et al. (15) 
reported that these so-called "thrombogenic 
diets" affected the fatty acid composition of 
platelet phospholipids of rats such that a diet 
high in stearic acid led to a significant increase 
in the plasma and platelet phospholipids of the 
monounsaturated fatty acids, oleic and palmi- 
toleic, with a corresponding decrease in the 
polyunsaturated fatty acids, linoleic and 
arachidonic. Our data (Table II) show higher 
percentages of oleic acid in the platelet mem- 
brane phospholipids from the rabbits fed cocoa 
butter or milkfat than from those fed coconut 
oil or corn oil, thus extending the findings with 
rats (15) to rabbits and allowing us to localize 
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FIG. 2. Fatty acid composition of the phospha- 
tidylcholine fraction from platelet plasma membranes 
of milkfat- and cocoa-butter-fed rabbits and whole 
platelets of corn-oil- and coconut-oil-fed rabbits. 
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FIG. 3. Fatty acid composit ion of the phospha- 
t idylethanolamine fraction of platelet plasma mem- 
branes of milkfat- and cocoa-butter-fed rabbits and 
whole  platelets from corn-oil- and coconut-oil-fed 
rabbits. 
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FIG. 4. Fatty acid composit ion of the phospha- 
tidylserine from platelet membranes from milkfat- and 
cocoa-butter-fed rabbits and platelets from corn- 
oil- and coconut-oil-fed rabbits. 

these effects on phospholipid fatty acids in the 
plasma membrane of the platelet. 

In this study, we demonstrated nutritional 
modification of  the fatty acid composition and 
physical properties of a mammalian cell mem- 
brane through dietary manipulations of the 
whole animal. Physical properties of mem- 
branes of altered compositions have been 
reported, usually with microorganisms or 
cultured ceils (16,17). In contrast, this study 
and some published works (13,18) report on 
cell membrane modification in humans and 
animals through nutritional means. Extensive 
further work is necessary to determine the 
mechanisms that effect these changes and to 
determine what correlations exist between 
platelet membrane fluidity and platelet physio- 
logical properties that may ultimately relate to 
the potential for thrombosis. 
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FIG. 5. Phosphatidylinositol  fatty acid composi- 
tion for platelet membranes from milkfat- and cocoa- 
butter-fed rabbits and platelets from corn-oil- and 
coconut-oil-fed rabbits. 
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Biosynthesis of Hydrocarbons by Algae: 
Decarboxylation of Stearic Acid to N-Heptadecane 
in Anacystis nidulans Determined by 13C- and 2H-Labeling 
and 13C Nuclear Magnetic Resonance 1 
A. G A V I N  MclNNES, JOHN A. WALTER and JEFFREY L.C. WRIGHT, National Research Council of 
Canada, Atlantic Research Laboratory, 1411 Oxford Street, Halifax, Nova Scotia, Canada, B3H 3Z1 

ABSTRACT 

The distribution of isotopic labels in n-heptadecane enriched from [1,2J3C] and [2-1sC, 
2 -2 H 3 ] acetates by Anacystis nidulans has been determined by 13 C nuclear magnetic resonance (tsC 
NMR). Labeling with [1,2-13 C] acetate is consistent with assembly from 13C-13C units derived 
from an acetate "starter" group and 8 malonate units, as in fatty acid biosynthesis, followed by 
production of a methyl group through bond cleavage of the terminal 13 CJ 3 C unit. A comparison of 
the hydrocarbon with palmitic acid (the only fatty acid produced in sufficient amount for NMR 
analysis) enriched from [2 -13 C,2-2Hs]acetate by the same culture shows that they have retained 
the same fraction of ~H at corresponding sites, and have therefore undergone identical biosynthetic 
and hydrogen-deuterium exchange processes, as would be expected if n-heptadecane originates from 
de novo-synthesized stearic acid. 

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

The biosynthesis of hydrocarbons in micro- 
organisms, plants and insects has received some 
attention but studies with algae are few (1-5). 
In bacteria, the formation of n-alkanes is 
believed to proceed by a modified condensa- 
tion-reduction pathway involving head-to-head 
condensation between a fatty acid ester and the 
alkenyl residue of an a,/3-alkenyl ether diacyl- 
glycerol (1), whereas in plants and insects it 
involves fatty acid elongation followed by 
decarboxylation (1). Investigations of the 
elongation-decarboxylation pathway in algae 
using radiotracers (4) have detected decar- 
boxylases capable of converting fatty acid to 
n-alkane, but because of difficulties in deter- 
mining the distribution of isotopic label they 
have not provided definitive evidence that these 
compounds have a common history, a necessary 
consequence if this is the main biosynthetic 
pathway. In this study, we have made a com- 
parison between 13C- and 2H-enrichments 
detected by carbon-13 nuclear magnetic reso- 
nance (13 C NMR) in pahnitic acid (reported in 
a recent paper [ 6] ) and n-heptadecane, biosyn- 
thesized simultaneously by the blue-green alga 

13 2 Anacystis nidulans from [2- Co .1,2- H3 ;3 ] a- 
cetate (hereafter called [ 2 -13 C,2 -'2 H 3 ] acetate. 
Labeled compounds are designated according to 
new IUPAC nomenclature (7). In reference 6, 

13 2 [2- Co.1.2- Hs;3]acetate was called [2,2,2- 
2 H3,2.,13, Co .1 ] acetate in accordance with pro- 
visional IUldAC rules)~ This, when considered 

1NRCC No. 18251. 

with the labeling pattern observed on enriching 
the alkane with [ 1-13 Co .l .1,2 -13 C1 -o .l ]ace- 

~3' ' ' tate (hereafter called [1,2- C] acetate), estab- 
lishes unequivocally that n-heptadecane origi- 
nates by decarboxylation of de novo-syn- 
thesized stearic acid. 

PROCEDURES 

Materials 

All solvents were glass-distilled before use. 
No grease, wax or "parafilm" was used. [2- 
13C] and [1 ,2J3C]Sodium acetate (both 
90 atom %13 C) were obtained from Merck, 
Sharp and Dohme, Pointe Claire, 
Quebec. Sodium [2JS C] acetate (90 atom % 
enriched) was exchanged 5 times with 4 mM 
NaO2H in 2H20 in a sealed stainless steel 
container at 110 C. Following this procedure, 
the [2 -13 C,2-2H3] acetate always contained 
>98 atom %2H by 13 C NMR analysis (see 13 C 
NMR section for details of NMR experiments). 

Culture Conditions and Isolation 
Procedures for Metabolites 

Wild-type Anacystis nidulans was maintained 
on agar slants 5 g/250 ml) prepared from 
Allen's medium (8). A production inoculum 
was prepared by transferring these cells to the 
Kratz and Myers liquid medium (9). After 5 
days, the inoculum (200 ml) was added to the 
Kratz and Myers production medium (30 s in a 
special sterilized glass apparatus (10) and the 
cells were allowed to multiply at 41 C under 
constant illumination (16 fluorescent tubes; 
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100 W) and at pH 7.6. The isotopically la- 
beled precursors were added to the culture (30 
~) 24 hr after inoculation and the cells allowed 
to multiply for a further 60 hr before harves- 
ting. The cells were harvested by centrifugation, 
freeze-dried (yielding 12 g) and extracted with 
a mixture of ether/dichloromethane/methanol 
(5:3:2). The hydrocarbons were isolated from 
the crude extract (0.75 g) by chromatography 
first on silica gel and then on 20% silver ni- 
trate-silica gel, with elution by hexane in each 
case. Gas liquid chromatography (GLC) showed 
the alkane mixure (0.22 g) was composed of 
n-pentadecane (17%), n-hexadecane (2.5%)and 
n-heptadecane (80.5%). n-Heptadecane was 
separated by preparative GLC as already 
described. The first silica gel column was 
stripped with methanol and the extract trans- 
esterified with potassium methoxide to yield a 
fatty acid ester fraction (0.15 z) which was 
purified by 20% silver nitrate-silica gel chroma- 
tography and shown by gas chromatographic 
analyses to consist of palmitic (94.0%), stearic 
(4.9%) and myristic acids (1.1%). 

Gas Liquid Partition Chromatography 

Gas chromatographic analyses were per- 
formed using a Hewlett Packard Model 5750 
operating in the FID mode and equipped with 
glass columns (2 m x 4mm) packed with either 
3% OV-1 on Gas Chrom Q or 10% SILAR-9CP 
on Chromosorb W. Using OV-1, operation was 
at 80 C for 8 rain followed by programming at 4 
C/min to 250 C; using SILAR-9CP, operation 
was programmed from 110 C to 250 C a t6  
C/min. In both cases, the carrier gas was helium 
delivered at a flow rate of 30 ml/min; injection 
port and detector temperatures were set at 270 
C and 300 C, respectively. Preparative GLC 
was carried out with a Hewlett Packard Model 
5750 equipped with a 9:1 stainless steel split- 
ter, operating in the FID mode, and using 
stainless steel columns (3.66 m x 6.4 mm) 
packed with 10% SILAR-9CP on Chromosorb 
W. Operation was the same as for analytical 
runs already described. 

13C NMR 

13 C NMR spectra of n-heptadecane from A. 
nidulans were recorded at 25.16 MHz with a 
Varian XL-100/15 spectrometer equipped with 
a Varian 620L computer and Diablo disk 
accessory and with 5-mm diameter sample 
tubes and a sample temperature of 30 C. The 
1H decoupling frequency was 100 MHz and 
7H2/21r was ca. 3500 Hz, with broad-band 
irradation by 0 ~ to 180 ~ phase modulation at 
150 Hz. When used, 2H decoupling was at 

15.36 MHz, with "/H2/2~" ca. 310 Hz and with 
phase modulation at 40 Hz. The spectral width 
(SW), acquisition time (AT), flip angle (FA) 
(90 ~ pulse length 44 /~sec), delay between 
acquisitions (PD) (during which the 1H decou- 
pier was switched off) and the time constant 
(TC) for weighting the free induction decay 
were the only parameters varied. Conditions for 
individual samples were: (a) n-heptadecane at 
natural 13C-abundance, 15 mg in 0.25 ml 
C2HC13 (Fig. la), 2H internal lock, 1H decou- 
piing, SW 5120 Hz, AT 0.8s, F A 4 0  ~ ,PD 0s, 
TC -0.8s; (b) n-heptadecane labeled with 
[ l ,2J3C]ace ta te ,  17 mg in 0.25 ml C2HC13 
(Fig. lb, yielding 1Jcc in Table I), 2H internal 
lock, 1H decoupling, SW 2560 Hz, AT 3.2s, FA 
40 ~ PDO, TC -1.6s; (c) n-heptadecane labeled 
with [1,2JaC]acetate ,  17mg in 0.25 ml 5:1 
C 2HC13/C 6F6, with 10 mg/ml chromium 
acetylacetonate (yielding intensity ratios in 
Table I), 19 F internal lock to C 6 F 6 ,  1H decou- 
piing gated, SW 2560 Hz, AT 3.2s, FA 40 ~ PD 
3.2s, TC -0.8s; (d) n-heptadecane labeled with 
[2-13C,2-2H3]acetate, 22 mg in 0.4 ml 5:1 
C ~ HC13/C6 F6 (Fig. 1 d), 19 F internal lock, 1 H 
and 2H decoupling, SW 1100 Hz, AT 14.9s, FA 
54 ~ , PD 0s,  TC -10s, -6s, +10s (Fig. ld not 
weighted), and in a separate experiment with 
l H decoupling only, AT 3.2s, FA 24 ~ TC -3.2s 
(to confirm which carbons are bonded to 2H); 
(e) the sample just given with 10 mg/ml chro- 
mium acetylacetonate, x9 F internal lock, 1H 
(gated) and ZH decoupling, SW 1100 Hz, AT 
3.2s, FA 54 ~ , PD 6.8s (Fig. lc), 26.8s, TC 
-10s, -1.6s (yielding %13C, P13C and the 
proportions of isotopic species in Table I, an. 
obtained with essentially the same experimental 
conditions reported in reference 6 to get the 
same type of data from the [13C,2H]labeled 
palmitic acid isolated from the same culture). 

Enrichments and proportions of labeled 
species for n-heptadecane labeled with [2- 
13 C,2_2H3 ]acetate are averages measured from 
3 separate spectra, digital integrations of each 
being carried out over expanded portions 
(25-200 Hz width) of plots obtained with 2 
different values of TC (-10s and -1.6s). The 
absolute %13C (Table I) was found by scaling 
the total integrated intensity I of each reso- 
nance to that of C-2, C-16, (superposed), both 
of which are at natural 13 C-abundance. The 
probability p13 C of 13C from the 90% 13C- 
enriched precursor is 0.9x, where x (the mole 
fraction of metabolite originating from the 
enriched precursor) is found from the equation 
0.9x - 0.011 (I-x) = %1~C/100. To obtain the 
proportions of species, the natural 13 C-abun- 
dance contribution 0 .011(I -x)was  subtracted 
from the proportion of 13 C not bonded to 2 H. 
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C-5 . . . . . . . . . . . . . . . . . . . .  

c-3 c-pII c-2 c-i  

8c 
13 FiG. 1. C Spectra of heptadecane (1) from A. nidulans: (a) at natural isotopic abundance; (b) from cultures 

t s  supplemented with [1,2- C]acetate; (c and d) from cultures supplemented with [2-'3C,2-2Ha] acetate; d is 
the expanded resonance of the ta C 2 Ha species at C-17. See Procedures for experimental details. Chemical shifts 
are altered slightly in e because of the addition of chromium acetylacetonate; d was recorded before this addi- 
tion to resolve the satellite components A and B (see Results). 

R ESU LTS 
The 13C resonances of n-heptadecane are 

readily assigned (Table I) from chemical shift 
calculations (11,12) or by comparison with 
those of the terminal carbons C-10 to C-18 of 
methyl stearate (13), allowing for slight down- 
field shifts resulting from C6 F6 present in the 
solvent to provide the 19 F field-frequency lock. 

In the 13C spectrum (Fig. lb) of n-hepta- 
decane labeled with [ 1,2 J 3  C] acetate (compo- 

13 13 13 12 sition 81% CHs C02", 9% CH3 CO2-, 
9% 1 2 C H 3  1 3 C O 2 - ,  1 %  12CH312CO2-), the 
resonances for C-2 and C-16 consist of a singlet 
(integrated intensity Is) caused by incorpora- 
tion of singly 13 C-labeled units, 2 doublets 
arising from 13C-13C coupling between C-16 
and C-17 ( IA)  or C-2 and C-3 ( I A ) ,  and a 

~ l  u2  
quartet  ( I , )  caused by coupling among 3 
adjacent I3-~ nuclei at C-l ,  C-2, C-3 or C-15, 
C-16, C-17. Half of  the quartet  intensity 
overlaps the singlet to form the central peak. 
The ratio ! q / ( I q  + I d) for the C-2 and C-16 
resonances is 0.26 -+ 0.02 (Table I), where I d = 
IA + I,~ . This ratio equals the probabil i ty  of 
�9 ka ~2  . 
ln~omoratlon of t3C adjacent to an intact 

la C_la C unit. Also, the3Proport ion of 13 C 
bonded to one or more C is given by (I d + 
Iq)/(I s + I d + I , )  = 0.92 -+ 0.01, which is 
exactly that expe~ed  if 90% of the la C atoms 
at C-2, C-3 or C-16, C-17 were incorporated as 
1 a C j  a C units and the remaining 10% at C-2 or 
c - i 6  were single 13C atoms adjacent to 24% 
13 C (from the average Iq/[Iq + I d] for the C-2, 
C-16 and C-3, C-15 resonances, Table I) and 
76% 12C at C-1 or C-15: Id. = Id.  o : ( 0 . 9 x  
0.76) + (0.1 x 0.24); Iq cx 0.9 'x  0.22~ x 2; IsCX 
0.1 x 0.76 x 2; predicte~l (I d + Iq)/(I  s + I d + Iq) 
= 0.924. 

Thus, [---ik,2-13 C] acetate (90% 13 C) is diluted 
3.75-fold (0.9/0.24) with endogenous acetate 
before incorporat ion into n-heptadecane, 
scrambling of isotopic label is negligible and 

dilution of the enriched hydrocarbon by 
natural 13 C-abundance material is undetectable. 

The average ls C enrichment at C-l ,  C-2, 
C-16 and C-I 7 is 1.06 + 0.04 times the average 
at C-3, C-15. This difference probably results 
from an acetate "s tar ter"  effect, as observed in 
[13 C2H] labe led  methyl  palmitate (6), where 
the enrichment at C-16, C-17 of the hydro-  

LIPIDS, VOL. 15, NO. 9 



612 

% 

02 

.,r O 

C,.) 

t a ~  

r 

4 

07 

~t 

ol tn ,.../ 

2 
,4 

og~ 
~o gh 

A . G .  M c l N N E S ,  J .A .  W A L T E R  A N D  J . L . C .  W R I G H T  

~ d  d d  
+1 +1 

g g  ~ g  ~ ;  
d d  6 ~  c ~  

+t 

pJ~ 

6 6  o+? 
+1 

+~ ~ +l 

d d d  6 

e q  r  fe~ 

6 

o 

-~ r +1 

< 
d 

L~ L~ 

.-~ ~ ~ 

r 

i 

- = ~  ~ ~+, 

%- 

. ~ +  ~ 

t~ 

r 0 

L I P I D S ,  V O L .  15,  N O .  9 



HYDROCARBON BIOSYNTHESIS BY ALGAE 613 

carbon is 1.12 + 0.08 times higher than at C-l,  
C-2. Since no scrambling of the precursor is 
detectable, the average Id/(I s + I d) (Table I, Iq 
= 0) for C-1 and C-17 (0.586 +- 0.007) indicate~ 
that an intact doubly labeled unit is incor- 
porated at one end (C-16, C-17) only. Hence, 
Id/(I s + Id) is 0.9 for the C-17 resonance, and 
for the C-1 resonance it is (2.12 x 0.586) - 
(1.12 x 0.9) = 0.23 -+ 0.03. The 0.23 + 0.03 
value equals, within error, the probability of 
adjacent incorporation of 13 C_13 C units at C-2, 
C-3; C-4, C-5; C-14, C-15 and C-16, C-17~ just 
determined from Iq/(I d + Iq) for the reso- 
nances of C-2, C-16~nd C-3, C-15 (average 0.24 
+ 0.04, Table I). Thus, the (13C-13C)-labeled 
precursor pool giving rise to pairs of methylene 
carbons such as C-2, C-3 and C-14, C-15 also 
provides the lSc- lac  unit  from which C-1 is 
produced by bond cleavage and loss of a 
carbon. Although it is not possible to show 
directly that C-6 through C-13 were incor- 
porated as 13 c . l a c  units (spin-spin couplings 
are not measurable between nuclei with the 
same chemical shift), the average laC proba- 
bility (P) for these carbons (0.24 -+ 0.04, Table 
I, footnote g) is in full accord with their having 
been derived from the same precursor pool. 
Uniform labeling of C-1 through C-15 is con- 
sistent with successive addition of 8 2-carbon 
units from a common precursor pool (with P = 
0.24 + 0.04) to the C-16, C-17 "starter" group, 
followed by cleavage of the terminal carbon- 
carbon single bond to give C-1. This would be 
expected if n-heptadecane were obtained from 
de novo-synthesized stearic acid, and further 
evidence is provided by the labeling experiment 
with [2 -13 C,2-2H3 ] acetate. 

Cultivation of A. nidulans with exogeneous 
[2.13C,2_2H3 ] acetate yielded hydrocarbons 
and fatty acids multiply labeled with 13 C and 
2 H. The isotopic distribution in palmitic 
acid isolated from this experiment has been 
reported previously (6) and is now compared 
with results obtained from the analysis of the 
1H,2H-broad-band decoupled 13 C spectrum 
(Fig. lc) of labeled n-heptadecane (Table I). 
Insufficient stearic acid was obtained for NMR 
analysis. Although it might at first appear more 
appropriate to match its isotopic distribu- 
tion with that of n-heptadecane, no more 
information would have been obtained because 
the isotopic distribution at C-4 of stearic (or 
palmitic) acid is not measurable because of 
peak overlap (6). Thus, C-1,C-15 and C-17 of 
n-heptadecane could be compared with C-2, 
C-16 and C-18 of stearic acid, or C-3, C-15 and 
C-17 with C-2,C-14 and C-16 of palmitic acid. 
The comparison C-3, C-15 and C-17 with 
C-2,C-14 and C-16 of palmitic acid is valid 

because we have shown that C-1 of n-hepta- 
decane was introduced by the same processes as 
C-2 through C-15, a conclusion which receives 
further proof from the results to follow. 
Odd-numbered positions only were enriched 
with both 13C and 2H in n-heptadecane and 
the presence of one isotopically-shifted com- 
ponent for each of the resonances of odd-num- 
bered carbons from C-3 to C-15 established that 
these carbons bore not more than one 2H atom. 
Moreover, the fraction of the theoretical 
maximum 2H retention f2lJ = I( 13CIH2H)/ 
(I[ 13 C 1 H 2 H] + I[ i 3 C 1 H2 ] )'where I is the 13 C 
resonance intensity for the species shown, was 
0.70 -+ 0.02 when averaged for odd-numbered 
carbons from C-3 to C-15, in close agreement 
with the average f214 for C-2 to C-14 of [13 C, 
2 H]-enriched palmiffc acid (0.68 +- 0.02) (6). 

The resonance for C-1 and C-17 in [13C, 
2H]-labeled n-heptadecane had 3 isotopically 
shifted components corresponding to the 
species la C2H3, 13 C 1H2H2 and 13C1H 22H in 
addition to the 13 C 1 Ha signal (Table I). As the 
[1,2 -13 C] acetate experiments showed that 
C-16, C-17 are incorporated as an intact x3 C- 
!3C unit  and precluded C-1 from retaining the 
3 methyl hydrogens of acetate, it follows that 
C-16, C-17 must originate from an intact 
acetate "starter" unit  with C-17 giving rise to 
the 13C2H3 signal. Moreover, as I(13C2H3): 
1( 13 C l H2H2) = 5.4 (Table I) is the same as the 
corresponding ratio of 5.6 found for the methyl 
group of [13 C,2H]_labeled palmitic acid from 
the same culture (6), it is probable that the 
distribution of isotopic species at C-16 of 
palmitic acid (or C-18 of stearic acid), namely 
0 .79 : 0 .14 : 0 .04 :  ~< 0.03 = 0 .43 :0 .08 :0 .02 :  
~<0.02, is the same as at C-17 of n -hep ta -  
decane. The observed isotopic distribution for 
C-1 plus C-17 (Table I) minus the contribution 
just stated for C-17 gives I(IaC1H22H):I  
(la C1Hs) for C-1 of labeled n-heptadecane, 
bearing in mind that the 13C2H3 and 13C 
1H2H2 signals have no contribution from C-1. 
Thus, I( 13C 1H2H):I( 13C 1Ha) for C-1 = 
(0.43:0.08:0.34:0.15) - (0.43:0.08:0.02 :~<0.02) 
= 0.32:0.13 = 0 .71:0 .29 (+ 0.05), in agreement 
with the corresponding ratio of 0.73:0.27 
(+ 0.02) obtained for C-2 of palmitic acid (6). 
Also, as the intensities of C-1 and C-17 are separ- 
able, it follows that the acetate "starter" effect is 
Plsc(C-17):P13 c (C-1)=  (0.43 + 0.08 + 0.02 + 
0.023/(0.32 + 0.13) -- 1.22 + 0.15, which is 
close to that (p13c[C-16] :  p13c[C-2] = 
0.138/0.112 = 1.23 +-0.11) found for palmitic 
acid (6). 

The resonance component for 13 C2H3 at 
C-17 of n-heptadecane showed satellites result- 
ing from 2-bond l a c - l a c  coupling with C-15 
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(2Jcc = 1.0 -+ 0.1 Hz, Fig. ld). As a portion of 
these satellites was isotopically shifted by 2 H  at 
C-15, their intensity relative to the unshifted 
satellites directly measures f2 H at C-15 without 
interference from the C-1 resonance which has 
no 13 C 2 H3 component. One branch of each of 
these satellites (denoted A and B in Fig. l d) 
was clearly distinguishable in a spectrum 
obtained with high resolution (AT 14.9s, no 
relaxation reagent added) and good signal/ 
noise. Several measurements of both integrals 
(I) and peak heights (H) from highly-expanded 
plots (5 Hz corresponding to 50 cm) using 
different values of TC (see Procedures), yielded 
averages for IB/(I A + I B) = 0.637 -+ 0.021 SD 
and HB/(H A �9 HB) = 0.624 -+ 0.017 SD. The 
overall average (0.630 -+ 0.019 SD) was taken 
for f2 H at C-15, in view of the good agreement 
between the 2 sets of measurements. Small 
differences in spin-lattice relaxation time 
between the 2 sets of satellites might occur 
because of the presence, in one case, of 2H 
3-bonds removed (although this is unlikely 
since relaxation would be dominated by the 2 
protons 2 bonds removed). Nevertheless, under 
the conditions used (long AT), any effect on 
satellite intensities would be negligible. Differ- 
ences resulting from second order spin-spin 
coupling effects should also be insignificant, 
since 1Jcc(1.0Hz ) ~ 2 5 . 1 6  (rc[C-1, C-17]-~i c 
[C-3, C-15]). Similar satellites occurred about 
the 13 CIH2H2 component of the C-17 re- 
sonance (Fig. 1) but the lower intensity pre- 
cluded accurate measurements. This value of 
f2H for C-15 (0.630 -+ 0.019)agrees with that 
for C-14 of labeled palmitic acid (0.63 -+ 0.02); 
similarly f2H for C-3 (0.74 + 0.05, since the 
average f2H-for C-3 and C-15 is 0.685 +-0.015) 
compares well with f2 H for C-2 of palmitic acid 
(0.73 +- 0.02). 

The probability p^% of adjacent incor- 
poration of 13 C-labelei~units is calculable from 
the relative intensity of 3-bond isotopically- 
shifted components of the C-17 and C-15, C-3 
resonances, where they were well-resolved. The 
average PA (39 -+ 5%) is larger than the average 
P13C (ca. 20%), showing that the [13C,2H]- 
labeled hydrocarbon sample was diluted by 
natural 13 C,2 H-abundance material. The corre- 
sponding values for palmitic acid (6) (PA 58 -+ 
10%, P13C ca. 13%) indicate a higher incor- 
poration and a greater degree of natural la C, 2 H- 
abundance dilution. 

DISCUSSION 

Although previous studies with blue-green 
algae (4) suggested that medium length n - a l -  
kanes (e.g., Cls ,  C17) originate from open- 
chain fatty acids by decarboxylation, definitive 

evidence from radiotracer experiments was 
lacking because of the difficulty of pinpointing 
the incorporated label in these symmetrical 
molecules. The introduction of cryptic asym- 
metry by labeling with [1 ,2JaC]-and  [2-13C, 
2-2H3]acetate, however, permits enrichment 
information from both ends of the molecule to 
be obtained by 13C NMR techniques. The results 
of the [1,2 J3C]ace ta te  experiment were 
analogous to those expected for fatty acid 
biosynthesis, and are clearly consistent with the 
formation of n-heptadecane from a starter 
acetate group C-16, C-17) and 8 malonate 
units, with bond cleavage of the terminal 
13 C_t3 C unit  to give C-1. The fatty acid origin 
of n-heptadecane is also suggested by the 
13 C-enrichment of the odd-numbered carbons 
by [2 J a  C,2-2H3 ] acetate; these carbons bore 
at most one deuterium, except C-17 which was 
bonded to 3. Most importantly, the same frac- 
tion of deuterium is retained at corresponding 
sites in palmitic acid produced concurrently by 
A. nidulans, requiring all biosynthetic and 
hydrogen-deuterium exchange processes to be 
identical for both types of metabolites. This 
proves that n-heptadecane is obtained from 
de novo-synthesized stearic acid and that 
palmitic and stearic acids are produced by the 
same biosynthetic process in A. nidulans. 

The mechanism and stereochemistry of the 
decarboxylation process is as yet unresolved. 
Several mechanisms have been suggested (1-3) 
and these are summarized in Scheme I: 

RCHzCHzCH~COOH 

0 r 
~/~.~....,COOH RCHzCHzCHO RCH 2 CH= RCHzC~.%~HzC 

RCHzCOCH ~ RCHzC CH 2 RCHzCHzCHz~-COOH 

i 
> RCHzCH=CH z ) RCHzCHzCH 3 RCHECHCH ~ 

SCHEME I 

Three of these routes (a-c) invoke the 
generation of an intermediate vinyl group which 
may subsequently be reduced to the alkane. 
Two hydrocarbons, each containing a vinyl 
group, have been reported from Chlorella 
pyrenoidosa (3) and Botryococcus braunii (1). 
We did not detect the presence of a similar 
alkene in A. nidulans, although our results rule 
out oxidative decarboxylation processes a and b 
since both of these would be likely to decrease 
the deuterium content of C-2 in the fatty acid 
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(C-1 in the hydrocarbon) in complete contrast 
with the experimental findings. On the other 
hand, route c, which promotes  decarboxylat ion 
with a leaving group (e.g., OH) at the fl posi- 
tion, would not necessarily disturb the deu- 
terium enrichment. Route d is simply a direct 
decarboxylat ion process that requires no 
intermediate. 
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Characteristics of Phospholipids in Human Lung Carcinoma 
MITSUSHIGE NAKAMURA and TSUGUTAMI ONODERA, Third Department of 
Internal Medicine, and TOYOAKI AKINO, 1 Department of Biochemistry 
Sapporo Medical College, Sapporo 060, Japan 

ABSTRACT 

Human lung carcinoma tissues with histological types of adenocarcinoma, squamous cell and small 
cell carcinoma were investigated for phospholipids. There were marked differences in the phospho- 
lipids between these lung carcinoma and normal lung tissue. A marked decrease in saturated phospha- 
tidylcholine (PC), predominantly the dipalmitoyl species, was noted in the carcinoma, although they 
still contained 17-20% of the saturated classes. The lung carcinoma contained less phosphatidyl- 
glycerol (PG) and lyso-bis-phosphatidic acid and more cardiolipin and phosphatidylinositol (PI) than 
the normal lung tissue. These alterations observed in the lung carcinoma appeared to show that they lose 
the characteristic feature of phospholipids in the lung tissue. The differences in the lipid composition 
among different cell types of lung carcinoma were also noted. The squamous cell and small cell car- 
cinoma contained more triacylglycerol and relatively higher dienes I (monoenoic-monoenoic) and 
lower dienes II (saturated-dienoic) of PG, respectively, as compared to adenocarcinoma. 

INTRODUCTION 

Lung carcinoma is characterized by the 
occurrence of  histologically various types 
reflecting the variety of their mother cells in 
the lung (1). In order to elucidate the nature 
of  different kinds of carcinoma, it is important 
to obtain various information from different 
fields of research. A number of studies on the 
lipid analysis or lipid metabolism of carcinoma 
tissues have been made to assess the biochem- 
ical nature of the membranes in carcinoma 
(2-7). These lipid-biochemical studies on the 
carcinoma tissues have been carried out mainly 
in hepatoma (5-7). However, there has been no 
report on the lipid analysis of human lung 
carcinoma. Therefore, this study aims to 
elucidate the characteristics of phospholipids, 
particularly the molecular structure of phos- 
phatidylcholine (PC), in lung carcinoma of 
histologically different types. This is the first 
description of  the phospholipids of  human lung 
carcinoma. 

MATERIALS AND METHODS 

Materials 

Lung carcinoma tissue and normal lung 
tissue were obtained from separate patients 
operated on in the Sapporo Medical College 
Hospital in Sapporo, Japan. The normal lung 
tissue samples were taken from the non- 
tumorous portions in lungs excised by pneum- 
onectomy or lobectomy. Histological exam- 
ination indicated that these lung tissues were 
normal. The lung carcinoma tissues were 
histologically divided into 3 groups: squamous 
cell carcinoma, small cell carcinoma and adeno- 

1To whom correspondence should be sent. 

carcinoma. It was confirmed by histological 
examination that none of the adenocarcinoma 
were derived from type II cells. The patients 
with these lung carcinoma had had no special 
chemotherapy or radiation before the operation 
which might have conceivable altered lipid 
composition. The lung carcinoma were care- 
fully freed from surrounding as well as necrotic 
and hemorrhagic areas. 

Lipid Extraction and Fractionation 
of Major Lipid Classes 

The tung carcinoma thus obtained and the 
normal lung tissues were immediately homo- 
genized in 0.25 M sucrose in 0.01 M Tris-HC1 
buffer (pH 7.4) and an aliquot was taken 
for determination of protein. The lipids were 
extracted from the homogenates by the Btigh 
and Dyer method (8). The total lipids were 
divided into 3 major lipid classes by chromatog- 
raphy on a DEAE-cellulose column as described 
elsewhere (7,9). The stepwise elution from the 
column was carried out as follows: neutral 
lipids with chloroform, neutral phospholipids 
with methanol and acidic phospholipids with 
chloroform/methanol (2:1) saturated with 
ammonia hydroxide, respectively. More than 
90% of the lipid phosphorus applied to the 
column was recovered by this procedure. 
Neutral phospholipids were fractionated by 
thin layer chromatography (TLC) with chloro- 
form/methanol/water  (70:30:5,  v/v). Five spots 
were detected under ultraviolet (UV) light after 
spraying with 0.2% dichlorofluorescein in 
ethanol and were identified with authentic 
standards as phosphatidylethanolamine (PE), 
phosphatidylcholine (PC), sphingomyelin I 
(containing lignoceric acid as the main fatty 
acid), sphingomyelin II (containing stearic acid 
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as the main  fatty acid) and lysophosphatidyl- 
choline in that order from the top of the plate. 
Acidic phospholipids were separated by 2- 
dimensional TLC as described by Rouser et al. 
(10). Identification of the phospholipids on the 
plates was made on the basis of ninhydrin (11) 
and Dittmer's (12) reagent spray, and by 
comparisons with the migration of reference 
standards. After chromatography, the spots on 
the plates were detected by charring with 
formalin-sulfuric acid reagent (13), and the 
lipid phosphorus of the spots were then deter- 
mined. 

Analysis of Phosphatidylcholine 

PC was isolated from the neutral phospho- 
lipid fraction as already mentioned. The spot 
on the plate was scraped and eluted with 
chloroform/methanol/acetic acid/water (50: 39: 
1:10, v/v) as described by Arvidson (14) and 
the extract was washed once with 50% meth- 
anol. The recovery of PC by this procedure was 
ca. 94% when examined in a separate experi- 
ment using radioactive PC. 

PC was treated with phospholipase A2 and 
the degradation products were isolated by TLC 
(15). Fatty acids and lysophosphatidylcholine 
were eluted from the gel with chloroform/ 
methanol (2:98) for analysis of fatty acid 
composition. 

Purified PC was hydrolyzed by phospho- 
lipase C from Clostridium welchii, as described 
by Renkonen (16). The 1,2-diacylglycerol 
formed was acetylated with acetic anhydride 
and anhydrous pyridine (17). The diacyl- 
glycerol acetates were purified and recovered as 
described by Kuksis et al. (18). The diacyl- 
glycerol acetates thus obtained were resolved 
into molecular species according to the degree 
of unsaturation by means of argentation TLC 
(AgNOa-TLC) as described previously (9). By 
this 2-step development, the diacylglycerol 
acetates from the PC were separated into 7 
subfractions designated as saturates, monoenes, 
dienes I (monoenoic-monoenoic), dienes II 
(saturated-dienoic), trienes, tetraenes and poty- 
enes, respectively. Identification of the molec- 
ular species was achieved by cochromatography 
of standard materials or by the determination 
of fatty acid composition. The relative propor- 
tion of diacylglycerol acetates separated by 
AgNO3-TLC was estimated by glycerol deter- 
mination of each subfraction. 

Subfractionation of 1,2-diacylglycerol by 
AgNO3-TLC (19) was also performed to isolate 
monoenoic diacylglycerol, which was imme- 
diately converted to phosphatidylphenol (20). 
Phospholipase A hydrolysis of the phospha- 
tidylphenol was done as described by /~kesson 
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(20). 
The proportion of diacyl, alkenyl-acyl and 

alkyl-acyl types in PC was determined by the 
combination of mild alkaline and acid hydroly- 
sis methods as described previously (7). 

Other Analytical Procedures 

The fatty acid methyl esters of each lipid 
were prepared with BF3/methanol (21). The 
fatty acid methyl esters were analyzed on a 2 m 
• 4 mm od pyrex column packed with 10% 
diethyleneglycol succinate polyester on Chrom- 
osorb W at 185 C. Identification of fatty acid 
methyl esters was made by comparison with the 
retention times of reference standards. In some 
cases, the diacylglycerol acetates were analyzed 
on a 50 cm • 4 mm od pyrex column packed 
with 1% Silicone OV-1 on Gaschrom Q at 290 
C. The peak identity of the diacylglycerol 
acetates was determined by comparison with 
calibration standards composed of dimyristoyl, 
dipalmitoyl, distearoyl and diarachidoyl ace- 
tates. All gas chromatographies were done with 
a Shimadzu GC-5A gas chromatograph, equipped 
with a flame ionization detector, in conjunction 
with Shimadzu Chromatopac E1A. 

Protein was determined by the Lowry et al. 
method (22) as the standard of bovine serum 
albumin. Lipid phosphorus was determined by 
the Bartlett method (23), glycerol by the Van 
Handel and Zilversmit method (24), free and 
esterified cholesterol by the Zak et al. (25) and 
free fatty acid by the Itaya and Ui method 
(26). 

Student's t-test was used for statistical 
analysis of results. P values equal to or less than 
0.05 were considered significant. 

R ESU LTS 

The content of major lipid constituents in 
the lung carcinoma is shown in Table I. Since 
differences in protein content/wet tissue were 
small for the normal and lung carcinoma 
tissues, the data are given on the basis of 
protein content. The amount of triacylglycerol 
in the lung carcinoma was highly variable, being 
ca. 2.5 times higher in squamous cell carcinoma 
and small cell carcinoma than in adenocar- 
cinoma and the normal lung tissues. The 
amount  of free fatty acid and phospholipid was 
almost similar in both the normal lung tissue 
and all types of the lung carcinoma, although 
the phospholipid of small cell carcinoma was 
somewhat higher (P < 0.05) than normal lung 
tissue. It has been reported that there was less 
phospholipid in the hepatoma from humans 
(27) and animals (4,7) than in control liver 
tissues. However, the phospholipid content in 
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the human lung carcinoma was almost the same 
as that in the lung tissue. 

It was noted, however, that the composition 
of phospholipid was much different from that 
of the control lung tissue, particularly in the 
acidic phospholipids. Table II shows the com- 
position of phospholipids from the normal lung 
tissue and from the lung carcinoma. No signifi- 
cant differences were observed in the neutral 
phospholipid composition of any of the types 
of lung carcinoma nor in normal lung tissue. 
The main phospholipids were PC and phospha- 
tidylethanolamine (PE), and the content among 
them was also similar. However, marked differ- 
ences existed in the acidic phospholipid compo- 
sition between the normal lung tissue and the 
carcinoma. The identification of acidic phos- 
pholipids on the plates was made by com- 
parison of reference standards and ninhydrin 
and Dittmer's reagent spray. However, lyso-bis- 
phosphatidic acid was tentatively identified by 
Dittmer positive, with its Rf value being com- 
parable to the data described by Rouser et al. 
(28). An unidentified phospholipid was found 
in near origin. Significant decreases of phospha- 
tidylglycerol and lyso-bis-phosphatidic acid and 
increases of phosphatidylinositol (PI) and 
cardiolipin were found in the lung carcinoma 
but not in normal lung tissues. However, no 
quantitative differences were observed among 
the cell types of the lung carcinoma, i.e., these 
changes in acidic phospholipids appear to be 
characteristic of the lipid composition of lung 
carcinoma. 

The PC purified from human lung carcinoma 
as well as that from normal lung tissue was only 
of the diacyl type (data not shown). Although 
it has been reported that the alkyl type of PC 
occurs in elevated levels in many tumors 
(29,30), the alkyl or alkenyl types of PC 
apparently was not  in human lung carcinoma. 

The results of the fatty acid analyses of PC 
in the lung carcinoma and the normal lung 
tissue are presented in Table III. The fatty acids 
in the lung carcinoma were found to be quali- 
tatively the same as those in the normal lung 
tissue. However, more significant decreases of 
16:0 in the 2-position were observed in all 
types of lung carcinoma than in the normal 
lung tissue; 16:0 in the I-position also de- 
creased in squamous cell and small cell car- 
cinoma. In contrast, increased 18:1 in the 
2-position was found in all types of lung carci- 
noma, and 18 : 1 in the 1-position also increased 
in squamous cell and small ceil carcinoma. That 
is, there was a reversed relationship between 
squamous cell and small cell carcinoma, and 
adenocarcinoma in the content of 16:0 and 
18:1 in PC. It has been reported that, in gen- 
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eral, hepatoma lipids contain higher levels of 
18:1 and lower levels of 18:2 and polyunsatu- 
rated fatty acids (4). The human lung carci- 
noma studied also contained higher levels of 
18:1, particularly in the 2-position, but the 
contents of 18:1 and polyunsaturated fatty 
acids were almost the same as those of the 
normal lung tissue. Furthermore, the marked 
changes in 16:0 content were observed in lung 
carcinoma as a characteristic feature. 

Table IV gives the proportion of molecular 
classes, characterized by their degree of unsatu- 
ration, of PC from the lung carcinoma. In 
reflecting on the fatty acid profiles, the most 
striking characteristic in the molecular classes 
of PC was the marked decrease in saturated 
classes, the content of which was ca. 17-20% in 
all types of lung carcinoma. As shown in Table 
V, the fatty acid composition of the saturated 
PC isolated by AgNO3-TLC was the same in 
normal lung and lung carcinoma. These PC 
are therefore quantitatively similar and predom- 
inantly dipalmitoyl in type. The content of 
monoenes was similar in both the normal lung 
tissue and lung carcinoma. The less selective 
distribution of fatty acids in the glycerol 
moiety in the tumor cells has been observed by 
several investigators (5,31). However, the 
disturbance of the positional specificity of fatty 
acids seemed to be insignificant in the mono- 
enes of PC in all types of lung carcinoma (Table 
VI). These results indicate that a predominant 
molecular species of the monoenes is 16:0 at 
the 1-position and 18:1 at the 2-position, and 
that the amount of molecular species having 
18:1 at the 1-position and 16:0 at the 2- 
position is relatively low and almost the same in 
all types of lung carcinoma. The content of 
dienes I and II were also similar in both the 
normal lung tissue and lung carcinoma. How- 
ever, the squamous cell and small cell carci- 
noma contained somewhat higher dienes I 
(monoenoic-monoenoic) and lower dienes II 
(saturated-dienoic) of PC as compared to 
adenocarcinoma. 

DISCUSSION 

This study demonstrated that there are 
marked differences in the characteristics of 
phospholipids between human lung carcinoma 
and normal lung tissue. The main differences 
were as follows: (a) a marked decrease in the 
saturated classes, predominantly of a dipal- 
mitoyl species, of PC was noted in the carci- 
noma as compared with the normal lung tissue, 
although the human lung carcinoma still 
contained ca. 17-20% of the saturated classes, 
and (b) the lung carcinoma contained less 

e~ 

o 

o 

0 

o 

O 

O 

0 
0 

0 

0 

Q 

o 

< 

0 0 1 1  

v z z z z z  .~ 

+1 +1 +1 § +1 +1 +1 

N 

~ m m ~ m m  
V Z Z Z Z Z Z  

0 

g 

o o 
v Z Z Z Z v  z 

N 4 M N ~ M  "~ 
+1 +1 +1 §  +l +1 +l 

. ~ o ~  . ~  

+1 +1 ~ +1 +1 +1 +1 ~ 

m~ 

LIPIDS, VOL. 15, NO. 9 



PHOSPHOLIPIDS IN LUNG CARCINOMA 

TABLE V 

Fatty Acid Composition of Saturated Phosphatidylcholines of Human Lung 
Carcinoma Isolated by Argentation Thin Layer Chromatography 

621 

Fatty acid composition (mol %) 

Normal lung Squamous cell Small cell Adenocarcinoma 
�9 carcinoma carcinoma 

14:0 2.4 2.1 3.0 2.5 
16:0 92.1 91.6 91.4 90.9 
16:1 0.1 0.4 0.3 0.4 
18:0 5.1 4.6 4.8 5.6 
18:1 0.3 1.0 0.5 0.6 

These values were obtained from samples pooled from 3 or 4 cases. 

phosphatidylglycerol and lyso-bis-phosphatidic 
acid and more cardiolipin and PI than the 
normal lung tissue as the acidic phospholipid 
components. These alterations observed in the 
lung carcinoma appeared to show that they 
significantly lose the characteristic feature of 
phospholipids in lung tissue. 

Dipalmitoyl PC is a major surface-active 
component of pulmonary surfactant, the 
material which stabilizes the pulmonary alveoli 
against collapse (32). This compound is the 
only molecular species which has been specifi- 
cally implicated in physiological function. 
However, it has been noted that saturated PC is 
contained not  only in lung tissue, but also in 
other tissues such as erythrocyte, spleen, 
kidney, brain (33) and gastric mucosa (34). A 
previous study (35) demonstrated that rat fetal 
lung at -4 days, when alveolar Type II cells have 
not yet appeared, contains ca. 20% of the 
saturated classes of PC, which seem to be 
unrelated to the function of surface activity in 
the lung. These findings indicate that there are 
at least 2 pools of saturated PC in lung tissue. 
First, there is the saturated PC synthesized in 
alveolar Type II cells, the function of which is 
to supply surface activity in the alveolar space. 
The other is the saturated PC synthesized in 
cells other than alveolar Type II cells, which 
function as the membrane constituents. The 
lung carcinoma examined in this study were 
derived from cells other than alveolar Type II 
cells; hence, they contain the second type of 
saturated PC, the percentages of which were 
very consistent with those of rat fetal lung at -4 
days (35). These results indicate that, in the 
content of saturated classes, which contains ca. 
30% of the total PC in lung tissue, ca. 20% of 
that content is in the "membrane pool" where- 
as the other 10% is in the "surface active pool." 
One of characteristics of phospholipids in lung 
carcinoma is the existence of this type of 
saturated PC. Other carcinoma do not  contain 

such high levels of saturated PC (4). 
It is well known that the lung tissue con- 

rains, in general, relatively large amounts of 
phosphatidylglycerol and lyso-bis-phosphatidic 
acid compared to other mammalian tissues 
(36). It has also been noted that in the lung 
tissue phosphatidylglycerol may make an 
important contribution to the surface activity 
of pulmonary surfactant (37,38), although it 
may contribute only as a precursor of cardio- 
lipin in other tissues (39). Our previous work 
(9,40) revealed that phosphatidylglycerol has 
almost the same profile of molecular species as 
that of PC in lung tissue, which consists of ca. 
20% saturated classes, predominantly of the 
dipalmitoyl type. The role of alveolar Type II 
cells or other cells in the synthesis of molecular 
species of phosphatidylglycerol in the lung 
remains unknown. However, the marked 
decrease of phosphatidylglycerol in lung 
carcinoma may represent the decrease of 
phosphatidylglycerol in the "surface active 
pool." Considerable synthesis of phosphatidyl- 
glycerol may be carried out in the alveolar Type 
II cells of the normal lung tissue. 

Lyso-bis-phosphatidic acid, which was tenta- 
tively identified in this study, is known as a 
lysosomal lipid, which appears in some accum- 
ulated diseases such as Nieman-Pick disease (28) 
and phospholipid liver induced by some drugs 
(41,42). It has been reported that the lyso-bis- 
phosphatidic acid present in the lung tissue 
occurs predominantly in macrophages (43). 
Therefore, it is reasonable that the lung carci- 
noma not containing macrophages have only a 
small amount  of the phospholipid. 

This study also demonstrated the differences 
in the lipid compositions among different cell 
types of lung carcinoma. Squamous cell and 
small cell carcinoma contained more triacyl- 
glycerol, as well as relatively higher levels of 
dienes I (monoenoic-monoenoic) and rather 
lower levels of dienes II (saturated-dienoic) of 
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PC as compared with adenocarcinoma, the 
lipids of which were similar to normal lung 
tissue in these points. 
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Relationships between Cholesterogenesis, Microsomal 

Sterols and HMG-CoA Reductase in the Perfused Rat Liver 
EDWARD H. GOH, Medical Sciences Program, Pharmacology Section, 
Indiana University School of Medicine, Bloomington, IN 47405 

ABSTRACT 

The relationships between cholesterogenesis and the activity of HMG-CoA reductase of microsomes 
prepared with or without sodium fluoride, and between changes of cholesterogenesis and microsomal 
sterols were studied in the isolated rat liver perfused with or without oleic acid in the presence of 
AY-9944. AY-9944 inhibits the conversion of 7-dehydrocholesterol, measured colorimetrically as 
"fast-acting" sterols, to cholesterol, measured colorimetrically as "slow-acting" sterols. The level of 
"fast-acting" sterols is used to estimate cholesterogenesis and changes in microsomal sterols. It was 
observed that the activity of HMG-CoA reductase of microsomes prepared with or without fluoride 
reflects the relative changes in cholesterogenesis of the perfused livers. In addition, the amount of 
"fast-acting" and "slow-acting" sterols in microsomes correlates with increases in the activity of 
HMG-CoA reductase and cholesterogenesis. 

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

Metabolic inhibitors which block the con- 
version of sterol intermediates to cholesterol 
have been used to estimate the synthesis, 
distribution and metabolism of cholesterol 
(1-5). One of these inhibitors is AY-9944 [trans- 
1,4-bis(2-chlorobenzylaminomethyl)cyclohexane 
dihydrochloride], which blocks the conversion 
of 7-dehydrocholesterol to cholesterol (2-4,6). 
The appearance of 7-dehydrocholesterol, mea- 
sured colorimetrically as"fast-acting" sterols, 
has been used extensively to estimate changes 
in hepatic cholesterogenesis in vivo (7-9). 
"Fast-acting" sterols refers to sterols which 
produce maximal color with Liebermann- 
Burchard reagents within 2 min (10). In con- 
trast, cholesterol is a "slow-acting" sterol which 
produces maximal color after 30 min. The 
validity of using the appearance of "fast-acting" 
sterols after treatment with AY-9944 to esti- 
mate the distribution and synthesis of chol- 
esterol in the isolated perfused rat liver was 
recently demonstrated (11). It was observed 
that, after 3 hr of perfusion, the amount of 
"fast-acting" sterols synthesized by the liver 
correlates with the activity of 3-hydroxy-3- 
methylglutaryl coenzyme A (HMG-CoA) reduc- 
tase (EC 1.1.1.34), the rate-limiting enzyme of 
cholesterogenesis. In addition, the amount  of 
"fast-acting" sterols secreted by the perfused 
liver correlates with the activity of the enzyme 
and the amount of "fast-acting" sterols syn- 
thesized. These relationships were similar to 
those previously reported to exist between the 
secretion of cholesterol by the perfused liver 
and cholesterogenesis estimated either by the 
activity of the enzyme (12) or by the incor- 
poration of tritium from aH20 into cholesterol 
(13). 

In this study, the appearance of "fast- 
acting" sterols after treatment of the perfused 
liver with AY-9944 is used to investigate 2 
relationships fundamental to understanding 
the regulatory mechanism(s) of hepatic chol- 
esterogenesis. The first is the relationship 
between cholesterogenesis and the activity of 
HMG-CoA reductase of microsomes isolated 
from liver homogenized in buffer with or 
without sodium fluoride. The addition of 
sodium fluoride to the buffer resulted in a large 
decrease in the activity of microsomal enzyme. 
Thus, the physiological significance of esti- 
mating cholesterogenesis via HMG-CoA reduc- 
tase activity from microsomes conventionally 
isolated without sodium fluoride becomes 
questionable (14). Brown et al. (15) recently 
demonstrated that in long-term in vivo studies, 
the rate of cholesterogenesis correlates with the 
activity of HMG-CoA reductase of microsomes 
isolated in the presence, as well as absence, of  
sodium fluoride. These authors concluded that 
activity of the enzyme, prepared with or 
without fluoride, reflects the relative changes in 
cholesterogenesis which was altered by long- 
term in vivo treatment. Whether this obser- 
vation is equally applicable to short-term 
experiments where cholesterogenesis is rapidly 
elevated is unknown. 

The second relationship investigated in this 
study is the relationship between changes in 
microsomal sterols and the activity of micro- 
somal HMG-CoA reductase. Increases in the 
amount of microsomal cholesteryl esters have 
been associated with decreases in the activity of 
HMG-CoA reductase of livers obtained from 
rats after prolonged feeding of cholesterol 
(16,17). The decrease in the activity of HMG- 
CoA reductase, however, can be observed 
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within 4 hr after the beginning of cholesterol 
feeding without any changes in microsomal 
cholesterol (18). Similarly, despite a 100% 
increase in cholesterogenesis (13) and the 
activity of HMG-CoA reductase (12), the 
amount of microsomal cholesterol obtained 
from rat livers perfused with oleic acid remains 
the same as those perfused without oleic acid. 
These observations suggest that in short-term 
experiments, alterations of microsomal chol- 
esterol, if any, may be very small and difficult 
to detect. Therefore, investigation of the 
possibility of using AY-9944 to segregate total 
microsomal sterols into a newly synthesized 
pool of cholesterol, "fast-acting" sterols, and a 
preformed pool of cholesterol, "slow-acting" 
sterols, in order to study their relationship with 
cholesterogenesis during perfusion is under- 
taken. 

Observations from this study suggest that 
increases in cholesterogenesis of the perfused 
liver can be estimated by the activity of HMG- 
CoA reductase of microsomes prepared with or 
without sodium fluoride. In addition, there is a 
linear relationship between the rate of chol- 
esterogenesis and the increase of microsomal 
newly synthesized cholesterol and between the 
rate of cholesterogenesis and the decrease of 
microsomal preformed cholesterol. 

PROCEDURES 

Male Sprague Dawley rats from Murphy 
Breeding Labs Inc., Plainfield, IN, were used in 
this study. The rats were housed with lighting 
from 05:00 to 17:00 hours and were fed 
Wayne Lab-blox and water ad libitum. The 
livers were removed between 08:50 and 09:50 
hours and were perfused in vitro using the 
apparatus and under the conditions previously 
described (13,19). 

The perfusion medium consisted of Krebs- 
Ringer bicarbonate buffer, pH 7.4, 100 mg % 
glucose and 3% of purified bovine serum 
albumin (20). Following perfusion for a 20-min 
period of equilibration, a solution of AY-9944 
in 0.9% NaC1 was added to the perfusate pool 
to obtain a concentration of 10 /~M AY-9944 
and infusion into the perfusate was started. The 
infusate, pH 7.4, contained 0.9% NaC1, 10/~M 
AY-9944 and 3% purified bovine serum albu- 
min, alone or complexed with 14.16/~mol oleic 
acid/ml infusate. The infusate was delivered to 
the perfusate at a constant rate of 11.7 ml/hr 
during perfusion. 

At termination of the experhnents, the livers 
were perfused with a single pass of 20 ml 
ice-cold 0.9% NaC1 and adherent nonhepatic 
tissue was removed. The liver was then blotted, 

weighed and minced in an ice-cold beaker. 
Minced liver tissues were divided into 2 halves 
and homogenized in 0.3 M sucrose and 10 mM 
2-mercaptoethanol with or without sodium 
fluoride (50 mM) (14). Aliquots were taken for 
saponification and the remaining portion of 
liver homogenate was used for the isolation of 
microsomes as described previously (12). 
Microsomal pellets isolated from homogenate 
with or without sodium fluoride were resus- 
pended individually in 50 mM potassium 
phosphate buffer, pH 7.2, containing 1.0 mM 
EDTA, 5.0 mM dithiothreitol and 0.3 M 
potassium chloride. Samples were taken for 
saponfication and the activity of microsomal 
HMG-CoA reductase analyzed (21). In brief, 
microsomes (50-200 gg protein), preincubated 
for 10 rain at 37 C, were incubated for an 
additional 5-30 min with 200/.tM D L  [3-14(2] - 
HMG-CoA (6000 dpm/nmol),  5.3 mM NADP, 
52 mM glucose-6-phosphate and 1 unit  glucose- 
6-phosphate dehydrogenase in a total vol of 
100 /~1. The reaction was terminated by the 
addition of 10 N HCL (25 /al), and nonradio- 
active mevalonate lactone, 5 mg (25 #1), was 
added as an internal marker. The mixture, incu- 
bated for an additional 30 min, was centrifuged 
at room temperature. A 50-75/al aliquot of the 
supernatant was spotted on the preabsorbant 
layer of LK5D thin layer plates (Whatman, 
Clifton, N J) and developed in benzene/acetone 
(1:1, v/v). The mevalonate lactone bands were 
visualized with iodine, recovered and counted. 

Samples of liver homogenate, microsomal 
suspension and perfusate were taken and 
saponified with 1 ml aqueous KOH (1 g/ml) 
and 4 ml ethanol for 60 rain at 75 C. The 
nonsaponifiable fractions were extracted into 
hexane by the addition of 5 ml water and 5 ml 
hexane followed by vigorous shaking for 10 
min. Portions of hexane were removed, dried 
under N 2 and analyzed colorimetrically for 
"fast-acting" (2 rain) and "slow-acting" sterols 
(33 min) by the Moore and Baumann procedure 
(10) with the stable Liebermann-Burchard 
reagent reported by Kim and Goldberg (22). 
The amounts of "fast-acting" and "slow-acting" 
sterols were calculated and corrections made 
according to the Moore and Baumann pro- 
cedures (10). The constants used in the calcu- 
lations described by Moore and Baumann were 
determined experimentally with 7-dehydro- 
cholesterol (Sigma, St. Louis, MO) and free 
cholesterol (Nu-Chek-Prep., Elysian, MN). 

o n  

R ESU LTS 

The effect of oleic acid and sodium fluoride 
the activity of microsomal HMG-CoA 
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TABLE I 

Effect of Sodium Fluoride on the Activity of Microsomal HMG-CoA Reductase a 

Perfusion time (hr) 

Groups 1 2 3 

p mol/min/mg protein 

I. Oleic acid omitted 
A:-NaF 38.0-+ 5.0 86.9-+ 2.9 157.4-+ 21.0 
B:+NaF 10.7-+ 1.4 15.3-+ 1.5 18.7-+ 2.7 

II. Oleic acid added 
C: -NaF 67.4 • 7.0 127.7 -+ 12.0 337.3 • 48.6 
D:+NaF 21.7• 1.6 24.5-+ 2.0 38.4• 6.2 

Statistics b: 
A vs C <0.02 <0.02 <0.01 
B vs D <0.001 <0.01 <0.02 

aMean • SEM; n > 4 for each observation. 
bStudent's t-test. 

reductase is shown in Table I. As reported 
previously by Cooper (23), perfusion of rat 
liver without oleic acid for 3 hr resulted in an 
hourly increase in the activity of microsomal 
HMG-CoA isolated in the absence of  sodium 
fluoride. The hourly increase in the enzyme 
activity is further enhanced by the addition of 
oleate to the perfusion medium (A vs C, Table 
I). The increase in the activity of the enzyme 
by oleic acid is in agreement with previously 
reported increases after 4 hr of perfusion (12). 
The specific activity (sp act) of  the enzyme in 
this study is, however, much less than that of 
the previous study (12). This discrepancy may 
be explained by the low activity level of micro- 
somal HMG-CoA reductase in the rats used in 
this study. Without treatment with sodium 
fluoride, the activity of microsomal HMG-CoA 
reductase is 39 -+ 6.0 pmol/min/mg (n = 5) for 
livers that were not perfused. This value is 
comparable to the diurnal low for the activity 
of the enzyme reported by some (e.g., 24,25) 
and lower than others (e.g., 15). The differ- 
ences axe not readily apparent. Factors which 
may be responsible for this difference include 
strains of  rats, housing conditions, feeding 
pattern, weight of animals, diet and conditions 
for the isolation and analysis of the microsomal 
activity of  HMG-CoA reductase. Regardless, a 
114% increase in the activity of  the enzyme by 
oleate in these experiments using 3 hr of 
perfusion is comparable to the 140% increase 
after 4 hr of perfusion reported earlier (12). 
Also shown in Table I is the reduction of 
HMG-GoA reductase activity by the addition of  
sodium fluoride to the homogenization medi- 
um. Sodium fluoride did not  alter the apparent 
increase in the activity of microsomal HMG- 
CoA reductase from liver perfused with oleate 

(B vs D, Table I). The effect of  sodium fluoride 
on the relationship between the activity of 
microsomal HMG-CoA reductase and cholester- 
ogenesis, estimated by the synthesis of "fast- 
acting" sterols is shown in Figure 1. The 
synthesis of "fast-acting" sterols is the sum of 
"fast-acting" sterols in the perfusate at the end 
of  the experiment and the amount in the liver 
homogenized in buffer without sodium fluor- 
ide. The amount of "fast-acting" sterols in 
livers homogenized with or without sodium 
fluoride is the same, and the value obtained 
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FIG. 1. Correlation between the synthesis of 
"fast-acting" sterols and the activity of microsomal 
HMG-CoA reductase. Data for HMG-CoA reductase 
represents the individual experiments reported in 
Table I. The synthesis of "fast-acting" sterols is the 
sum of "fast-acting" sterols in the perfusate at the 
end of the perfusion and the amount in the liver 
determined in portions of the liver homogenized in 
buffer without sodium fluoride. 
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from liver homogenate without sodium fluoride 
is used in calculating the synthesis of  "fast- 
acting" sterols. As is shown in Figure 1, the 
activity of  HMG-CoA reductase of  microsomes 
isolated in the absence of sodium fluoride 
correlates linearly with cholesterogenesis with a 
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FIG. 2. Effect of oleic acid on microsomal "fast- 
acting" sterols and the activity of HMG-CoA reduc- 
tase. The data shown are means -+ SEM. All compari- 
sons between groups with or without oleate are 
significant (P < 0.05) by Student's t-test. Each data 
point represents n /> 4. Values for nonperfused livers 
were obtained from hepatic microsomes of rats 
sacrificed at 09:00. The amounts of microsomal 
"fast-acting" sterols in livers perfused 3 hr without 
AY-9944 are 0.64 -+ and 0.57 -+ 0.1 (n = 5) nmol/mg 
protein with and without oleic acid, respectively. 
Values shown were obtained from liver homogenate 
and microsomes without treatment with sodium 
fluoride. 
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FIG. 3. Relationship between the synthesis and the 
concentration of "fast-acting" sterols in microsomes. 
The amount of "fast-acting" sterols is obtained from 
microsomes isolated in the absence of sodium fluoride. 
Additional details are given in the legend of Figure 1. 

slope parallel to that of  microsomes isolated in 
the presence of  sodium fluoride. 

Changes in the amount of "fast-acting" 
sterols in microsomes obtained from the 
perfused liver homogenized without fluoride is 
shown in Figure 2 (left panel). The amount of 
microsomal "fast-acting" sterols is elevated by 
the length of perfusion and further enhanced 
by oleate. The pattern of increases in micro- 
somal "fast-acting" sterols mimics that of the 
secretion of "fast-acting" sterols by the liver 
into the perfusate (11) and the activity of 
HMG-CoA reductase in microsomes isolated in 
the presence (right panel, Fig. 2) or absence 
(figure not shown) of  sodium fluoride. In- 
creases in the amount of microsomal "fast- 
acting" sterols apparently are synchronous with 
and related to the activity of the enzyme 
isolated with or without sodium fluoride. For 
example, the linear relationship between 
changes in the amount of microsomal "fast- 
acting" sterols (y) in nmol/mg protein, and the 
activity of HMG-CoA reductase from micro- 
somes isolated without sodium fluoride (x), in 
pmol/min/mg protein can be described by the 
equation y = 0.02x + 1.03 (r 2 = 0 . 8 1 ; P  < 
0.05) (figure not shown). In addition, the 
changes in microsomal "fast-acting" sterols 
correlate linearly with the synthesis of "fast- 
acting" sterols by the perfused rat liver (Fig. 3). 

Changes in the level of  microsomal "slow- 
acting" sterols by perfusion and by oleic acid 
are shown in Table II. "Slow-acting" sterols 
represent the free and esterified cholesterol 
already present in the microsomes or liver 
before perfusion in the presence of AY-9944. 
There is a general decrease in microsomal 
"slow-acting" sterols as perfusion of the liver 
continues from 1 to 3 hr. Oleate did not 
significantly alter the decrease in the amount of 
microsomal "slow-acting" sterols (A vs B, Table 
II), in contrast to its effect on microsomal 
"fast-acting" sterols (Fig. 2). On the other 
hand, when the changes in microsomal "slow- 
acting" sterols are calculated as a percentage of 
total microsomal sterols, the sum of "s low" and 
"fast-acting" sterols, the decrease in micro- 
somal "slow-acting" sterols becomes apparent 
(C vs D, Table II). In addition, the decrease in 
microsomal "slow-acting" sterols, calculated in 
this way, correlates inversely with the increase 
in the activity of  microsomal HMG-CoA reduc- 
tase (Fig. 4). 

DISCUSSION 

AY-9944, which inhibits the conversion of  
7-dehydrocholesterol to cholesterol (2-4), is 
used with the isolated rat liver perfusion model 
to study factors associated with changes in 
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T A B L E  II 

E f f e c t  o f  O le i c  A c i d  o n  t h e  C h a n g e s  o f  " S l o w - a c t i n g "  S t e r o l s  in  M i c r o s o m e s  a 

Ole ic  ac id  in  
p e r f u s a t e  

P e r f u s i o n  t i m e  (hr )  

1 2 3 

A :  O m i t t e d  70 .2  -+ 5 .7  
~ :  2~dded 6 6 . 6  • 2 .0  

C:  O m i t t e d  9 8 . 6  • 0.1 
D :  A d d e d  9 7 . 4  -+ 0 .3  

S t a t i s t i c s  c : 
A vs  B < 0 . 7 0  
C vs  D < 0 . 0 2 5  

n m o l e s / m g p r o t e i n  

4 9 . 2 •  4 5 . 0 •  
6 2 . 7 •  4 3 . 4 •  

t o t a l s t e r o l s b ( % )  

9 6 . 3 •  9 0 . 6 •  
9 4 . 2 •  8 4 . 7 •  

< 0 . 8 0  < 0 . 7 0  
< 0 . 0 5  < 0 . 0 2  

a M e a n  • S E M ;  n >~ 4 fo r  e ach  o b s e r v a t i o n  o b t a i n e d  f r o m  m i c r o s o m e s  p r e p a r e d  w i t h o u t  
f l u o r i d e .  

b ( " S l o w - A c t i n g "  s t e r o l s  X l O 0 ) / ( " S l o w - A c t i n g "  + " F a s t - A c t i n g "  S te ro l s ) .  

C S t u d e n t ' s  t - t e s t .  

cholesterogenesis during short-term perfusion. 
7-Dehydrocholesterol accumulated during treat- 
ment with AY-9944 is measured as newly 
synthesized "fast-acting" sterols (10) and is 
distinguished from preformed "slow-acting" 
cholesterol. Cholesterogenesis of the perfused 
liver was elevated by perfusion for various 
periods of time and with oleic acid. These 
treatments led to an increase in the activity of 
microsomal HMG-CoA reductase (12,26), chol- 
esterogenesis estimated by the incorporation of 
tritium (aH20) into cholesterol (13) and the 
secretion of cholesterol by the liver (12,13). 

The first factor studied is the relationship 
between cholesterogenesis and the activity of 
HMG-CoA reductase of microsomes prepared 
with or without sodium fluoride. The in vivo 
long-term study by Brown et al. (15) demon- 
strated the validity of using the HMG-CoA 
reductase activity of microsomes prepared with 
or without sodium fluoride to reflect the 
relative changes in cholesterogenesis. The 
synthesis of cholesterol in their study was 
determined by the incorporation of [1-14C]- 
octanoate into cholesterol during incubation of 
liver slices. In this study, cholesterogenesis is 
measured by the amount of "fast-acting" 
sterols synthesized during perfusion. Linear 
correlation between the synthesis of "fast- 
acting" sterols and activity of HMG-CoA 
reductase of microsomes prepared with or 
without fluoride (Fig. 1) suggests that enzyme 
activity is a valid estimation of the relative 
changes in cholesterogenesis regardless of the 
presence or absence of fluoride in the homoge- 
nization buffer. Thus, the activity of HMG-CoA 
reductase of microsomes prepared either with 

or without sodium fluoride reflects relative 
changes in hepatic cholesterogenesis under 
conditions where synthesis of cholesterol was 
modified by long-term in vivo treatment (15) or 
by rapid short-term in vitro measures such as 
perfusion with oleic acid. 

The second factor studied is the relationship 
between changes in microsomal sterols and rate 
of cholesterogenesis. The changes in total 
microsomal sterols are determined by the 
amount of "fast-acting" sterols, representing 
newly synthesized cholesterol, and "slow- 
acting" sterols, representing preformed chol- 
esterol. Small and significant changes in "fast- 
acting" sterols can be detected in microsomes 
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ACTIVITY OF HMG-CoA REDUCTASE 

FIG. 4. Relationship between changes in micro- 
somal sterols and the activity of HMG-CoA reductase. 
The data shown are the individual experiments re- 
ported in this manuscript and additional information 
is given in the legend to Table II. 
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a f te r  pe r fus ion  for  1 h r  w i th  o lea te  (Fig. 2). 
The  increase in the  a m o u n t  of  " f a s t - ac t i ng"  
s terols  in m i c r o s o m e s  appears  to  be  a specific 
process.  This  is impl ica ted  by  the  co r re l a t ion  
b e t w e e n  the  a m o u n t  of  m i c r o s o m a l  " fas t -  
ac t ing"  sterols  and  the  act iv i ty  of  m i c r o s o m a l  
HMG-CoA reduc tase  as well  as the  syn thes i s  of  
" f a s t - ac t i ng"  s terols  by  t he  liver (Fig. 3). Thus ,  
the  a m o u n t  of  newly  syn thes ized  cho les t e ro l  
appear ing  in t he  mic rosomes  depends  on  the  
ra te  of  synthes is  o f  cho les te ro l  by  t he  micro-  
somes. 

Concu r r en t l y ,  w i th  the  increase of  newly  
syn thes ized  choles te ro l  in mic rosomes ,  pre- 
f o r m e d  " s low-ac t ing"  cho les te ro l  in micro-  
somes is r educed  w h e n  changes  in " s low-ac t ing"  
s terols  are ca lcula ted as a pe rcen tage  of  to t a l  
mic rosomal  s terols  (Table  II). Biological  vari- 
a t ions  in the  a m o u n t  of  m i c r o s o m a l  choles tero l ,  
" s low-ac t ing"  sterols,  be fo re  livers were per- 
fused may  a c c o u n t  for  the  less obv ious  decl ine 
of  " s low-ac t ing"  cho les te ro l  w h e n  ca lcula ted  in 
n m o l / m g  mic rosomal  p ro t e in  (Table  II). The  
cor re la t ion  b e t w e e n  the  pe rcen tage  decrease  in 
" s low-ac t ing"  sterols  w i th  choles terogenes is  
(Fig. 4) suggests t h a t  the  r emova l  of  p r e f o r m e d  
mic rosoma l  cho les te ro l  can  be re la ted  to  the  
increase in the  synthes i s  o f  choles tero l .  

The  re la t ionsh ip  b e t w e e n  changes  in micro-  
somal  s terols  and  choles terogenes is  has  impor -  
t a n t  impl i ca t ions  in the  s tudy  of  regu la to ry  
mechan i sm(s )  of  hepa t i c  choles terogenesis .  
The  mechan i sm(s )  regula t ing  choles te rogenes is  
at t he  molecu la r  level is u n k n o w n  and  several 
h y p o t h e s e s  have been  suggested. Of  these,  
regu la t ion  by  changes  in m i c r o s o m a l  f lu idi ty  
(27)  and  regu la t ion  by  di rec t  e n d - p r o d u c t  
i n h i b i t i o n  (28)  have been  re la ted  to changes  in 
mic rosomal  sterols.  The  regu la t ion  b y  end-  
p r o d u c t  i n h i b i t i o n  h y p o t h e s i s  suggests an 
inverse re la t ionsh ip  b e t w e e n  changes  in micro-  
somal  s terols  and  the  ra te  of  choles te rogenes is  
med ia t ed ,  p re sumab ly ,  t h r o u g h  mic rosoma l  
HMG-CoA reductase .  Evidence  for  the  decrease  
in the  act iv i ty  of  HMG-CoA reduc tase  and  a 
c o n c o m i t a n t  increase  in m i c r o s o m a l  s terols  has  
been  r epo r t ed  (16 ,17) .  Evidence  for  the  con-  
verse, an increase in t he  act iv i ty  o f  HMG-CoA 
reductase  and  a decrease  in m i c r o s o m a l  s terols  
is unavai lable .  It can, however ,  be  in fe r red  f r o m  
the  increase in t he  act iv i ty  of  t he  e n z y m e  and  
the  increased ef f lux of  cho les te ro l  f rom the  
l iver (12 ,29)  and  h e p a t o c y t e s  (30-32) .  T he  
cor re la t ion  b e t w e e n  the  decrease  in p r e f o r m e d  
mic rosomal  " s low-ac t ing"  sterols  and  increased 
choles terogenes is  (Fig. 4) d e m o n s t r a t e s  an  
inverse re la t ionsh ip  b e t w e e n  choles te rogenes is  
and  the  removal  of  mic rosoma l  p r e f o r m e d  
choles terol .  This, t oge the r  w i th  the  decrease  o f  

e n z y m e  act iv i ty  caused by  t he  e leva t ion  of  
m i c r o s o m a l  s terols  (16 ,17) ,  suppor t s  the  
h y p o t h e s i s  of  d i rec t  end -p roduc t  i n h i b i t i o n  as 
t he  regu la to ry  m e c h a n i s m  for  hepa t i c  choles ter -  
ogenesis.  Regardless  of  the  molecu la r  mech-  
anism involved,  da ta  f rom the  s tudy  on  t he  
re la t ionsh ip  b e t w e e n  changes  in m i c r o s o m a l  
s terols  and  choles te rogenes is  ind ica te  t h a t  the  
r emova l  o f  p r e f o r m e d  choles te ro l  f rom micro-  
somes  may  be the  i m m e d i a t e  s t imulus  for  
increas ing the  synthes i s  o f  choles terol .  This  
r emova l  resul ts  in the  appea rance  of  newly  
syn thes ized  choles terol ,  " f a s t - ac t ing"  sterols,  in 
microsomes .  
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ABSTRACT 

The liver microsomal /x 9 and A 6 desaturase activities have been studied in rats with carbon tetra- 
chloride-induced hepatitis. Immediately after poisoning, significant decreases were observed for both 
types of desaturase activity. However, recovery kinetics were slower for the/x 6 desaturase than for the 
/x 9 desaturase. The activities of NADH-ferricyanide and NADH-cytochrome C reductases, proteins 
involved in the electron transfers associated with microsomal desaturation, were also measured. 
There was a fall in both activities after poisoning, but this decrease was less than that of the desatur- 
ase activities. 

INTRODUCTION 

Some insight into the process of liver regen- 
eration may be gained from a sequential study 
of the activities of certain enzymes after injury 
by hepatocellular poisoning (1-3). During tissue 
regeneration, the unsaturated fatty acids 
produced by acyl-CoA desaturases are among 
the essential components of cell membranes to 
be rebuilt. Therefore, an investigation of the 
liver microsomal desaturation system after 
poison ingestion could contribute to the 
analysis of the recovery process. 

The microsomal acyl-CoA desaturase sys- 
tems involve several proteins. For instance, 
the system which desaturates stearyl-CoA into 
oleyl-CoA is composed of 3 different proteins 
(4,5): NADH-cytochrome b5 reductase (6-8), 
cytochrome b5 (9,10) and the desaturase itself 
(11,12). Cytochrome b5 also is involved in the 
desaturation of linoleate into 7-1inolenate 
(13,14). As is the case with all membrane 
enzymes, the activities of the enzymes in the 
acyl-CoA desaturase systems could be con- 
trolled by the lipid environment of the active 
sites of the proteins (4,15,16). 

In this report, we describe the variations of 
the activities of the A 9 and A 6 desaturases 
from rat liver microsomes during the regener- 
ation period following CC14 poisoning, The 
levels of microsomal NADH-ferricyanide and 
NADH-cytochrome C reductase have also 
been measured; their activities are coupled to 
NADH-cytochrome b5 reductase and to the 
reduction of cytochrome b5, respectively. The 
measurement of these enzymes would enable us 
to follow the different components of several 
microsomal desaturase systems during the 
regeneration process. 

MATERIAL AND METHODS 

Treatment of Animals 

Five- to  6-wk-old male rats (Wistar CE), 
weighing 110-120 g, were maintained on a 
commercial lab chow and ad libitum water. 
Carbon tetrachloride (Merck Chem., Darm- 
stadt, Germany) diluted in liquid paraffin 
(1 : 1,v/v) was administered intragastrically. The 
dose of the carbon tetrachloride given was 150 
/as of CC14/100 g body weight diluted in 
350 kts of liquid paraffin. The activity of the 
desaturases was measured at 3, 6 and 12 hr 
as well as 1, 2, 4, 7 and 14 days postingestion 
of poison. In each experiment, control animals 
were given 500/as of liquid paraffin. 

Chemicals 

[114-C]Stearic acid (50 mCi/mmol) and 
[114-C]linoleic acid (50 mCi/mmol) were 
purchased from New England Nuclear Corp. 
(Boston, MA). Corresponding acyl-coenzyme 
A esters were prepared according to the Ail- 
haud and Vagelos procedure (17) as modified 
by Bourre and Daudu (18). NADH was pur- 
chased from Sigma (St. Louis, MO). 

Preparation of Microsomes 

The liver was rapidly removed from rats 
killed by decapitation, weighed and homog- 
enized in 3 vol (v/w) of ice-cold solution of 250 
mM sucrose. A postmitochondrial supernatant 
fraction, obtained by centrifugation at 15,000 
x g for 30 min, was further centrifuged at 
100,000 x g for 60 min to give the microsomal 
pellet. This pellet was suspended in 0.5 vol 
(v/w) 250 mM sucrose solution. Protein con- 
centration was determined according to Lowry 
et al. (19). 
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Enzyme Assays 

Acyl-CoA desaturases. The final incubation 
mixture (1 ml) contained 0.1 M sodium phos- 
phate (pH 7.4), 1 mM NADH, 50 nmol [ 114-C] - 
acyl-CoA (120,000 cpm) and 1.0 mg micro- 
somal protein (20). Prior to the addition of 
microsomes, the assay medium was aerated by 
bubbling with oxygen for 10 sec. The incu- 
bations were performed in a thermoregulated 
shaking water bath at 37 C for 20 min. 

The reaction was terminated by the addition 
of 1.0 ml of 10% methanolic KOH and heating 
at 80 C for 30 min. The fatty acids were 
liberated by the addition of 1.0 ml 7 N HC1 and 
heating at 80 C for I0 min. Fatty acids were 
extracted twice by 2 ml n-hexane/extraction. 
Fatty acid methyl esters were prepared with 
N methanolic anhydrous HC1, as described by 
Carreau and Dubacq (21). Radiolabeled methyl 
esters were then analyzed either by radio gas 
chromatography (radio-GC) (Packard Instru- 
ment, series 894) or measured with a liquid 
scintillation spectrometer (Intertechnique, Se- 
ries SL 30) after thin layer chromatography 
(TLC) on silver nitrate-impregnated Silica Gel G 
plates. Commercial Silica Gel G-(Merck)im- 
pregnated plates were immersed for 10 sac in a 
80% ethanol solution containing 10% silver 
nitrate. Benzene/hexane (7:3, v/v) was used as 
the developing solvent to separate monoun-  
saturated and saturated fatty acid methyl esters 
(22). To separate linoleic and 7-1inolenic acid 
methyl esters, a mixture of benzene/hexane/ 
diethyl ether (7:3:0.75, v/v/v) was used. The 
spots were revealed by rapid immersion of the 
plates in 0.1% 1.7-dichlorofluorescein solution 
and examination under ultraviolet (UV) light. 
The marked spots were scraped off and coated 
silica gel was placed in 15 ml of a toluene 
solution containing PPO and POPOP. 

Reductases. Activities were measured ac- 
cording to the Lee et al procedures (23) for 
NADH-ferricyanide reductase and the Sotto- 
casa et al. method (24) for NADH-cytochrome 
C reductase. 

Acyl-CoA hydrolysis and fatty acids incor- 
poration into complex lipids. CoA esters 
were incubated under the same conditions as 
those used for the assay of desaturase activities. 
Following an incubation of 20 min, the reac- 
tion was terminated by the addition of 1.0 ml 
methanol and 2.0 ml chloroform. Lipids were 
chromatographed on thin layer silica gels. Free 
fatty acids and triglycerides were separated 
according to Brown and Johnston (25) and 
phosphatidylcholine (PC) according to Katyal et 
al. (26). The marked spots were scraped off and 
the coated silica gel was placed in 15 ml of a 
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toluene solution containing PPO and POPOP. 

R ESU LTS 

A 9 Desaturase Activity 

Six hr after CC14 ingestion stearyl-CoA 
desaturase activity in liver microsomes from 
poisoned rats was decreased (Table I). The 
lowest values were observed between 12 and 24 
hr: 25-30% of control values. After 48 hr, A 9 
desaturase activity increased again but a return 
to normal values still was not complete after 14 
days. 

A e Desaturase Activity 

The activity of linoleyl-CoA desaturase was 
also affected by CC14 poisoning and a decrease 
was observed 3 hr after ingestion with maximal 
effect at 12 hr (Table I). A progressive restora- 
tion process began at 24 hr but was slower than 
that of A 9 desaturase activity since at 14 days 
the A 6 desaturase activity remained at 70-75% 
of controls. 

NADH-ferricyanide Reductase and NADH- 
cytochrome C reductase Activities 

The NADH-ferricyanide reductase activity of 
liver microsomes from rats having ingested 150 
~s of CC14/100 g body weight decreased rather 
slowly after poisoning (Table II). By 12 hr after 
CC14 ingestion, there was a drop of 15% in the 
NADH-ferricyanide reductase activity. This 
decrease reached 40% by 24 hr, which was then 
followed by a gradual increase to normal values 
by the 7th day. 

Three to 6 hr after CC14 ingestion, the 
NADH-cytochrome C reductase activity in liver 
microsomes from poisoned rats was higher than 
that of control animals (Table II). There- 
after a decrease occurred but, in comparison to 
that of NADH-ferricyanide reductase, was 
less immediate and became obvious only 48 hr 
postingestion. 

Fatty Acid Composition of the 
Total Lipid of Liver Microsomes 

As a consequence of CCI4 poisoning, the 
content of palmitic acid in liver microsomes 
increased from the 12th hr through the 4th day 
(Table III). During this same period, the con- 
tent of arachidonic and stearic acids decreased 
but that of linoleic acid remained slightly 
higher than that of control rats. 

Hydrolysis of AcyI-CoA and Incorporation 
of Precursors into Complex Lipids 

The influence of CC14 on the hydrolytic 
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A 9 AND A 6 DESATURASES AND CCl 4 635 

activity of the Acyl-CoA was observed by 3 
hr postingestion (Table IV); this increase 
persisted for 7 days. 

Carbon tetrachloride enhanced the incor- 
poration of stearic acid into triglycerides 
during the 1st day postingestion. No changes 
were observed in incorporation of linoleic acid 
into triglycerides. Incorporation of both stearic 
and linoleic acids into phosphorylcholine was 
unaffected by CC14 treatment. 

Food Intake 

Control rats ate 14.8 g_+ 1.8/100 g body 
weight of Purina chow/day. The food intake 
of poisoned rats was 12.1 g + 1.1, 7.8 g -+ 1.8 
and 14.0 g +- 2.3 (per 100 g body weight) at 
the 1st, 2nd, 4th and 7th days post-CCla- 
treatment, respectively. 

DISCUSSION 

Carbon tetrachloride poisoning induces 
strong perturbations in the liver microsomal 
desaturation systems. This perturbation is 
reflected by a drop in the microsomal acyl-CoA 
desaturase activities within 12 hr. At this time, 
the decreases for stearyl-CoA and linoleyl-CoA 
desaturase activities are 75 and 65%, respec- 
tively, of normal activities. As the effect of 
CC14 subsides, all desaturase activities are 
regained although at different rates. Recovery 
of the a 6 desaturation system is slower, its 
activity remaining at 70-75% that of controls 
14 days after poison ingestion. These results are 
compatible with the finding that the a 6 and a 9 
desaturase systems have different regulatory 
mechanisms (28). 

The decrease in activity of microsomal 
desaturases following CC14 ingestion may be 
the result, of the natural disappearance of 
enzymes which have short half-lives, e.g., 3-4 hr 
for the A 9 desaturase (29), but is more likely to 
be the consequence of the disorganization of 
the microsomal membranes. However, the 
precise mechanism of membrane disorgan- 
ization is unknown (30) and the targets of CC14 
molecules are yet to be discovered. Following 
toxic injury, the membrane recovery process 
apparently follows 2 modes (31). In the first, 
formation of new membranes occurs entirely de 
novo; in the second, membranes could be 
rebuilt from remnants of former membranes 
having reoccupied their previous sites in the cell 
structure. Following poison ingestion, both 
processes could coexist during the first 24 or 48 
hr, thus explaining the high rate of recovery of 
enzyme activity exhibited during this period. 

In the situation under study, the alimentary 
contribution apparently does not play a role, 

since the maximal decrease in A 9 desaturase 
recovery had occurred prior to a significant fall 
in food intake. 

After CC14 poisoning, both NADH-ferri- 
cyanide and NADH-cytochrome C reductase 
activities decrease moderately. Seven days after 
poison ingestion, the new microsomal mem- 
branes apparently already possess their full 
complement of flavoproteins (NADH-ferri- 
cyanide reductase) and of cytochrome b5 
(NADH-cytochrome C reductase). These data 
are consistent with other evidence that NADH- 
cytochrome C and NADH-ferricyanide reduc- 
rases do not intervene in the regulation of the 
A 9 and A 6 desaturase activities (32). 

In this experiment, the perturbation of the 
A9 desaturase activity does not modify the 
oleic acid content of liver microsomes which 
remain at values close to those of control 
microsomes. When A 9 desaturase is at its 
minimum, stearic acid is at a minimum and 
palmitic acid is at a maximum. This would 
indicate that CC14 has a marked effect on the 
elongation of palmitic acid. This may be a 
direct or indirect effect, i.e., direct action on 
the elongase, or indirect, caused by the inhibi- 
tion of the A9-desaturase. Linoleyl-CoA desat- 
urase is the rate-limiting step in the metabolic 
pathway leading to arachidonic acid (33). In 
accordance with Horning et al. (34), we have 
found that CC14 poisoning induces a slight 
increase in linoleic acid and a significant drop in 
arachidonic acid content in liver microsomes. 
These shifts occur subsequently to the decrease 
in A 6 desaturase activity. The increase in 
arachidonic acid content observed by the 4th 
day post-CC14 poisoning is more likely related 
to the contribution of circulating lipids than to 
microsomal synthesis from linoleic acid. 

The hydrolysis of acyl-CoA and the incor- 
poration of fatty acids into triglycerides are 
reactions which compete with oxidative desat- 
uration for the use of acyl-CoA. In agreement 
with the work of Shimizu (35), we also have 
observed that CC14 increases the activity of 
acyl-CoA hydrolase and enhances the incor- 
poration of stearic acid into triglycerides. When 
compared to fiver microsomes from normal 
rats, the changes observed in the microsomes of 
CCl,-treated rats seem too small to account for 
the variations in &9 and A 6 desaturase activ- 
ities. 

We therefore assume that the perturbations 
of the A 9 and A 6 desaturase activities measured 
in liver microsomes of CC14-treated rats bear 
upon the terminal cytochrome b5 oxidase of 
the system desaturating fatty acids. During the 
liver regeneration which follows CC14 poi- 
soning, the terminal factor involved in A 6 
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desaturation is restored more slowly than the 
one involved in A 9 desaturation. 
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Lipoprotein Lipid and Protein Synthesis 
in Experimental Nephrosis and Plasmapheresis" 
I1. Perfused Rat Liver 
TALMA BRENNER and ELEAZAR SHAFRIR, Department of Biochemistry, 
Hebrew University-Hadassah Medical School and Hadassah University Hospital, Jerusalem, Israel 

ABSTRACT 

Livers from rats with experimental hypoproteinemia induced by aminonucleoside-nephrosis or 
plasmapheresis were perfused with a [14C]-labeled amino acid mixture at physiological concentration. 
Compared to control rats, a significantly increased incorporation of the amino acid label was found 
in the apolipoproteins of the ultracentrifugally separated very low and high density lipoproteins 
(VLDL, HDL), and into albumin secreted into the perfusate. However, no increase in the amino 
acid-derived label was detected in VLDL- or HDL-borne lipids in nephrosis or plasmapheresis. Per- 
fusion with U-[14C] leucine as a lipogenesis precursor at >10 times higher than physiological concen- 
tration resulted in 5-fold increase in the label incorporation into perfusate proteins in nephrosis but 
only in a slightly significant increase in perfusate lipids. In contrast, the incorporation of a preformed 
fatty acid, 9,10-[3H] oleate into VLDL and HDL lipids increased 3- to 4-fold in nephrosis. Both with 
leucine and oleate as precursors, the increments in the label appearing in perfusate proteins or lipids, 
respectively, were markedly greater than the increases in hepatic tissue proteins or lipids. The results 
indicate that amino acids are preferentially directed by the liver into the synthesis of circulating 
apolipoproteins and albumin in hypoproteinemia and do not seem to constitute an important pre- 
cursor of the lipoprotein lipids. The increased production of apolipoproteins is associated with an 
increased incorporation of preformed fatty acids into lipoprotein lipids in addition to the previously 
reported stimulation of hepatic de novo lipid synthesis from precursors other than amino acids. 

INTRODUCTION 

In a preceding paper (1), an increase in 
sylnthesis of lipoprotein-borne lipids using 
[ 4C] citrate or 3H20 as precursors was demon- 
strated in intact rats with hypoalbuminemia 
resulting from nephrosis or  plasmapheresis, 
together with an increased flow of  [3H] leucine 
into plasma apolipoproteins and albumin. On 
the other hand, the enhanced synthesis of 
lipoproteins was not associated with appre- 
ciable incorporation of leucine label into the 
lipids, although leucine is known to be a 
precursor of  acetyl-CoA in the liver (2) and is 
readily converted into lipids by adipose tissue 
(3). In this study, we wished to obtain better 
insight into the origin of  lipoprotein lipids in 
nephrosis and plasmapheresis using the isolated 
perfused liver preparation and [14C]labeled 
amino acids. The question of interest was 
whether amino acids, at physiological concen- 
tration or in excess, would serve as a common 
precursors for the enhanced synthesis of  both 
lipid and protein moieties of  the lipoproteins. 
Information was also sought on the use of 
preformed fatty acids as a possible lipid source 
in response to the increased availability of  
apolipoproteins in nephrosis. 

EXPERIMENTAL PROCEDURES 

Animals 

Male ad libitum-fed albino rats of  Hebrew 

University strain, weighing 240-260 g were 
used. Nephrosis was induced by 6-7 daily 
injections of 2.0 rag/100 g aminonucleoside of  
puromycin (Sigma, St. Louis, MO) and the rats 
were used 7-10 days after the last injection. 
Plasmapheresis was performed by 2 withdrawals 
of .25 of  blood vol at 18-hr intervals by cardiac 
puncture, with an immediate reinjection of  an 
equivalent amount of homologous red blood 
cells in 0.9% NaC1; the rats were used for 
experiments 3 hr after the last plasma removal. 
Further details on the experimental animals 
are given elsewhere (1). 

Liver Perfusion 

The liver was perfused in a Harvard appa- 
ratus (I.R. Thebeau, Boston, MA) essentially 
according to the Miller et al. procedure (4). The 
gas mixture was 95% 02 ,  5% CO2. The per- 
fusate medium was a Krebs-Ringer bicarbonate 
buffer, pH 7.4, which contained 5% bovine free 
fatty acid-(FFA) poor serum albumin, 0.1% 
glucose, 20% fresh, washed human erythro- 
cytes, 5 units/ml heparin, an amino acid mix- 
ture at physiological concentration according to 
Li et al. (5) and streptomycin and penicillin 
according to Tracht et al. (6). The total per- 
fusate vol was 130 ml. The perfusion flow rate 
was 15 to 20 ml/min at a hydrostatic pressure 
of 18-20 cm. Liver function throughout the 
perfusion was monitored by checking the 
perfusate pH (7.35-7.45), lactate/pyruvate ratio 
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(10-20), linearity of urea production (ca. 1 mg/ 
hr/g) and the general appearance of the liver. 

Several experiments were performed using 
homologous albumin, isolated from rat serum 
by precipitation of globulins at 50% (NH4)2SO4 
concentration and dialysis, and rat blood ceils. 
The liver function tests and amino acid incor- 
poration rates obtained were similar to those 
with the heterologous material. This was in 
agreement with the results of Katz et al. (7) 
who found similar rates of albumin synthesis 
with NaH14CO3 as a precursor using either 
rat- or human-heparinized red cells in the 
perfusion medium, and the observations of 
John and Miller (8) who reported that the use 
of heterologous blood did not affect liver 
functions. 

Algal protein hydrolysate containing U- 
[14c]amino acids, L-U-[14C]leucine, and 9,10- 
[aH] oleic acid were used as tracers (The Radio- 
chemical Centre, Amersham, Great Britain). 
The perfusion with labeled amino acids lasted 
for 3 hr after the addition of the radioactive 
tracer, whereas the perfusion with labeled 
oleate-albumin complex was carried out for 
2 hr. 

Incorporation into Total Perfusate Proteins 

The red cells were centrifuged out from 
samples of perfusate and 1-ml portions of the 
supernatant fluid were treated with trichloro- 
acetic cid (TCA) at a final concentration of 
10%. The precipitate was washed 3 times with 
5% TCA and 2 times with ethanol/ether (3:1, 
v/v). The radioactivity in the proteins was 
determined after dissolving the precipitate in 
1 ml of concentrated formic acid (9) and 
counting in a liquid scintillation spectrometer, 
using a toluene-ethanol scintillator. All radio- 
activities were corrected for quenching and 
recorded as disintegrations/min (dpm). The 
incorporation data were expressed as pro mille 
(%~) of the substrate radioactivity in the total 
perfusate vol at 0 time, e.g., after equilibration 
time of 3-5 min from the start of the perfusion. 

Separation of Lipoproteins and 
Albumin from the Perfusate 

The lipoproteins were floated from 10- to 
15-ml samples of the cell-free perfusate by 
successive centrifugations in a Model L3-50 
Spinco ultracentrifuge as described in detail 
elsewhere (1). One exception was the addition 
of dialyzed normal fasting rat serum as a carrier 
in the final dilution of 1:25. The first fraction 
was separated by centrifugation at d---1.063 
g/ml and regarded as very low density lipopro- 
teins (VLDL) because of the negligible contri- 

bution of low density lipoproteins (LDL) by 
the isolated perfused liver. The radioactivity in 
the protein and lipid moieties of the isolated 
lipoproteins, washed once by recentrifugation, 
was measured after extracting with chloroform/ 
methanol (2 : 1, v/v) as outlined (1). 

Separation and Counting of 
Proteins and Lipids in the 
d>1.21 g/ml Fraction 

The infranatant fraction of the perfusate 
remaining at d= 1.21 g/ml, was dialyzed against 
0.9% NaC1. The lipids were extracted from one 
portion in chloroform/methanol, washed and 
counted. The proteins from another portion 
of the infranatant were precipitated with TCA 
and the albumin was extracted with a solution 
of 1% TCA in 95% ethanol (w/v) and counted 
as described (1). 

Radioactivity in Liver 
Proteins and Lipids 

Liver proteins were precipitated at 10% TCA 
concentration from a 25% liver homogenate in 
0.25 M sucrose prepared at the end of perfu- 
sion. Label incorporation into the total liver 
lipids was measured by extracting a 1.0-g 
sample into chloroform/methanol. The proce- 
dures for protein and lipid washing and count- 
ing were as described for soluble proteins (1). 

Control Experiments 

Heparin was included in the liver perfusate 
as recommended by Jones et al. (10), Haft et al. 
(11), Faloona et al. (12) and Tracht et al. (6) in 
their lipoprotein synthesis studies. The amount 
added (5 units/ml) was generally lower than 
that used by other investigators but was found 
helpful in prolonged perfusions required to 
demonstrate amino acid incorporation into 
lipoproteins as it prevented an occasional 
clotting of the newly synthesized fibrinogen 
within the hepatic circulation and thus irri- 
proved the flow rate. In several experiments 
performed without the addition of heparin, the 
rate of precursor incorporation into the lipo- 
protein protein moiety was reduced by 1/3 to 
1/2 in the livers of both control and nephrotic 
rats. To assess the extent of lipolysis in the 
perfusate, the content of FFA was determined 
by titration. Rises during the 3-hr perfusion 
with amino acids were on the order of 16% 
above the low initial value of 0.15-0.26/,tmol/ 
ml at most. Had any preferential lipolysis of 
newly synthesized lipids occurred, one would 
expect high radioactivity of the FFA bound 
to albumin in the d> 1.21 g/ml fraction, which 
was not the case. Furthermore, incubation of 
the perfusate in vitro at the end of perfusion 
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for an additional hr at 37 C did not  result in a 
decrease of esterified lipid radioactivity by 
more than 7% when measured in experiments 8 
with algal amino acids, leucine or oleate as 0: 
precursors of the labeled perfusate lipids. These >~ 
results negate the possibility of an appreciable .~ 
or sustained lipolysis of the perfusate lipids. ~, 6 

To assess the contamination of lipoprotein - -  
components with nonincorporated precursor ,~ 
label, a portion of the medium was removed at ta 
0 time and ultracentrifuged in parallel. The 
radioactivity retained in the washed chloro- ,~ 
form/methanol extracts or in the apolipopro- ~_ 
tein fractions was in the range of 1-3% of that ~. 2 
in the corresponding fractions removed at the 
end of perfusion and in each experiment it 
was subtracted as a blank. 

R ESU LTS 

Figure 1 documents the linear increase with 
time of the incorporation of [14C] amino acids 
from the algal hydrolysate into the total 
perfusate proteins by the livers of control, 
nephrotic and plasmapheretic rats. A signifi- 
cantly increased net incorporation into the 
total perfusate proteins secreted by the liver of 
the hypoproteinemic rats may be seen. 

Table I shows a significant increase in [ 14C] 
content of VLDL and high density lipoprotein 
(HDL) apolipoproteins and of albumin sepa- 
rated from the liver perfusate of nephrotic rats. 
Since the liver size of the nephrotic rats is 
increased, the amino acid incorporation was 
calculated both per g tissue and per amount of 
liver corresponding to 100 g body wt of the 
intact rat. This was done to properly express 
the capacity of the total liver of the nephrotic 
or plasmapheretic animal to incorporate lipo- 
protein precursors in relation to the control 
animal. As seen in Table I, the mean increase in 
incorporation of amino acids was most pro- 
nounced in the case of VLDL amounting to 
3.5 times that in control rats. With HDL, the 
increase was ca. 2-fold and with albumin it was 
about 3-fold. The incorporation values in the 
liver perfusate from plasmapheretic rats, 
although significantly higher than those of 
normal rats, were lower when compared with 
nephrotic rats. 

Table II shows that no increase in the 
incorporation of the [ laC]amino acids was 
detected in the lipoprotein-borne lipids secreted 
into the perfusate by the liver of nephrotic or 
plasmapheretic rats. In the nephrotic rats, even 
a lower-than-normal incorporation into the 
VLDL was observed. There was a slight increase 
in the amount of [lac] label in the fraction 
sedimenting at d=l.21 g]ml. However, as far 
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FIG. 1. Time course of amino acid incorporation 
into total liver perfusate proteins in nephrotic (a) and 
plasmapheretic (b) rats. Vertical bars represent mean • 
SE of 8-10 determinations in each group. The values 
given are %0 of initial radioactivity of the amino 
acid hydrolysate in the total medium which amounted 
to 5 #c. 

as the sum of incorporation into the lipids of 
all fractions is concerned, there was no signifi- 
cant change. To ascertain that lipid synthesis 
was not increased because of deficiency of an 
appropriate amino acid precursor in the algal- 
derived mixture, additional perfusions were 
carried out using U-[14C]leucine as a single 
amino acid tracer which was added in a high 
concentration of 2 /~mol/ml perfusate, with 
other nonlabeled amino acids of the mixture 
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r e m a i n i n g  at  phys io log ica l  c o n c e n t r a t i o n  (5) .  
T h e  resu l t s  in  Tab le  I I I  s h o w  a 5-fold inc rease  
in t h e  i n c o r p o r a t i o n  i n to  t o t a l  p e r f u s a t e  p ro -  
re ins  (pe r  100 g b o d y  w t )  sec re ted  b y  the  l iver 
o f  n e p h r o t i c  ra ts .  Th i s  increase  was  g rea te r  t h a n  
t h a t  o b t a i n e d  w i t h  the  [ l aC ] - l abe l ed  algal 
a m i n o  acid m i x t u r e .  H o w e v e r ,  even w i t h  leu-  
cine at h igh  c o n c e n t r a t i o n ,  t h e r e  was  n o  s ta t is-  
t icaUy s igni f icant  increase  in t h e  i n c o r p o r a t i o n  
i n to  t o t a l  p e r f u s a t e  l ip ids  w h e n  ca lcu la ted  pe r  
g liver w t  a l t h o u g h  a 2-fold,  b u t  ba r e l y  signifi- 

can t  increase  w a s  o b t a i n e d  w h e n  e x p r e s s e d  p e r  
100 g b o d y  wt .  

D e t e r m i n a t i o n s  also were  m a d e  o f  t he  
label ing  o f  liver t i s sue  p r o t e i n s  and  l ipids du r ing  
the  p e r f u s i o n  w i t h  leucine .  T h e y  s h o w e d  smal l  
inc reases  in i n c o r p o r a t i o n  o f  l euc ine  rad io-  
act iv i ty  in to  h e p a t i c  p r o t e i n s  o r  l ip ids  in 
n e p h r o s i s  w h i c h  b e c a m e  s igni f icant  o n l y  w h e n  
ca lcula ted  pe r  100  g b o d y  w t  (Tab le  I I I ) .  

Since m a r k e d  h y p e r l i p o p r o t e i n e m i a  was  
ev iden t  in t h e  s e r u m  o f  t he  n e p h r o t i c  ra ts ,  t h e  
ro le  o f  F F A  as a sou r ce  o f  l i p o p r o t e i n - b o r n e  
l ipids  was  t h e n  inves t iga ted  b y  p e r f u s i n g  t h e  
liver w i t h  [ aH] - l abe l ed ,  a l b u m i n - b o u n d  o lea te  
as a s o u r c e  o f  t h e  p r e f o r m e d  lipid (Tab le  IV) .  

TABLE I 

Incorporation of 14C-Amino Acids into Rat Liver 
Perfusate Apolipoproteins and Albumin 

Normal Nephrosis Plasmapheresis 
Fraction (14) (14) (10) 

%o Initial radioactivity/3 hr 

VLDL (d<1.063) 
per g tissue 0.116 • 0.012 0.284 • 0.020 a 0.205 • 0.022 a 
per 1 0 0 g b o d y w t  0.458 • 0.049 1.60 • 0.12 a 0.775 • 0.084 a 

HDL (1.063<d<1.21) 
per g tissue 0.065 • 0.006 0,096 + 0.009 a 0.089 • 0.009 b 
per 100 g body wt 0.259 • 0.023 0.538 • 0.047 a 0.347 + 0.035 b 

Albumin 
per g tissue 3.08 • 0.40 6.62 + 0.71 a 5.72 + 0.68 a 
per 100 g body wt 12.2 • 1.7 37.1 -+ 4.3 a 22.0 + 2.6 a 

Values are means • SE for groups of  rats indicated in parentheses. The initial medium 
contained 5 tzc of  amino acid radioactivity. The mean ratio liver/body weight was 4.0 -+ 0.1, 
5.6 • 0.3 and 3.8 • 0.2 in normal, nephrotic and plasmapheretic rats, respectively. 

aDifferences from control values significant at P < 0.01 at least. 
bDifferences from control values significant at P < 0.05 at least. 

TABLE II 

Amino Acid Label in the Lipid Moiety of Rat 
Liver Perfusate Lipoproteins 

Normal Nephrosis Hasmapheresis 
Fraction (12) (10) (8) 

%0 Initial radioactivity/3 hr 

VLDL (d<1.063) 
per g tissue 0.294 -+ 0.035 0.134 • 0.020 a 0 . 2 2 9  + 0.023 
per 100 g body wt 1.18 + 0.14 0.754 + 0.110 a 0.877 + 0.089 

HDL (1.063<d<1.21) 
per g tissue 0.034 + 0.002 0.028 -+ 0.006 0.030 + 0.004 
per 100 g body wt 0.136 -+ 0.010 0.156 -+ 0.034 0.114 -+ 0.015 

Lipids (d>l .21)  
per g tissue 0.176 + 0.018 0.184 + 0.017 0.196 • 0.014 
per 100 g body wt 0.700 -+ 0.072 1.03 + 0.11 b 0.745 • 0.054 

Values are means • SE for groups of  rats indicated in parentheses. For calculation of  
incorporation per 100 g body wt, see the respective liver w~ data in Table I. 

aSignificant decrease compared to control value at P < 0.01. 
bSignificant increase compared to control value at P < 0.02. 
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TABLE Ill 

Incorporation of Leucine into Liver Perfusate 
and Liver Tissue Proteins and Lipids 

641 

Control Ne phrosis 

Total perfusate proteins 

nmol/2 hr �9 gliver tissue 59 -+ 6 (18) 204 -+ 25 a (10) 
nmol/2 hr ~ 100 g body wt 234 b 23 (18) 1140 -+ 136 a (10) 

Total liver proteins 

nmol/2 hr ~ g liver tissue 38 -+ 5 (10) 45 -+ 6 (8) 
nmol /2hr  �9 1 0 0 g b o d y w t  153-+ 19(10) 254-+ 28 a (8) 

Total perfusate lipids 

n m o l / 2 h r - g l i v e r t i s s u e  1 6 -  + 4 (18)  26-+ 6 (10) 
n m o l / 2 h r .  1 0 0 g b o d y w t  65-+ 15 (18) 144-+ 34 b(10)  

Total liver lipids 

nmol/2 hr �9 g liver tissue 61 -+ 9 (10) 84 -+ 17 (8) 
nmol/2 hr �9 100 g body wt 242 -+ 37 (10) 476 -+ 94 b (8) 

Values are means -+ SE for groups of rats indicated in parentheses. The perfusion medium 
(100 ml) contained 5 #Ci and 200/~mol U-[ 14C]leucine and a mixture of nonlabeled amino 
acids at physiological concentration (see Experimental). For calculation of leucine incor- 
poration the initial specific activity was taken since the content ofleucine in either normal 
or nephrotic liver (1) was negligible with regard to the amount of leucine in perfusate. For 
calculation of incorporation per 100 g body vet, see the respective liver wt data in Table I. 

aDifference from control value significant at P < 0.01 at least. 
bDifference from control value significant at P < 0.05. 

A 3- to  4-fold increase was n o t e d  in the  incor-  
po ra t ion  of  o lea te  label  i n to  t he  V L D L  and  
HDL lipids secre ted in to  t he  per fusa te .  No 
signif icant  rise was n o t e d  in t he  i n c o r p o r a t i o n  
of  oleate  label  in to  t he  e n d o g e n o u s  liver lipids, 
po in t ing  ou t  t h a t  the  nephros i s - induced  incre-  
m e n t  in  o lea te  i n c o r p o r a t i o n  was d i rec ted  in to  
t he  l i p o p r o t e i n - b o r n e  l ipids r a t h e r  t h a n  i n to  t he  
cellular l iver lipids. 

DISCUSSION 

S u p p l e m e n t i n g  ou r  in vivo work  wi th  
n e p h r o t i c  and  p l a smaphe re t i c  rats,  these  
e x p e r i m e n t s  conf i rm the  h i ghe r - t han - no r m a l  
ra te  o f  p r o d u c t i o n  of  apo l i pop r o t e i n s  and  
a l b u m i n  by  isola ted,  pe r fused  liver. T he  obser-  
va t ions  o f  increased hepa t i c  ra te  of  a m i n o  acid 
i n c o r p o r a t i o n  e x t e n d  t h e  ev idence  o n  e n h a n c e d  
p lasma p r o t e i n  synthes i s  in nephros i s ,  o b t a i n e d  
previously  wi th  t h e  aid o f  i m m u n o l o g i c a l  and  
chemica l  m e a s u r e m e n t s  o f  l i pop ro t e in s  re leased 
f r o m  the  liver (13 ,14)  and  the  a u g m e n t e d  
hepa t i c  a l b u m i n  synthes i s  us ing  NaH14CO3 as 
a m a r k e r  (7).  In  par t icular ,  in  t he  isola ted 
per fused  liver of  n e p h r o t i c  ra ts  an  increase  in 
amino  acid f low in to  t h e  a p o p r o t e i n s  of  b o t h  
V L D L  and  HDL can  be  d e m o n s t r a t e d .  In  ou r  
previous  f indings  in i n t ac t  ra ts  (1) ,  we n o t e d  a 
4 .5-fold  increase  in V L D L  label  and  a 2.5-fold 
increase  in HDL label  1 h r  a f te r  l euc ine  injec-  

t ion .  In  th i s  s tudy ,  t he  respect ive  increases were 
3.5- and  2-fold 3 h r  a f t e r  t he  pe r fus ion  w i th  an  
amino  acid mix ture .  

A m i n o  acids are mob i l i zed  in nephros i s  f rom 
per iphera l  t issues at  an  increased rate  and  
act ively me tabo l i z ed  in the  liver. We have 
previously  d e m o n s t r a t e d  in nephros i s  a rise in 
muscle  pro teolYt ic  ac t iv i ty  (15) ,  a h igher  ra te  
of  p lasma a m i n o  acid t r a n s p o r t  (16)  and  grea te r  
t h a n  n o r m a l  hepa t i c  b r e a k d o w n  o f  a m i n o  acids 
as a resul t  of  increased act iv i ty  of  several amino  
ac id -metabo l i z ing  enzymes  in the  liver (17).  
Our  p resen t  resul ts  m a k e  it  a p p a r e n t  t ha t ,  
despi te  the i r  g rea te r  avai labi l i ty ,  amino  acids 
do n o t  s igni f icant ly  c o n t r i b u t e  to  the  increased 
e l abo ra t i on  of  l ipids in nephros i s  or plasma- 
pheresis  and  m a y  rep resen t  p o o r  l i pop ro t e in  
lipid p recursors  in  general .  No i n c r e m e n t  was 
observed  in the  l ipopro te in- l ip id  labe l  secre ted  
b y  t h e  liver f rom n e p h r o t i c  or  p l a smaphe re t i c  
ra t s  w i th  an  a m i n o  acid m i x t u r e  at  phys io-  
logical c o n c e n t r a t i o n .  With  leucine  as a d o n o r  
of  labeled  ace ty l -CoA carbons ,  even at > 10 
t imes  h igher  t h a n  phys io logica l  c o n c e n t r a t i o n ,  
on ly  small  and  bare ly  s ignif icant  rises in l ipid 
label  were o b t a i n e d .  

Compar ing  t h e  da ta  of  Tab les  I and  II, we 
m a y  n o t e  t h a t  wi th  con t ro l  ra t  livers more  
a m i n o  acid rad ioac t iv i ty  was i n c o r p o r a t e d  
in to  the  l ipid t h a n  p r o t e i n  m o i e t y  o f  t he  V L D L  
(1 .18  + 0 .14  vs 0 .458 + 0 .04 9%0 of  t h e  per fusa te  
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TABLE IV 

Incorporation of Oleate into Perfusate Lipoprotein 
Lipids and Liver Tissue Lipids 

Fraction Control Nephrosis 

Percent of initial radioactivity/2 hr 

VLDL (d<1.063) 
per g tissue 0.48 -+ 0.05 1.43 + 0.18 a 
per 100 g body wt 1.90 +- 0.19 7.86 + 1.02 a 

HDL (1.063<d<1.21) 
per g tissue 0.11 -+ 0.03 0.31 -+ 0.04 a 
per 100 g body wt 0.45 -+ 0.12 1.72 -+ 0.21 a 

Total Liver Lipids 
per g tissue 3.27 -+ 0.39 3.11 -+ 0.41 
per 100 g body wt 13.10 -+ 1.60 17.38 + 2.26 

Values are means -+ SE for groups of 8 rats. The perfusion medium (100 ml)initially 
contained 5 tzCi and 200 #mol of 9,10-[3H]potassium oleate complexed to 5% FFA-poor 
bovine albumin. The VLDL were separated by ultracentrifugation and extracted as des- 
cribed for amino acid perfusate. The HDL were washed once by recentrifugation in the 
presence of fresh FFA-poor 5% albumin solution. For calculation of incorporation per I00 g 
body vet, see the respective liver wt data in Table I. 

aDifference from control value significant at P < 0.005. 

label /3  h r / 1 0 0  g b o d y  wt) .  This  m a y  be  re la ted  
to  t he  fac t  t h a t  t he  to ta l  l i p i d / p r o t e i n  content 
ra t io  in  t h e  V L D L  exceeds  10. However ,  in  t he  
V L D L  p r o d u c e d  b y  t he  l iver of  n e p h r o t i c  rats,  
the  l i p id /p ro t e in  i n c o r p o r a t i o n  ra t io  was m u c h  
lower  (0 .765  + 0 ,110  vs. 1.60 + 0.12%o of  t h e  
per fusa te  label  per  3 h r  pe r  100 g b o d y  wt) .  
I t  is un l ike ly  t h a t  th is  change  in a m i n o  acid 
channe l ing  resul ted  f rom a decreased lipid 
c o n t e n t  o f  t h e  V L D L  in  nephros is .  A l t h o u g h  
t he  ac tua l  l i p id /p ro t e in  c o n t e n t  ra t ios  in  t he  
secre ted V L D L  have no t  b e e n  d e t e r m i n e d  
because of  the  add i t i on  o f  car r ier  lipoproteins, 
t h e  p lasma V L D L  of  the  same c o n t r o l  and  
n e p h r o t i c  ra ts  had  t r ig lyce r ide /p ro te in  ra t ios  
of  7.8 + 0.8 and  6.6 + 0.4,  respec t ive ly  (un-  
pub l i shed  resul ts) .  The  size of  liver t r ig lycer ide  
poo l  in  ou r  a m i n o n u c l e o s i d e  n e p h r o t i c  ra ts  is 
also s imilar  to  t h a t  of  c o n t r o l  ra ts  (17) .  Thus ,  
the  relat ive decrease  in i n c o r p o r a t i o n  i n to  t h e  
l ipid m o i e t y  of  t he  l i pop ro t e in s  in favor  o f  t he  
increase in i n c o r p o r a t i o n  in to  a p o l i p o p r o t e i n s  
in nephros i s  ( and  to a lesser e x t e n t  also in 
p lasmapheres i s )  a p p a r e n t l y  resul ts  f rom a 
p re fe ren t i a l  amino  acid f low in to  pep t i de  syn- 
thesis.  Our  previous  f inding t ha t  g luconeo-  
genesis capaci ty  is r educed  in nephros i s  (18)  
fits in to  th i s  pa t t e rn ,  since it ind ica tes  t h a t  
amino  acids are spared f r o m  m e t a b o l i s m  a long  
p a t h w a y s  of  less i m m e d i a t e  i m p o r t a n c e  t h a n  
p lasma p r o t e i n  synthesis .  

The  ra t io  of  leucine  label  appea r ing  in 
per fusa te  l ipids to  t h a t  r ema in ing  in t he  endoge-  
nous  l iver l ipids was ca. 0.3 in  t he  c o n t r o l  and  
n e p h r o t i c  ra t  l ivers al ike (Tab le  II). The  per- 

fusa te / l iver  ra t io  of  leucine  label  i n c o r p o r a t e d  
into pro te ins  was much higher :  ca. 1.5 in  t he  
c o n t r o l  ra t  l iver rising to 4.5 in  nephros is .  While 
the  conc lus ion  is t h a t  nephros i s  did n o t  p rom-  
mo te ,  or  even cause a decrease  in the  channel -  
ing o f  a m i n o  acids i n to  l ipids,  as i l lus t ra ted  in 
t he  V L D L  label  ra t io ,  it m a y  be  added  t h a t  
leucine  and  o t h e r  a m i n o  acids m a y  n o t  repre-  
sent  good  precursors  for  secre tab le  l ipids in  
general ,  as seen f r o m  the  r e t e n t i o n  of  mos t  o f  
leucine-der ived lipid in liver cells, in con t r a s t  to  
t he  release of  m o s t  o f  leucine- labeled  pro te ins .  

P re fo rmed  F F A  pa r t i c ipa t e  to  an  increased  
e x t e n t  in  t he  e l a b o r a t i o n  o f  l i p o p r o t e i n - b o r n e  
l ipids in  nephros is .  This  was ind ica ted  f rom the  
t ime-course  of  changes  in the  c i rcula t ing  m e t a b -  
ol i tes  dur ing  t he  d e v e l o p m e n t  o f  a m i n o n u c l e o -  
side nephros i s  (17) :  t he  j o i n t  onse t  o f  h y p o -  
p r o t e i n e m i a  and  h y p e r l i p o p r o t e i n e m i a  was 
t e m p o r a l l y  cor re la ted  wi th  m a r k e d  mobi l i -  
za t ion  o f  F F A  f r o m  the  pe r iphe ra l  fa t  depots .  
Increased  l ipoly t ic  ac t iv i ty  and  F F A  release 
was also d e m o n s t r a t e d  in adipose  t issue of  
aminonucleoside-nephrotic ra t s  (19)  and  in 
i sola ted fa t  cells o f  a n t i k i d n e y  se rum n e p h r o t i c  
ra ts  (20) .  As reviewed b y  Edwards  (21) ,  sup- 
por t  for  t he  increased  c o n t r i b u t i o n  o f  F F A  to 
t he  synthes is  of  l i p o p r o t e i n - b o r n e  l ipids in  
nephros i s  was also o b t a i n e d  f rom s tudies  o f  
in  vivo in jec ted  F F A  and  the i r  r eappea rance  in 
c i rcula t ing l ipids (22 ,23) ,  and  recen t ly  f rom 
s tudies  d e m o n s t r a t i n g  rapid  hepa t i c  esterifi-  
ca t ion  of  p r e f o r m e d  F F A  in ch ron i c  n e p h r o t i c  
ra ts  (24) .  

The  resul ts  p re sen ted  in Table  IV di rec t ly  
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d e m o n s t r a t e  the  e n h a n c e d  u p t a k e  o f  F F A  b y  
t he  isola ted liver of  n e p h r o t i c  ra ts  and  the i r  
increased rec i rcu la t ion  as l i p o p r o t e i n - b o r n e  
ester i f ied lipids,  unde r sco r ing  the  i m p o r t a n c e  
of  t he  supp ly  of  p r e f o r m e d  e x t r a h e p a t i c  f a t t y  
acids for  t he  assembly  o f  l i pop ro t e in s  in ne- 
phrosis.  I t  may  be  added  t h a t  t he  ini t ia l  per- 
fusa te  o l e a t e / a l b u m i n  mola r  ra t io  in  these  
e x p e r i m e n t s  was ca. 2.6 w h i c h  is h igher  t h a n  
t h a t  in t he  p lasma of  n o r m a l  ra ts  b u t  com- 
m o n l y  e n c o u n t e r e d  in t he  p lasma o f  n e p h r o t i c  
ra ts  (1 ,17)  or  h u m a n  subjec ts  (25) .  This  occurs  
as a resul t  o f  decreased a l b u m i n  and  increased  
F F A  levels. At  an  o l e a t e / a l b u m i n  mo la r  ra t io  
close to  1 prevai l ing in t he  p lasma o f  c o n t r o l  
rats,  t h e  r emova l  of  o lea te  by  the  n e p h r o t i c  rat  
liver was t oo  rapid  to  sus ta in  a l inear  ra te  o f  
d i sappearance  dur ing  the  2 h r  o f  per fus ion .  

It  may  be  conc luded  t h a t  hepa t i c  over- 
p r o d u c t i o n  of  a p o h p o p r o t e i n s  occurs  w i th in  
t he  f r ame  o f  a general  c o m p e n s a t o r y  response  
to h y p o p r o t e i n e m i a ,  el ici ted w h e t h e r  p ro t e in  
is spilled o u t  to  t h e  u r ine  in nephros i s  or is 
d i rec t ly  r emoved  by  plasmapheres is .  The  
e n h a n c e d  e l abo ra t i o n  of  l ipids is p r o b a b l y  a 
sequel  to  the  excessive avai labi l i ty  of  apohpo -  
pro te ins ,  i n to  the  syn the i s  o f  which  amino  acids 
are channe l ed  in preference .  The  r e q u i r e m e n t  
for  the  l ipid c o m p l e m e n t  mus t  be  me t ,  t hen ,  
by  increased new fa t t y  acid synthes i s  as d e m o n -  
s t ra ted  wi th  subs t ra tes  l ike ace ta te  (13 ,26) ,  
glucose (27)  or  c i t ra te  (1) ,  or, as s h o w n  here ,  
by  the  e n h a n c e d  hepa t i c  use o f  p r e f o r m e d  
FFA.  When  amino  acids and  F F A  are of fered ,  
t he i r  e x p o r t  in to  the  c i rcu la t ion  as p r o t e i n  and  
lipid moie t ies  of  the  l ipopro te ins ,  respect ively ,  
is favored over  the i r  i n c o r p o r a t i o n  in to  hepa t i c  
cellular p ro t e in s  or lipids, whereas  t he  a m i n o  
acid-derived l ipids are m o s t l y  r e t a ined  in the  
liver. 
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Effect of Feeding Protected Lipids on Fatty Acid Synthesis 

in Ovine Tissues 
R.L. HOOD, CSlRO Division of Food Research, PO Box 52, North Ryde, NSW 2113, Australia, and 
L.J. COOK, 1 S.C. MILLS and T.W. SCOTT, CSlRO Division of Animal Production 
Box 239, Blacktown, NSW, 2148, Australia 

ABSTRACT 

The effects of including protected lipid supplements in the sheep diet have been studied by mea- 
suring the incorporation of [ 1J*C] acetate into tissue fatty acids in vivo and in vitro. Supplementing 
the diet with protected lipid significantly (P < 0.05) depressed lipogenesis in adipose tissue both 
in vivo and in vitro. However, when protected lipids of different fatty acid composition were given to 
lambs, the protected safflower oil supplement containing high levels of linoleic acid was the only 
treatment to cause a significant (P < 0.05) depression in fatty acid synthesis in adipose tissue, the 
major site of lipogenesis in the sheep. Larger adipose cells in the lipid-supplemented sheep indicate 
that these sheep were fatter than those receiving the basal diet. Therefore, supplemented wethers 
deposited more fat than sheep receiving the basal diet and this fat was derived from the supplement 
rather than from de novo synthesis. 

INTRODUCTION 

Under conventional feeding regimes, rumi- 
nants are unable to tolerate high levels of lipid 
in the diet. However, the intake of lipid can 
now be increased by feeding it as emulsified oil 
droplets coated with a layer of formaldehyde- 
treated protein (1-3). Besides allowing a modi- 
fication of the fatty acid composition of 
ruminant meats and dairy products (3-5), which 
has important medical implications, the feeding 
of protected lipid offers a unique opportunity 
to study various aspects of lipid metabolism in 
sheep and cattle. Unless offered in a protected 
form, the possible effects of dietary poly- 
unsaturated fatty acids upon lipid metabolism 
of ruminant tissues are not observed because of 
biohydrogenation of these acids by rumen 
micro flora (6-8). 

Diets which are high in lipid are known to 
depress the rate of lipogenesis in mammalian 
tissues (9-15). Evidence obtained with the 
mouse (16-18) and the rat (19) suggests that 
diets containing high levels of linoleate have a 
greater inhibitory effect on the rate of lipo- 
genesis than diets containing equivalent levels 
of saturated or monounsaturated fatty acids. 
However, other studies with the rat (9,20,21) 
and the pig (13) suggest that the fatty acid 
composition of the dietary lipid is not impor- 
tant for the depression of fatty acid synthesis. 
The primary role of linoleic acid in exerting an 
extra-inhibitory effect on the rate of lipogenesis 
in mammalian tissues of some species is un- 
known. 

This study was designed to investigate the 
effect of feeding protected lipids of different 

1present address: Centre for Animal Research and 
Development, PO Box 123, Bogor, Indonesia. 

fatty acid composition on the rates of in vitro 
and in vivo lipogenesis in sheep. 

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

Animals and Diets 

Eight Merino wethers (castrated male sheep), 
5 years old, were kept indoors in individual 
pens. Four were fed an experimental diet 
consisting of chopped alfalfa (700 g) and 
crushed oats (250 g) daffy, supplemented with 
500 g formaldehyde-treated sunflower oil- 
casein (8.71 kcal/g dry wt) (2) for 12 wk. The 
remaining 4 animals were fed a basal diet of 
chopped alfalfa (400 g)and crushed oats (1100 
g) dally. 

In a second experiment, 9 crossbred Merino 
lambs (16-wk-old) were fed 210 g daily of a 
supplement of formaldehyde-treated casein (1 
part) containing either tallow (2.4% linoleic 
acid [18:2]) ,  palm off (9.1% 18:2), or safflower 
off (59.8% 18:2, 2 parts) together with chopped 
alfalfa (350 g) and crushed oats (140 g). Three 
lambs were fed a basal diet of chopped alfalfa 
(400 g) and crushed oats (400 g) for the 6-wk 
experiment run. 

Tissue Samples 

All tissues were excised from the animals 
immediately after death. Subcutaneous (SC) 
adipose tissue samples were taken from above 
the last rib, and perirenal adipose tissue was 
sampled adjacent to the left kidney. Omental 
adipose tissue was taken from the greater 
omentum. The cellularity of intramuscular 
adipose tissue was determined on tissue dis- 
sected from a section of longissimus dorsi 
muscle taken at the last rib. A length of small 
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intestine was removed 50 cm from the abo- 
masum and the mucosa isolated by scraping the 
intestinal wall with a glass plate. 

Incubations (in vitro) 

Thin slices (< 1.0 mm) of adipose tissue and 
liver were prepared with a razor blade from the 
freshly excised tissues. Each tissue slice (124- 
200 rag) or section of intestinal mucosa was 
weighed and placed in a 25-ml Erlenmeyer flask 
containing 10 /2mol [1J4C]acetate and 10 
/2mol glucose in 3 ml of Ca 2+- free Krebs-Ringer 
bicarbonate buffer at pH 7.4. The flasks with 
mucosa and adipose tissue also contained 0.3 
units of insulin (Eli Lilly-Aust. Co., Sydney, 
Australia). Each flask contained a 10 • 34 mm 
glass vial containing 0.1 ml 25% KOH and a 
strip of filter paper to trap 14CO2. Each flask 
was flushed with oxygen, sealed with a rubber 
serum cap and incubated at 37 C in a recipro- 
cating water bath for 2 hr. The reaction was 
terminated by the injection of 0.25 ml of 1 M 
H2SO 4 through the serum cap and into the 
incubation medium. Methodology for the 

of extraction 14 [14C] crude lipid and the esti- 
mation of CO2 was described previously (22). 

The radioactivity in an aliquot of the [ 14C] 
crude lipid was measured with a liquid scintil- 
lation spectrometer (Packard Instrument Pry. 
Ltd.) and the remainder of the [14C] crude 
lipid was transferred in CHCI3 to a 1 x 6 cm 
test tube for esterification. This was achieved 
through drop-by-drop addition of sufficient 
1.25 M sodium methoxide (containing 0.01% 
phenolphthalein) to keep the reaction mixture 
alkaline (23). After 30 min at room temper- 
ature, the reaction mixture was neutralized 
with 10% hydrochloric acid in methanol. The 
CHC1 a layer now contained [14C] crude lipid in 
the form of fatty acid methyl esters and chol- 
esterol. These 2 lipid classes were separated 
using fiber glass sheets impregnated with silica 
gel (Gelman Instrument Co., 'Ann Arbor, MI). 
The sheets were cut into 1.5 • 115 cmst r ips  
and activated at 110 C for 10 min in prepa- 
ration for the chromatographic separation of 
cholesterol and methyl esters. About 100/~g of 
the [14C] lipid mixture was spotted onto the 
chromatographic strip in 5-/~1 aliquots, together 
with 50/al of a standard mixture. Development 
was done using hexane/diethyl ether/acetic acid 
(98:1:0.15) and the spots were detected by 
spraying with 0.2% dichlorofluorescein in 
ethanol. The spots were cut out, placed in a 
counting vial containing 10 ml of Brydet 
scintillation solution (24) and the radioactivity 
determined. The proportion of radioactivity in 
the methyl ester spot multiplied by the total 
[14C] lipid synthesized was used to measure the 
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in vitro incorporation of [1J4C] acetate into 
fatty acids. Since the same animals were used 
for both in vitro and in vivo experiments, 
corrections were made for the initial radio- 
activity in the tissue slices. 

Lipogenesis in vivo 

Radioactive sodium [ lJ4C]acetate  (340 
/aCi) in 10 ml of sterile saline was injected 
intravenously into each sheep 30 rain before 
slaughter. The injection of radioactivity was 
followed by 2 further injections of saline (5 ml 
each) to rinse the syringe and needle. After 
exsanguination, samples (1-2 g) of adipose 
tissue, liver, duodenum, heart and skeletal 
muscle were accurately weighed and saponified 
by heating at 80 C for 2 hr with 10 ml of 5 N 
NaOH/95% ethanol (1:1) (25). The saponifiable 
tissue lipids (fatty acids) were extracted with 
petroleum ether and the incorporation of 
radioactivity into fatty acids was measured with 
a liquid scintillation spectrometer. 

Enzyme Assays 

The preparation of the 48,500 x g super- 
natant used in the enzyme assays and the assays 
for glucose-6-phosphate dehydrogenase (Gd- 
PDH) (E.C. 1.1.1.49) and 6-phosphogluconate 
(6-PGDH) (E.C. 1.1.1.44) have been described 
elsewhere (26). The activities of adipose tissue 
enzymes and the rates of in vitro lipogenesis 
were compared on a cellular basis since an equal 
number of adipose cells has been shown to be 
the preferred reference unit  for the comparison 
of enzyme activities between adipose tissues 
containing cells of different sizes (26). Adipose 
tissue cellularity was determined on osmium 
tetroxide-fixed adipose cells using a modifi- 
cation of the Coulter counter technique des- 
cribed by Hirsch and Gallian (27). Tabular data 
are expressed as means +- standard error of the 
mean (SEM). 

R ESU LTS 

Lipogenesis 

The addition of safflower oil protected with 
formaldehyde-treated casein to the diet of 
5-year-old wethers resulted in a depressed rate 
of in vitro lipogenesis in the SC (P < 0.05) 
adipose tissue from these sheep when compared 
to wethers fed the control diet (Table I). 
Measurement of in vivo lipogenesis on the same 
animals also indicated depressed lipogenesis (P 
< 0.05) in the 4 adipose tissues studied (Table 
II) from the sheep given the protected lipid 
supplement. When the in vivo data (Table II) 
was plotted on the basis of an equal number of 
adipose cells (Fig. 1), the difference between 
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TABLE I 

In vitroLipogenesisin Ovine Tissue from Sheep 
Fed Protected Dietary Lipid a 

n m o l  [ l-t4C]acetate to 
fatty acids/2 hr/10 s adipose cells 

Adipose tissue Basal diet Supplement diet 

Subcutaneous 4646 b • 268 1998 c • 332 
Perirenal 1692 • 341 1380 • 294 

aData from sheep in exper iment  1 ; 4 sheep per treatment.  
b,CMeans on the  same row with different superscripts are significantly different (P < 

0.05. 

TABLE II 

In vivo Incorporation of 14C-Acetate into Fatty Acids in Tissues of Wethers a 

dpm/g tissue#tC/kg live weight 

Tissue Basal diet Supplement diet 

Fatty acids 

Shoulder subcutaneous adipose tissue 2036 b • 617 720 c +- 235 
Rib subcutaneous adipose tissue 2394 b + 279 790 e + 217 
Omental adipose tissue 1360 b • 212 370 c • 128 
Perirenal adipose tissue 1908 b • 334 228 c • 36 
Liver 697 b + 186 326 c + 51 
Duodenum 240 + 6 307 • 44 
Heart muscle 127 • 24 132 • 11 
Skeletalmuscle 353 -+ 135 245 • 11 

aData from sheep in experiment 1 ; 4 sheep per treatment. 
b,CMeans on the same row with different superscripts are significantly different (P < 0.05). 

t r e a t m e n t  groups  was d imin i shed  because  o f  t he  
presence of  larger adipose  ceils in t he  t issues 
f r o m  the  sheep receiving supp lemen t .  In  b o t h  
t he  in vi t ro and  in  vivo s tudies ,  t he  per i rena l  
adipose  t issue f r o m  the  sheep receiving supple-  
m e n t  was less act ive in l ipogenesis  t h a n  t he  SC 
adipose  tissue. In  the  SC and  per i rena l  ad ipose  
tissues, t he  act ivi t ies  of  6-PGDH and  G 6 P D H  
were lower  in  those  an imals  receiving t he  
p r o t e c t e d  l ipid s u p p l e m e n t  (Tab le  III). 

U n d e r  in  vivo cond i t i ons  t he  i n c o r p o r a t i o n  
of  [14C] ace ta te  in to  f a t t y  acids was lower  (P < 
0 .05)  in  t h e  l ivers f rom t h e  sheep o n  supple- 
m e n t ,  whereas  t he  i n c o r p o r a t i o n  was s imilar  in  
b o t h  g roups  for  hea r t  and  skele ta l  muscle .  On  
t he  o t h e r  h a n d ,  t hose  sheep receiving supple- 
m e n t  conve r t ed  m o r e  [ 14C] ace t a t e  to  f a t t y  acid 
in  t he  d u o d e n u m  t h a n  the  sheep o n  t h e  basal  
diet  (Tab le  II). Cons ider ing  t h e  relat ive weights  
of  skeletal  musc le  and  ad ipose  tissue, skele ta l  
musc le  a p p a r e n t l y  is a s ignif icant  site for  t he  
i n c o r p o r a t i o n  o f  [ 1 J 4 C ] a c e t a t e  i n t o  f a t t y  
acids. 

When  fats  o f  d i f fer ing f a t t y  acid c o m p o -  
s i t ion  were p r o t e c t e d  f r o m  r u m i n a l  hydroge-  

na t ion ,  t he  p r o t e c t e d  saff lower  oil, an  oil 
con t a in ing  ca. 60% linoleic acid,  was the  on ly  
p ro t ec t ed  lipid s u p p l e m e n t  to  r educe  (P < 
0 .05)  l ipogencsis  in  SC and  per i rena l  adipose  
t issue of  Iambs  used in e x p e r i m e n t  2 (Tab le  
IV). In  t he  l ambs  o n  t he  3 die ts  con ta in ing  
p r o t e c t e d  lipid, hepa t i c  l ipogenesis  was de- 
pressed (P < 0 .05)  in each  case w h e n  c o m p a r e d  
to  t he  l ambs  o n  t h e  con t ro l  d ie t .  No s ignif icant  
d i f fe rences  were observed  in t he  ra tes  o f  
l ipogenesis  in t he  in te s t ina l  m u c o s a  f r o m  the  
l ambs  in t he  4 t r e a t m e n t  g roups  (Table  IV). 
T he  ma jo r  p o r t i o n  of  t he  t o t a l  l ipid syn thes ized  
in t h e  3 t issues l is ted in  Table  IV was recovered  
as f a t t y  acids. However ,  in  the  in te s t ina l  
mucosa ,  cho les te ro l  syn thes i s  makes  a signifi- 
cant  c o n t r i b u t i o n  to  t he  t o t a l  l ipid syn thes ized  
(25) .  

Adipose Tissue Cellularity 

The  average v o l u m e  o f  the  ad ipose  cells f r om 
t h e  t issues of  5-year-old we the r s  is s h o w n  in 
Table  V. The  e x t r a m u s c u l a r  ad ipose  tissues, i.e., 
subcu t aneous ,  pe r i rena l  and  o m e n t a l  f r om t h e  
sheep fed p r o t e c t e d  saff lower  oi l  had  larger  (P 
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< 0.01) adipose cells than those found in the 
corresponding adipose tissues from the sheep .~ 
on the basal diet. No difference was observed in 
the average volume of the intramuscular adi- "$ 
pose ceils from the longissimus dorsi muscle of ~ 1500- 
the wethers in the 2 groups. A similar result was | > 
obtained in the SC adipose tissue of Iambs in -- 
experiment 2 (Table IV), i.e., the lambs fed 
protected safflower oil had larger adipose cells .~_ 1000- 
than those sheep receiving no lipid supplemen- O 
tation. Those animals receiving protected tallow 
and protected palm oil had SC adipose cells " 
which were intermediate in size to those found _~ 
in the lambs fed either a basal or a protected 

r 
safflower oil diet (Table IV). A similar trend ~o 
was apparent for the perirenal adipose tissue - 
from the same sheep fed the protected lipid E "  
supplements (Table V). o. "O 

D ISCUSSION 

This study indicates that dietary lipid, when 
fed to wethers as emulsified oil droplets coated 
with a layer of formaldehyde-treated protein, 
results in a depression in fatty acid synthesis 
(Tables I and II). However, when protected 
lipids of different fatty acid composition were 
fed to lambs, only the protected safflower oil 
supplement, containing high levels of linoleate, 
caused a significant (P < 0.05) inhibition in 
fatty acid synthesis (Table IV). Nestel et al. 
(25) also found a reduced in vitro incorporation 
of [1-14C]acetate to triglycerides, phospho- 
lipids and sterols in ovine hepatic tissue. 

In mammalian tissues, the feeding of diets 
containing a high proportion of lipid results in a 
depression of lipogenesis (9-15). An early 
report (28) suggests that inhibition of lipo- 
genesis by feeding of fat may be localized at the 
step involving the carboxylation of acetyl CoA. 
The mechanisms by which dietary lipid inhibits 
fatty acid synthesis are unclear. Elevated levels 
of circulating free fatty acids have been ob- 
served under conditions of reduced fatty acid 

[---'--I Basal diet 

I I  Supplement diet 

L 

50O 

RS SS 0 

FIG. 1. In vivo incorporation of [t4C] acetate into 
fatty acids in adipose tissues of wethers. RS = Rib 
subcutaneous adipose tissue; SS = shoulder subcutane- 
ous adipose tissue; O = omental adipose tissue; P = 
perirenal adipose tissue. 

synthesis as a result of including dietary lipid 
into the pig diet (12). Free fatty acids or their 
coenzyme A derivatives have been reported 
(29,30) to inhibit acetyl CoA carboxylase, 
which has been suggested as a rate-limiting step 
in fatty acid synthesis (31). Fatty acyl-CoA 
may inhibit fatty acid synthesis by directly 
inhibiting acetyl-CoA carboxylase or by inhi- 
biting the mitochondrial carrier, thereby 
reducing the activation of acetyl-CoA carboxy- 
lase caused by citrate (32). However, Dorsey 
and Porter (33) have questioned the physio- 
logical significance of the inhibitory effect of 
these compounds, since they affect a large 
variety of enzyme systems. 

Decreased fatty acid synthesis in the animals 
supplemented with protected lipid was also 
indicated by a decreased activity of G6PDH and 
6-PGDH (Table III), 2 important NADPH- 

TABLE III 

Enzyme Activity in Ovine Adipose Tissuea, b 

nmol  Substrate used/min/ l  06 adipose cells 

Glucose-6-phosphate dehydrogenase a 6-phosphogluconate dehydrogenase a 

Adipose tissue Basal diet Supplement diet Basal diet Supplement diet 

Subcutaneous 139 + 8 68 + 3 577 + 36 257 + 35 
Perirenal 127 + 3 48 • S 521 • 34 170 • 29 

aData from sheep in experiment 1 ; 4 sheep per treatment.  
bFor each enzyme within each tissue, the basal diet was significantly higher (P < 0.05) than the supplement 

diet. 
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TABLE V 

Cellularity of Ovine Adipose Tissue a 
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Adipose cell volume 
(n~) 

Adipose tissue Basal diet Supplement diet 

Subcutaneous 0.52 b -+ 0.09 1.15 c _+ 0.15 
Perirenal 0.73b _+ 0.17 1 .53  c -+ 0 .11  
Omental 0.80 b -+ 0.13 1.46 c +- 0.13 
Intramuscular 0.26 -+ 0.10 0.32 -+ 0.19 

aData from sheep in experiment 1 ; 4 sheep per treatment. 
b,CMeans on the same row with different superscripts are significantly different (P < 

0.0l). 

genera t ing  e n z y m e s  which  ref lect  the  s ta tus  of  
f a t t y  acid synthes i s  in r u m i n a n t  ad ipose  t issue 
(34) .  

In  the  mouse  (16-18)  and  t he  ra t  (19) ,  t he  
degree o f  i n h i b i t i o n  o f  l ipogenesis  by  d ie t a ry  
l ipid has  been  re la ted  to t he  l ino lea te  c o n t e n t  
of  the  d ie ta ry  lipid. In  con t ras t ,  o t h e r  s tudies  
w i th  ra ts  (9 ,20 ,21)  r epo r t  t ha t  f a t ty  acid 
c o m p o s i t i o n  does  no t  af fec t  f a t ty  acid syn- 
thesis.  By s u p p l e m e n t i n g  t he  diet  of  cows '  mi lk  
w i th  saff lower  oil  (5 m l / l a m b / d a y ) ,  V e r n o n  
(14)  r epo r t ed  s igni f icant ly  lower  ra tes  o f  
l ipogenesis  in adipose  t issue slices f rom l 1- 
day-old  lambs.  Allee et al. (13)  have d e m o n -  
s t ra ted  t h a t  a h igh  l inolea te  c o n t e n t  of  d ie t a ry  
l ipid is n o t  a p re requ i s i t e  for  t he  i n h i b i t i o n  of 
f a t t y  acid synthes i s  in pig adipose  t issue since 
all fats  ( co rn  oil, ta l low,  lard and  c o c o n u t  oil) 
were equal ly  effect ive  in depress ing  l ipogenesis .  
The  p r imary  role o f  l ino lea te  in  exer t ing  an  
ex t r a - inh ib i t o ry  ef fec t  on  the  ra te  o f  f a t t y  acid 
synthes i s  in t issues of  m a n y  m a m m a l i a n  species 
is u n k n o w n .  Adipose  tissues,  the  ma jo r  site for  
hpogenes i s  in r u m i n a n t  an imals  (22) ,  are no t  
no rma l ly  exposed  to  h igh levels of  c i rcula t ing  
l inoleate ,  s ince u n s a t u r a t e d  f a t t y  acids unde rgo  
extens ive  mic rob ia l  h y d r o g e n a t i o n  in t he  r u m e n  
(6-8).  However ,  p r o t e c t i o n  of  u n s a t u r a t e d  f a t t y  
acids (e.g., l inolea te)  f rom h y d r o g e n a t i o n  in t h e  
r u m e n  enables  these  f a t t y  acids to  be  t rans-  
po r t ed  u n m o d i f i e d  to t he  adipose  t issues for  
s torage.  There fo re ,  th is  exposes  the  e n z y m e s  
involved in f a t t y  acid synthes i s  to  u n s a t u r a t e d  
f a t t y  acids such  as l inolea te ,  w h i c h  u n d e r  
n o r m a l  feeding cond i t i ons  would  be  p resen t  
on ly  al low levels. Feed ing  l ambs  p r o t e c t e d  
d ie ta ry  fa ts  (pa lm oil, ta l low)  wh ich  are low in 
l inolea te  caused n o  s ignif icant  a l t e ra t ion  in 
f a t t y  acid synthes i s  (Table  IV). A l t h o u g h  t he  
m e c h a n i s m s  are u n k n o w n ,  t h e  ex t ra - inh ib i t ing  
ef fec t  of  d ie ta ry  p r o t e c t e d  l ino lea te  o n  lipo- 
genesis in  r u m i n a n t  an imals  is p r o b a b l y  at  t h e  
level of  c a r b o x y l a t i o n  of  ace ty l  CoA. 

A l t h o u g h  f a t t y  acid synthes is  was r educed  in 
those  sheep s u p p l e m e n t e d  w i th  p r o t e c t e d  lipid,  
t he  vo lume  of  t he i r  adipose  cells was larger t h a n  
in sheep no t  receiving t he  s u p p l e m e n t  (Tables  
IV and  V). In ca t t le  (35) ,  sheep (36)  and  pigs 
(37 ,38) ,  ad ipos i ty  in  t he  adu l t  an ima l  has been  
a t t r i b u t e d  solely to adipose  cell size r a t h e r  
t h a n  adipose  cell n u m b e r .  On th i s  basis, t h e  
s u p p l e m e n t e d  we the r s  depos i t ed  more  fat  t h a n  
those  receiving t he  basal  die t  and th i s  fat  was 
der ived f rom the  s u p p l e m e n t  r a the r  t h a n  
f rom de novo  synthes is .  H o o d  and  T h o r n t o n  
(5) have s h o w n  t h a t  up  to  45% of  the  lipid in  
an  ad ipose  t issue d e p o t  can be  der ived f rom a 
f o r m a l d e h y d e - t r e a t e d  sunf lower  seed supple-  
men t .  
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Comparative Studies on Composition of Cardiac Phospholipids 
in Rats Fed Different Vegetable Oils 1 
J.K,G. KRAMER, Animal Research Institute, Research Branch, 
Agriculture, Canada, Ottawa, Ontario, K1A 0C6 

ABSTRACT 

Male Sprague-Dawley rats were fed diets for 1 or 16 weeks, containing 20% by weight vegetable 
oils differing widely in their oleic, linoleic and linolenic acid content. No significant changes were 
observed in the level of the cardiac lipid classes. The fatty acid composition of the 2 major phospho- 
lipids, phosphatidylcholine and phosphatidylethanolamine, showed a remarkable similarity between 
diets in the concentration of total saturated, C22 polyunsaturated and arachidonic acids. Mono- 
unsaturated acids were incorporated depending on their dietary concentration, but the increases were 
moderate. Dietary linolenic acid rapidly substituted C22 polyunsaturated fatty acids of the linoleic 
acid family (n-6) with those from the linolenic acid family (n-3). The results suggest that dietary 
linolenic acid of less than 15% does not inhibit the conversion of linoleic to arachidonic acid but the 
subsequent conversion of arachidonic acid to the C22 polyunsaturates was greatly reduced. Signifi- 
cant amounts of dietary monounsaturated fatty acids were incorporated into cardiac cardiolipin 
accompanied by increases in polyunsaturated fatty acids, apparently to maintain an average of 2 
double bonds/molecule. The cardiac sphingomyelins also accumulated monounsaturated fatty acids 
depending on the dietary concentration. It is quite evident from the results of this study that the 
incorporation of oleic acid and the substitution of linolenic for linoleic acid-derived C22 polyun- 
saturated fatty acids into cardiac phospholipids was related to the dietary concentration of these fatty 
acids and was not peculiar to any specific oil. Even though it is impossible to estimate the effect of 
such changes in cardiac phospholipids on membrane structure and function, results are discussed 
which suggest that the resultant membrane in the Sprague-Dawley male rat is more fragile, leading to 
greater cellular breakdown and focal necrosis. 

INTRODUCTION 

There is extensive evidence to indicate that 
myocardial lesions in male albino rats fed diets 
rich in fat or vegetable oil do not result from 
cardiopathogenic compounds in these fats and 
oils (1-4) but are related to several dietary fatty 
acids (5). Linolenic (18:3n-3) (5-8), oleic 
(18:1n-9) (7,8) and erucic (22:1n-9) acids (6,9) 
at high levels have been implicated in the 
etiology of  cardiac necrosis, whereas saturated 
fatty acids (5,10) and linoleic (18:2n-6) acid 
(7,8) apparently are related to a lower inci- 
dence and severity of myocardial lesions in 
albino male rats. 

Dietary fatty acids are known to influence 
the fatty acid composition of tissue lipids (11). 
Of several organs tested in the rat, the heart was 
shown to be most responsive to changes in 
long-chain polyunsaturated fatty acids (PUFA) 
when the rats were fed either 18:2n-6 or 
18:3n-3 (12). Since these long-chain PUFA are 
found mainly in phospholipids which are 
membrane constituents (13), changes in the 
PUFA may have important consequences in 
membrane properties and function. These 
changes, in turn, may be related to the myo- 
cardial muscle damage seen in male rats. 

1 Contribution No. 914 from the Animal Research 
Institute. 

In this study, different vegetable oils were 
chosen to provide a range of  dietary fatty acids 
(i.e., 18:1, 18:2n-6 and 18:3n-3) similar to 
those found in low erucic acid rapeseed (LEAR) 
oils, in order to investigate whether the cardiac 
phospholipid changes in rats fed LEAR oils are 
peculiar to LEAR oils or simply reflect the 
dietary fatty acids irrespective of source. 
Previous studies failed to include control oils 
that contained similar levels of  18:1 (14), 
18:2n-6 (15) and 18:3n-3 (14-19) found in 
LEAR oils and therefore could not adequately 
compare the effect of  all these dietary fatty 
acids. In addition, the effects of dietary oils 
within the first week on the fatty acid compo- 
sition of  the major cardiac phospholipids in the 
rat were investigated. 

MATERIALS AND METHODS 

Animals and Diets 

Weanling male Sprague-Dawley rats, 3 weeks 
of age, were supplied by Bio-Breeding, Ottawa, 
Ontario, and weighed between 40 and 50 g. The 
rats were distributed randomly to 5 dietary 
treatments, 5 rats/treatment, and fed ad libitum 
the test diets for 16 weeks. An additional 10 
rats, 5/diet, were fed a diet containing corn oil 
or LEAR (cv. Zephyr) for 1 week. Five rats 
were killed immediately after weanling. Water 
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was available at all times. The semisynthetic 
diets, described previously (20), contained 20% 
by weight one of the following oils: corn, olive, 
soybean, Brassica napus cv. Tower and B. napus 
cv. Zephyr. 

Extraction and Analysis of Lipids 

Rats were anesthesized with CO2 and 
decapitated. The hearts were removed imme- 
diately, weighed, frozen between 2 blocks of 
dry ice, then pulverized and the lipids extracted 
as described previously (21). Total lipids were 
determined gravimetrically. 

An Iatroscan TH-10 TLC Analyzer, Mark II 
(Iatron Laboratories, Inc., Tokyo, Japan; 
Canadian distributer: Technical Marketing 
Associates, Ltd., Mississauga, Ontario) was 
used to determine the relative composition of 
the cardiac lipid classes. The instrument was 
equipped with flame ionization detector (H2 
flow rate, 175 ml/min;  air flow rate, 1850 
ml/min), scanner(scanning speed, 0.47 cm/sec), 
integrator and recorder (sensitivity, 10 mV; 
chart speed, 0.42 cm/sec). A package of 10 
chromarods (silica rods with a sintered coating 
of active adsorbent mixed with glass powder, 
mean thickness 75/2m) was soaked overnight in 
9 N H2504. The rods were then rinsed with 
distilled water, dried at 100 C and prescanned 
twice before use. About 1 /al of total cardiac 
lipids dissolved in CHC13/CH3OH (2/1) was 
spotted on the rods. The rods were successively 
developed for a distance of 10 cm using the 
following solvents: (a) hexane/diethyl ether/ 
formic acid (85:15:0.04), (b) acetone, and (c) 
CHClaCHaOH/H20 (67:29:4). After each de- 
velopment, the rods were placed in an oven at 
90 C for 5 rain and then scanned. The rods 
were only partially burned from Rf 1.0 to ca. 
Rf 0.25 following the first and second develop- 
ment, and completely burned after the final 
development. After the first burn, mono- and 
diglycerides, cholesterol and the phospholipids 

remained; after the second burn, the phospho- 
lipids were not burned. The triglycerides had a 
response factor of 0.65 compared to the other 
lipid classes and therefore a correction factor of 
1.5 was applied. The correction factors for 
most major components was close to unity as 
has been reported previously (22-24). 

Total cardiac lipids (ca. 3 rag) were sepa- 
rated by 2-dimensional thin layer chromatog- 
raphy (TLC) using the solvents described by 
Rouser et al. (25). TLC plates were dried under 
N2. Spots were visualized under ultraviolet 
(UV) light after spraying the plate with 2'7'- 
dichlorofluorescein, and scraped off the plate 
directly into 15-ml screw-capped tubes. Methyl 
esters were prepared by transesterification (21), 
purified on TLC and analyzed by a Hewlett 
Packard Model 5830 gas chromatograph, using 
glass columns (1.8 m x 2 mm) packed with 5% 
SP-2310 on 1001120 Chromosorb W AW 
(Supelco Inc., Bellefonte, PA). The alkenyl 
ethers were analyzed as described previously 
(26). 

Analysis of variance was applied to all data. 
The least significant differences at the i% level 
were determined from the error estimates (27). 

RESULTS 

Dietary oils were chosen to evaluate the 
effect of several fatty acids found in LEAR oils 
on the cardiac lipids of male rats. Soybean oil 
provided a similar concentration of 18:3n-3 and 
olive oil contained high levels of 18:1 (Table I). 
Corn oil was selected as an oil rich in 18:2n-6. 

Male rats fed the diet containing corn oil for 
16 weeks showed the best growth, whereas rats 
fed the other dietary oils were slightly lower 
(Table II). The dietary oils apparently had little 
effect on either the heart weight or on the total 
cardiac lipids, except for rats fed LEAR (6v. 
Zephyr) which had the lowest weight of lipid/g 
wet heart. 

TABLE I 

Fat ty  Acid Composition of Dietary Oils 

Fat ty  
acids Corn Olive Soybean Tower a Zephyr b 

1 6 : 0  1 0 : 9  1 1 . 6  12 .4  6.1 5.3 
1 8 : 0  1.7 2.5 3.7 2 .0  2 .3  
18:1 24.3 7 5 . 5  2 5 . 4  56 .5  6 4 . 7  
1 8 : 2 n - 6  61 .1  7.3 5 0 . 6  2 6 . 0  17 .5  
1 8 : 3 n - 3  0 .9  0 . 7  7 .9  7.1 5 .6  
20 :1  0 .2  0 . 4  1.5 1.5 
22:1 0.1 0.3 0 .9  

aBrassica napus cv. Tower, a rapeseed oil low in erucic acid and glucosinolates. 
bBrassica napus ev. Zephyr, a rapeseed oil low in erucie acid. 
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TABLE II 

Body, Heart and Heart Lipid Weights, and Relative Composit ion o f  Heart Lipid 
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Diets a 
Description Corn Olive Soybean Tower Zephyr LSD b 

Body wt (g) 514 493 482 483 483 27.8 
Heart wt (g) 1.34 1.25 1.27 1.35 1.39 0.12 
Lipid wt (mg/g heart) 29.57 32.21 29.84 30.86 26.99 4.2 
Lipid classes e (relative %) 

CE 1.5 1.5 2.1 1.8 1.8 0.8 
TG 20.9 22.6 19.4 23.7 23.2 5.8 
C 6.1 5.6 5.9 5.4 5.8 1.3 
CL 8.9 8.4 8.0 7.9 7.9 1.0 
PE 21.0 20.1 21.6 20.2 18.9 3.7 
PS and PI 2.2 2.6 2.3 2.8 3.1 1.2 
PC 34.5 33.3 34.7 32.4 32.8 4.2 
SP 3.2 4.2 3.9 3.9 4.3 1.7 
LPC 1.3 1.3 1.8 1.3 1.6 0.5 

aAll values are mean of  5 rats per diet, except body weight which represents the mean of  50 rats 
per treatment (20).  

bLSD = least significant difference obtained from pooled error estimates o f  analysis of  variance. 
Means within a r o w  differing by more than the LSD are significantly different at the 1% level. 

CAbbreviations: cholesterol ester (CE), triglyceride (TG), cholesterol (C), eardiolipin (CL), phos- 
phatidyletbanolamine (PE), -serine (PS), -inositol (PI) and -choline (PC), sphingomyelin (SP), and lyso- 
phosphatidylcholine (LPC). 

A total analysis of the cardiac lipid sub- 
classes was achieved with an Iatroscan using 3 
separate solvent systems followed by a partial 
combustion technique between developments. 
The results are shown in Table II. There were 
no significant differences (P > 0.01) between 
diets in any of the lipid classes of the heart. 
However, diets rich in 18:1 (olive and LEAR 
oils) were associated with slightly higher levels 
o f  triglycerides and somewhat lower concen- 
trations of PE and PC compared to rats fed 
soybean and corn oil. 

The fatty acid compositions of  the 2 major 
phospholipids of  weanling rats and those fed 
the experimental diets for 1 and 16 weeks are 
given in Table III. There apparently was no 
effect of diet fed and age of rat on the amount 
(mg/g wet heart) of  phosphatidylethanolamine 
(PE) and phosphatidylcholine (PC). Further- 
more, there apparently was little effect of  diet 
on the level of  total saturated fatty acids and 
dimethylacetals (DMA) derived from the 
plasmalogenic (alkenyl ethers) compounds in 
these cardiac phospholipids. The concentration 
of monoenoic fatty acids increased significantly 
in rats fed diets rich in 18:1 ; rats fed olive oil 
and LEAR oil were similar. This change was 
rapid, i.e., after 1 week the concentration of 
18:1 in cardiac PE and PC of the rat fed Zephyr 
oil already resembled that of  the rat fed for 16 
weeks. 

The total level of  PUFA in cardiac PE was 
surprisingly similar between the diets fed and 

time periods investigated (Table III). The major 
PUFA, arachidonic acid (20:4n-6), also re- 
mained fairly constant. The PUFA of PE of 
weanling rats were high in n-3 family acids. 
Dietary 18:2n-6, with little 18:3n-3 present 
(i.e., < 1%), rapidly substituted n-6 for n-3 
PUFA, whereas a dietary level of  more than 5% 
18:3n-3 retained or increased the level of n-3 
PUFA. Nowhere was this more evident that in 
the PE C22 PUFA of rats fed corn and Zephyr 
(Fig. 1). Although the sum of all C22 PUFA 
was similar between the 2 diets at both 1 and 
16 weeks, the rats fed Zephyr oil were prac- 
tically devoid of n-6 C22 PUFA after 16 weeks, 
whereas the corn-oil-fed rats had markedly 
reduced n-3 C22 PUFA. 

The total level of  PUFA in cardiac PC was 
slightly higher in rats fed diets rich in 18:2n-6 
(corn and soybean oils) than in rats fed olive or 
LEAR oils (Table III). Arachidonic acid was 
slightly lower in rats fed LEAR oils than in rats 
fed corn or soybean oil, but the rats fed olive 
oil, with the lowest dietary level of 18:2n-6, 
had the highest level of 20:4n-6 and rather low 
levels of  18:2n-6. The C22 PUFA in cardiac 
PC were considerably lower than in cardiac PE. 
However, as in PE, the sum of the C22 PUFA 
was similar between the age of  rats and the 
diets fed, and depending on the dietary level of  
18:2n-6 and 18:3n-3, n-6 or n-3 C22 PUFA 
predominated (Fig. 1). 

Linoleic acid was the major fatty acid in 
cardiac cardiolipin (Table IV), and the relative 
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concentration of this acid increased signifi- 
cantly compared to weanling rats on all diets 
excep t  olive oil. Ra ts  fed olive oil a ccum ul a t ed  
excessive a m o u n t s  o f  18:1 ,  w h i c h  were  accom- 
pan ied  b y  P U F A  of  b o t h  t h e  n-6 ( 2 0 : 4 n - 6  and  
22 :5n-6)  and  n-3 ( 2 2 : 6 n - 3 )  famil ies  to  re ta in  an  
average n u m b e r  o f  2 d o u b l e  b o n d s  ( sum of  the  
pe rcen tage  o f  ind iv idual  u n s a t u r a t e d  f a t t y  acids 
x n u m b e r  of  doub le  b o n d s / 1 0 0 )  for  cardiac  
cardiol ipin .  Weanl ing ra t s  also c o n t a i n e d  
subs tan t i a l  a m o u n t s  o f  20 :4n-6  and  22 :6n-3  in 
t he i r  card io l ip in  f r ac t ion  to  m a i n t a i n  an  average 
n u m b e r  o f  2 doub le  bonds .  The  ef fec t  of  
d ie tary  18:3n-3  was relat ively m i n o r ;  rats  fed 
soybean  and  L E A R  oil c o n t a i n e d  similar  levels 
o f  n-3 PUFA.  

There  apparen t ly  was l i t t le  d i f fe rence  
b e t w e e n  die ts  in the  a b u n d a n c e  o f  DMA 
p roduced  dur ing  m e t h y l a t i o n  (Tab le  III). T h e  
c o m p o s i t i o n  of  the  a lkenyl  groups  o f  2 selected 
diets,  soybean  and  Tower ,  are s h o w n  in Table  
V. Die ta ry  oleic and  l inoleic  acids in f luenced  
t he  a lkenyl  g roup  c o m p o s i t i o n ;  no  a lkenyl  
chains  derived f rom l ino len ic  or  erucic  acids 
were de tec ted .  The  a lkenyl  g roup  c o m p o s i t i o n  
of  the  2 phosphog lyce r ides  was similar.  

The  f a t t y  acid c o m p o s i t i o n  of  sphingo-  
mye l in  is s h o w n  in Table  VI. T he  ma in  differ- 
ence  b e t w e e n  diets  occur red  w i th  respect  to  t he  
m o n o u n s a t u r a t e d  acids. Ra ts  fed L E A R  oils or  
olive oil had  s igni f icant ly  h igher  levels of  t o t a l  
m o n o u n s a t u r a t e s  t h a n  ra t s  fed co rn  or  s oybean  
oils. The  22:1 f a t t y  acid was f o u n d  in sphingo-  
mye l in  o f  every d i e t a ry  group,  bu t  t he  concen-  
t r a t i o n  o f  22:1 was s igni f icant ly  h igher  in ra ts  

fed L E A R  (cv. Zephy r )  t h a n  in the  o t h e r  
groups.  The  pos i t ion  of  t he  d o u b l e  b o n d  is 
p r e s u m a b l y  n-9, since the  long-chain  m o n o -  
eno ic  acids o f  s p h i n g o m y e l i n  are f o r m e d  by  
chain  e longa t ion  f r o m  oleic ( 18:1 n-9) acid (29).  

DISCUSSION 

The  cardiac l ipids of  male  ra t s  fed L E A R  oils 
have been  inves t iga ted  in the  past  10 years  to  

a~ 

CORN LEAR ~ .  ZEPHYR 

PC PE PC 

22:4.-S 

22:,%-3 

0 I 16 0 1 18 0 1 16 0 1 16 

WEEKS ON DIET 

FIG. 1. The relative concentration of the C22 
PUFA of cardiac phosphatidylethanolamine (PE) and 
phosphatidylcholine (PC) are compared in weanling 
rats (open bars) with rats fed diets containing corn 
oil or LEAR oil cv. Zephyr for 1 and 16 weeks. 

TABLE IV 

Fatty Acid Composit ion o f  Cardiac Cardiolipin from Weanling Rats 
and Rats Fed the Experimental Diets for 1 and 16 weeks a 

Fatty 
acids 

Wean- 
ling 

1 Week 16 Weeks 

Corn Zephyr Corn Olive Soybean Tower Zephyr LSD 

16:0  
18:0  
18:1 
18:2n-6 
18:3n-3 
20:1 
20:4n-6 
22:1 
22:4n-6 
22:5n-6 
22: 5n-3 
22:6n-3  

Av. no  o f  
double 
bonds b 

4 .6  
3.8 

10.3 
56.4 

0.5 
0.8 
6.7 

2 . 7  

3~2 
8.0 

72.9 
0.i 
0.3 
4.0 

0.7 0.8 
1.1 0.9 
1.3 0.7 
5.'7 1.8 

2.15 1.99 

2.5 2.2 2.6 1.4 1.2 1.1 0.5 
2.7 1.7 2.3 1.3 0.9 0.7 0.5 

12.3 4.7 22.4 4.3 7.9 9.8 2.3 
66.9 85.0 51.7 85.8 81.7 79.1 3.2 

2.3 1.3 1.6 1.7 0.2 
0.7 0.1 0.5 0.1 0.4 0.3 0.1 
3.7 1.9 7.5 1.8 1.6 1.7 0.4 
0.2 tr tr 
0.5 0.3 0.2 0.1 0.1 0.1 0.1 
0.4 0.9 2.5 0.1 tr tr 0.1 
0.8 0.1 0.2 0.3 0.3 0.3 0.2 
2.5 0.4 5.2 1.5 1.5 1.8 0.7 

1.99 1.91 2.02 1.98 1.94 1.94 

aSee footnotes  to Table III. 
bAverage number  o f  double bonds 

number  o f  double  bonds / lO0 .  
is the sum of the percentage of individual unsaturated fatty acids • 
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TABLE V 

Composi t ion of  the Alkenyl Groups from Rat Heart Ethanolamine 
and Choline Phosphoglycerides 

Chain length : 
no. of  double 

bonds  

Ethanolamine Choline 
phosphoglycerides phosphoglycerides 

Soybean Tower Soybean Tower 

14:0 2.0 1.6 3.0 2.9 
15:0 2.2 1.1 2.6 3.3 
16:0 24.2 24.4 20.8 14.4 
16:1 2.2 2.1 2.5 3.1 
17:0 2.7 1.4 3.2 3.9 
17:1 1.2 1.1 1.3 2.0 
18:0 36.6 35.9 38.8 36.3 
18:1 13.5 23.0 18.0 26.2 
18:2 14.8 8.8 9.8 7.8 

TABLE VI 

Fatty  Acid Composi t ion of Sphingomyelin from Hearts 
o f  Rats Fed Vegetable  Oils for 16 Weeks 

Fatt y Dietsa 
acids Corn Olive Soybean Tower Zephyr LSD b 

14:0 0.5 0.6 0.8 0.9 1.0 0.5 
15:0 0.4 0.5 0.5 0.7 0.5 0.3 
16:0 13.4 13.1 12.5 11.4 14.5 2.8 
17:0 0.6 1.1 0.7 0.8 0.6 0.6 
18:0 11.5 12.4 12.6 12.5 14.3 2.2 
18:1 1.6 2.9 1.4 2.1 2.6 1.6 
19:0 1.7 1.2 1.0 1.9 1.5 0.7 
20:0 24.9 19.7 15.9 21.0 20.0 2.3 
21:0 1.3 1.6 2.0 0.9 0.9 0.3 
22:0 16.1 15.7 26.4 21.6 17.6 2.8 
22:1 0.2 0.5 0.4 0.5 0.9 0.3 
23:0 4.5 4.6 5.2 2.5 2.4 0.6 

ECL 23.6 c 2.9 2.8 2.9 1.3 1.5 0.9 
24:0 13.9 10.7 12.1 8.6 8.4 1.6 
24:1 5.9 11.2 5.8 12.3 12.5 2.0 

X:I  d 7.7 14.6 7.6 14.9 16.0 

ava lues  are means  o f  5 rats per diet. 
bLSD = least significant differences at the 1% level. 
CECL = equivalent chain length (28). 
d x : l ,  monounsa tu ra ted  fat ty  acids. 

d e t e r m i n e  w h e t h e r  m y o c a r d i a l  d a m a g e  in  r a t s  
f ed  d i e t a r y  L E A R  ot is  is r e l a t e d  t o  c h a n g e s  
in  l ip id  c l a s ses  o r  t h e i r  f a t t y  ac id  c o m p o s i t i o n .  
C a r d i a c  n e u t r a l  l ip ids ,  p a r t i c u l a r l y  t h e  tr i-  
g lyce r i de s ,  w e r e  a l t e r ed  r e a d i l y  b o t h  qua l i -  
t a t i v e l y  a n d  q u a n t i t a t i v e l y  w i t h  d i f f e r e n t  
d i e t a r y  f a t t y  a c id s  (30 ) .  H o w e v e r ,  t h e s e  tr i-  
g l y c e r i d e  c h a n g e s  h a v e  b e e n  d i s c o u n t e d  as t h e  
c a u s e  o f  t h e  n e c r o t i c  h e a r t  l e s i o n s  as f i rs t  
a s s u m e d  (31 ) .  T h e  r e a s o n  was  t h a t  f e m a l e  r a t s  
o f  t h e  s a m e  s t r a i n  ( S p r a g u e - D a w l e y )  ( 3 2 )  a n d  
m a l e  r a t s  o f  a n o t h e r  s t r a i n  ( C h e s t e r  B e a t t y )  
( 33 )  h a d  s im i l a r  c a rd i ac  t r i g l y c e r i d e  c h a n g e s  
w i t h o u t  c a u s i n g  t h e  s u b s e q u e n t  l o n g - t e r m  

necrotic heart lesions (32,33). Furthermore,  the 
cardiac triglyceride accumulation was attrib- 
uted t o  t h e  d i e t a r y  C 2 2  l o n g - c h a i n  m o n o e n o i c  
f a t t y  a c i d s  ( 9 , 3 2 ) .  

T h e  ca rd i ac  p h o s p h o l i p i d s ,  o n  t h e  o t h e r  
h a n d ,  b e i n g  m a i n l y  m e m b r a n e  c o n s t i t u e n t s  
( 1 3 ) ,  h a v e  b e e n  f o u n d  t o  be  r e l a t i v e l y  r e s i s t a n t  
t o  q u a n t i t a t i v e  c h a n g e s ;  n o  c h a n g e s  h a d  b e e n  
o b s e r v e d  in t h e  t o t a l  level  o f  c a r d i a c  p h o s -  
p h o r u s  f r o m  d i e t a r y  o i l s  ( 34 ) .  T h e  r e s u l t s  o f  
t h i s  s t u d y  d e m o n s t r a t e d  a n  in v ivo  r e g u l a t i o n  in  
t h e  c o n c e n t r a t i o n  o f  all  c a r d i a c  p h o s p h o l i p i d s  
i r r e s p e c t i v e  o f  t h e  age  o f  t h e  r a t  ( w e a n l i n g  
3 - w e e k - o l d ,  1 a n d  16 w e e k s  o n  d i e t )  a n d  s o u r c e  
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of dietary oils. Only a slightly lower level of  PE 
was noted in rats fed one of  the 2 LEAR 
oils (cv. Zephyr). Blomstrand and Svensson 
(17) also observed decreased values of cardiac 
PE in rats fed diets containing low levels of 
erucic acid. No significant differences were 
observed in the level of  sphingomyelin between 
rats fed LEAR oils or any other vegetable oil, 
similar to that reported by Dewailly et al. (18), 
and contrary to that reported by Beare-Rogers 
(35,36). The concentration of lyso-PC was low 
(1.8-2.5% recalculated as relative % of total 
phospholipids from Table II), and only traces 
of free fatty acids, and mono- and diglycerides 
were detected, indicating little, if any, autolysis 
of cardiac lipids during the extraction pro- 
cedure employing an improved extraction 
technique (21). This was in marked contrast to 
lyso-PC values of 5-10% (% of total phospho- 
lipids) reported by Beare-Rogers et al. (14) 
using conventional extraction techniques. Ex- 
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traction of  cardiac lipids from rats fed high-fat 
diets are particularly susceptible to autolysis 
during conventional homogenizations, giving 
rise to high values of free fatty acids and 
lyso-PC (21). 

As noted in the results of  this study, there 
also was an apparent in vivo regulation in the 
fatty acid composition of all major cardiac 
phospholipids. In PE and PC, the total level of 
saturates and polyunsaturates remained fairly 
constant irrespective of the age of the rat and 
the dietary oil fed; the monounsaturates 
showed evidence of a linear relationship to 
dietary 18:1 (r > 0.87). Among the poly- 
unsaturates, there was little change in 20:4n-6 
and the total C22 PUFA. However, among the 
C22 PUFA, there were wide differences be- 
tween n-3 and n-6 fatty acids, depending on the 
dietary concentration of 18:3n-3 or 18: 2n-6, or 
including members of these fatty acids families 
as may be the case in weanling rats (37). 
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FIG. 2. The results of this study (e) were combined with those of 2 other publications (14 [A] and 38 
[ o] ). The relative concentration of dietary saturated (X:0), monounsaturated (X: 1) and polyunsaturated (X :2 or 
>) fatty acids (abscissa) were plotted against the corresponding levels of these fatty acids in cardiac phospha- 
tidylethanolamine (PE) and phosphatidylcholine (PC) (ordinate). The relationship of monounsaturated fatty 
acids is represented by the linear equation, y = ax + b, where, a is the slope of the line, b the intercept, and 
x and y the concentration of monounsaturates in the diet and phospholipids, respectively. The correlation 
coefficient is r. 
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The results of this study were combined 
with those of 2 other studies (14,38) in which 
male rats were fed high-fat diets and cardiac PE 
and PC were analyzed to provide an even wider 
range of dietary fatty acids. The results are 
plotted in Figure 2. Dietary saturates (X:0), 
ranging from 8 to 37%, apparently had no 
effect on the concentration of saturates in 
cardiac PE or PC. On the other hand, a 5-fold 
difference in the dietary level of monoun- 
saturates (X:I) ,  from 14 to 76%, resulted in 
only a doubling of this group of fatty acids in 
either phospholipid. The biochemical mech- 
anism of excluding monounsaturates from 
cardiac PE and PC may explain why 20:1 and 
22:1 were not incorporated extensively into the 
2 cardiac phospholipids, even when diets rich in 
these fatty acids were fed to rats (33). Finally, 
the total level of polyunsaturates (X:2 or >) 
remained fairly constant despite widely differ- 
ent levels of dietary 18:2n-6 (7-73%) and 
18:3n-3 (trace to 53%). Among the PUFA, 
there was a small response of cardiac levels of 
18:2n-6 to dietary 18:2n-6 (PE, y = 0.13x + 
6.3, r = 0.29; PC, y = 0.09 x + 5.4, r = 0.64). 
The concentration of 20:4n-6 remained fairly 
constant in PE and PC. Dietary levels of 5-14% 
18:3n-3 depressed 20:4n-6 only slightly in PC, 
and it required a high dietary level of 18:3n-3 
(52.6% in linseed oil) to depress 20:4n-6 
significantly in both PE and PC. 

The greatest change, however, was seen 
among the C22 PUFA (Fig. 3). In rats fed as 
little as 5% dietary 18:3n-3, most of the C22 
PUFA consisted of the n-3 family, whereas the 
C22 PUFA of the n-6 family predominated in 
diets poor in 18:3n-3. The change in the C22 
PUFA with diet were already evident after 1 
week on the selected diets, corn and LEAR (cv. 
Zephyr) otis. The C22 PUFA of the n-3 family 
also predominated in weanling rats because the 
n-3 family acids are bioconcentrated in the 
fetus during its development (37). In addition, 
it suggests that the diet used by the supplier 
may have been rich in n-3 family acids. The 
results of Gudbjarnason et ai. (39,40) and 
Rocquelin (15) show a similar replacement of 
n-3 for n-6 family acids in the total cardiac 
phospholipids by feeding diets containing 
18:3n-3 (linseed oil, ref. 15)or  n-3 family acids 
(cod liver oil, ref. 39). 

Therefore, according to the results, dietary 
18:3n-3 up to 15% apparently did not inhibit 
the conversion of 18:2n-6 to 20:4n-6, but the 
subsequent conversion to 22:4n-6 and 22:5n-6 
was much reduced in favor of desaturation and 
elongation of 18:3n-3. Such a protective 
mechanism of maintaining a certain proportion 
of 20:4n-6 has also been observed in erythro- 

cytes of premature infants (4 I). 
Regulation of the fatty acid composition 

was also evident in cardiac cardiolipins, a 
component present in mitochondrial mem- 
branes (13). The substitution of monoun- 
saturates in cardiolipin of rats fed olive oil 
apparently has been compensated for by the 
incorporation of PUFA to maintain a similar 
average number of double bonds of ca. 2. 
Monounsaturates have an apparent affinity for 
cardiac cardiolipin as demonstrated previously 
by Blomstrand and Svensson regarding 22: ln-9  
(17). 

It is quite evident from the results of this 
study that the incorporation of 18:1 and the 
substitution of n-3 for n-6 C22 PUFA into 
cardiac phospholipids was related to the dietary 
concentration of these fatty acids, and was not 
peculiar to any specific oil. At the present time, 
it is impossible to estimate the effect of these 
changes in cardiac phospholipids on the mem- 
brane structure and function, although it is 
known that specific phospholipids, and often 
certain fatty acids in these phospholipids, are 
required for full activity of several membrane- 
bound enzymes (13,37). 

Evidence from this laboratory supports the 
concept that rats fed high-fat diets, particularly 
those rich in 18:3n-3, developed cardiac mem- 
branes which were "more fragile" than those 

P c  

30 

OIET a c d e 0~7 ~ ~ o �9 
O~ET 18:3 0 9 5 6  040 .7  08 019 lk5 56 7 2 7 6 7 9 1 4 5 3  

FIG. 3. The relative concentration of the n-3 
(solid bar) and n-6 (open bar) C22 PUFA of weanling 
rats (a) and rats fed different dietary fats and oils for 
1 (b and c) or more than 8 weeks (d to r). The dietary 
level of 18:3n-3 is given. The diets are: corn (b and j) ; 
Zephyr (c and 1); peanut (d) (38); lard/corn, 3:1 
mixture (e) (14); poppy seed~lard~corn, 4:3:1 mixture 
(f) (14); olive (g); poppy seed (h) (14); safflower 
(i) (38); sunflower (k) (14); Tower (m); poppy seed/ 
Tower, 1:1 mixture (n) (14); soybean (o) (38); soy- 
bean (p); Tower (q) (14); and linseed (r) (38) oils. 
Abbreviations: PC -- phosphatidylcholine; PE = 
phosphatidylcthanolamine; PUFA = polyunsaturated 
fatty acids. 
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f rom rats fed labora tory  chow. Dow-Walsh et 
al. (42)" showed  tha t  rats fed diets r ich in 
m o n o e n e s  and 18:3n-3 had hear t  m i tochondr i a  
which  aged m u c h  faster. It was also found  tha t  
substant ial ly higher  levels of  free fa t ty  acids 
and lyso-PC (21) were p roduced  during the  
isolat ion of  cardiac lipids part icular ly f rom rats 
fed diets r ich in 18:3n-3 using convent iona l  
ex t rac t ion  techniques .  This suggests tha t  the  
membranes  are more  easily dissociated and 
subject  to  autolysis  before  enzymes  are inhib- 
i ted by ch lo ro fo rm/me thano l .  A " m o r e  fragile" 
m e m b r a n e  could be subject  to  greater  cellular 
b r eakdown  which could lead to  focal necrosis.  
It is the re fore  no tab le  that  oils conta in ing  
appreciable  a m o u n t s  of  18:1 (e.g., olive [2,7, 
8,20] or peanu t  oils [43-46]) ,  18:3n-3 (e.g., 
soybean  [3 ,4 ,6 ,20,46]  ) or l inseed oils [7,8] ) or 
18:1 and 18:3n-3 (e.g., L E A R  oils (2-4,6-10, 
14 ,16 ,20 ,33 ,44-46] )  apparen t ly  are associated 
wi th  hear t  lesions in male rats if fed these oils 
at a high level in the  diet for  p ro longed  per iods  
of  t ime. In fact,  b o t h  18:1 and 18:3n-3 were 
posit ively corre la ted wi th  hear t  lesions in male 
rats in a statistical analysis carried out  on  a 
large num ber  of  publ ished results involving 
cardiopathological  examina t ions  in male rats 
(5). 
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Analysis of Autoxidized Fats 
by Gas Chromatography-Mass Spectrometry: 
VI. Methyl 9,15- and 12,15-octadecadienoate 
E.N. FRANKEL, E.J. DUFEK and W.E. NEFF, Northern Regional Research Center, 
Agricultural Research, Science and Education Administration, USDA, Peoria, I L 61604 

ABSTRACT 

The gas chromatography-mass spectrometry (GC-MS) method developed in preceding papers was 
extended to the structural analysis of autoxidation products of methyl cis-9,cis-15-octadecadienoate 
and of an 87% concentrate of cis-12,cis-15-octadecadienoate. Eight isomeric hydroxydicnes with one 
allylic and one isolated double bond were identified from oxidized 9,15-diene and 2 conjugated 
hydroxydienes from oxidized 12,15-diene, after reduction of the hydroperoxides. The proportions of 
16-(15%) and 17-hydroperoxides (22%) from 9,15-diene were significantly higher than that of the 
other isomers (8-12% each: 8-, 9-, 10-, 11-, 14- and 15-OOH). Similarly, the amount of 16-hydro- 
peroxide from 12,15-diene was larger (42%) than the 12-hydroperoxide (31%). Substantial amounts of 
dihydroxy esters with one OH substituent on carbons-8, -9, -10 or -11 and the other OH on carbons- 
14, -16 or -17, were identified after hydrogenation in highly oxidized 9,15-diene. The implications of 
these hydroperoxide analyses are discussed in relationship to the precursors of flavor deterioration of 
oils and partially hydrogenated oils containing an to-3 double bond. 

INTRODUCTION 

Isomeric dienes known as isolinoleate with 
double bonds separated by more than one 
methylene group are formed by partial hydro- 
genation of linolenate in soybean oil (1-4). 
These dienes have one of their double bonds 
located between C-14 and C-16 and have been 
implicated as precursors of flavor deterioration 
(2,5-8). The availability of cis, cis-9,15-and 
12,15-octadecadienoates (9) made it possible 
to elucidate the mechanism of this deteri- 
oration. In previous papers of this series, 
isomeric hydroperoxides were characterized 
and determined quantitatively by gas chro- 
matography-mass spectrometry (GC-MS) of the 
hydroxystearate derivatives from autoxidized 
oleate, linoleate, linolenate and their mixtures 
(10-12). In this paper, the same GC-MS method 
was applied to the study of oxidation products 
of pure cis-9,cis-15- and of an 87% concentrate 
of eis- 12-, cis- 15-octadecadienoate. 

EXPERIMENTAL PROCEDURES 

The cis, cis-9,15- and 12,15-dienes were 
prepared from hydrazine-reduced methyl lino- 
lenate according to the Butterfield et al. pro- 
cedure (9). The 9,15-diene fraction obtained 
by argentation-countercurrent distribution 
(AgNO3-CCD) was 96% pure by GC. To obtain 
100% pure 9,15-diene, the 9,12- and 12,15- 
diene impurities were removed by selective 
oxidation as follows. After treating a sample 
with 02 at 60 C to a peroxide value (PV) of 
160, it was chromatographed through a short 
silicic acid column. Pure cis, cis-9,15-diene was 

eluted with n-hexane, leaving the oxidized 
diene impurities on the column. The 12,15- 
diene concentrate was prepared from the CCD 
fraction containing 9,12-diene by recycling 5 
times with the 200-tube AgNO3-CCD system 
(9). The portion of the diene fraction con- 
taining more than 50% 12,15-diene isomer was 
used at each cycle. GC analysis of the final 
concentrate showed: 87.3% 12,15-, 11.4% 
9,12- and 1.3% 9,15-diene. The all-cis configu- 
ration of these dienes was established by 
capillary GC (13). 

The same procedures as reported previously 
were used for autoxidation, analyses, catalytic 
hydrogenation, NaBH4 reduction, silylation 
and GC-MS (I0).  Samples having PV below 300 
were concentrated as previously described (I 4). 
For quantitative standardization of the GC-MS 
method, the same authentic 10-, 12-, 13- and 
16-hydroxyoctadecanoates were used as before 
(10-12). Authentic 14-, 1 5 - a n d  17-hydroxy- 
octadecanoates were prepared by Raney nickel 
hydrogenation of the corresponding keto esters 
synthesized by literature methods (15). In these 
syntheses, co-bromocarboxylic acids were used 
instead of the corresponding iodo acids in the 
alkylation of the appropriate 13-keto esters. A 
sample of methyl ester of the naturally occur- 
ring 17-L-hydroxyoctadecanoic acid (16) was 
generously donated by Dr. A. P. Tulloch 
(Prairie Regional Laboratory, Saskatoon, Sas- 
katchewan, Canada). 

R ESU LTS 

Eight isomeric allylic hydroxydienes are 
formed by reducing the corresponding hydro- 
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peroxides of 9,15-diene. The structure of  the 
tr imethylsilyl  (TMS) derivatives and the mass 
fragment characteristic of the noted cleavage 
(m/e, relative abundance in percent) are as 
follows: 

IAI 
, 8  9 15 

R Z - C H ( O T M S ) - C H = C H - ( C H  2 ) 4 - C H = C H - C H 2 C H  ~ 

' ( 2 3 9 , 2 2 )  

IBI 
' 9 10 15 

R-CH2 ' , - - -CH(OTMS)-CH=CH-(CH2 ) 3 - C H = C H - C H i C H  3 

' ( 2 2 5 , 2 3 )  

[cl 
8 10 , 15 

R-CH=CH-CH(OTMSk-~-(CH2)a-CH=CH-CH:zCH 3 
( 2 7 1 , 3 1 )  ' 

[DI 
9 11 , 15 

R-CH~ - C H = C H - C H ( O T M  S ) r - ~ C H 2  )~-CH=C H - C H 1 C H  3 
i 

( 2 8 5 , 3 4 )  

[El 
9 , 14 15 

R-CH1 - C H = C H - ( C H 2 ) ~ - C H ( O T M S ) - C H = C H - C H ~  C H  s 

' ( 1 5 7 , 4 6 )  

IF! 
9 , 15 16 

R -CH 2 -CH=CH-(CH 2 ~4'.-~CH(OTMS)-CH=CH-CH~ 

' ( 1 4 3 , 4 8 )  

ICl 
9 14 16 , 

R - C H  2 -CH=CH-(CH2)3  -C H = C H - C H ( O T M S ) ~ ,  C H z C H  s 

( 353 ,8 )  ' 

IH] 
9 15 17 , 

R-CH~ - C H = C H - ( C H 2 )  4 - C H = C H - C H ( O T M S ) ~ , '  C H  3 

( 3 6 7 , 2 )  ' 

R=(  C H 2 ) 6 C O O C H 3  

The relative intensity of the mass fragments 
just indicated cannot be interpreted quanti- 
tatively because of  complications resulting from 
allylic rearrangements (12). Also, m/e 157 from 
isomer E and m/e 143 from isomer F are more 
intense because the m a s s  fragments of  the 
corresponding allylic isomers G and H are not  
favored and tend not  to form the high-energy 
methyl  and ethyl  radicals. 

The TMS derivatives of  the 12- and 16- 
hydroxydienes formed by reducing the corres- 
ponding hydroperoxides of 12,15-diene are 
shown next  with the mass fragmentation data. 

111 
12 ;13  15 

R - C H ( O T M  S ~ - C H = C H - C H = C H - C H 2 C H ~  

( 1 8 3 , 2 9 )  ' 

[ J I  

12 14 16 , 
R -C H = C H - C H = C  H - C H ( O T M  S)--~,' CH1CH3 

( 3 5 3 , 2 )  ' 

R = ( C H 2 ) i o C O O C H a  

Mass fragment m/e 353 for hydroxydiene J is 
minor and unfavored for the same reason sug- 
gested for G, because it tends not to form the 
high-energy ethyl radical. The 9,12-diene 
impurity (11.4%) produced only minor mass 
fragments corresponding to 9- and 13-hydroxy- 
dienes (m/e 225 and 3 t i  with relative abun- 
dances 3 and 1, respectively). 

Confirmative and additional structural infor- 
mation were obtained by GC-MS analyses of  
oxidized samples after catalytic hydrogenation 
and silylation. The GC-MS computer-generated 

g 

! f ! 
�9 , �9 , , , . , . �9 �9 , , , . , . , , 

1 I 

20 40 • 80 1~ 
Specb'un Number 

FIG. 1. Gas chromatography-mass spectrometry 
total ion traces of  trimethyl silyl ethers from hydroxy 
derivatives of hydrogenated-autoxidized dienes. A: 
9,15-Diene; peroxide value, 608. B: 9,15-Diene; 
peroxide value, 1247. C: 12,15-Diene; peroxide value, 
264. Vertical arrows indicate individual spectra given 
in Table I. 
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total ions chromatograms showed that in the 
oxidized 9,15-dienes, peak I results from a 
mixture of  8-, 9-, 10-, 11- and 14-OTMS stear- 
ates, and peak II to a mixture of 15-, 16- and 
17-OTMS esters (Fig. 1A, Table I). Partial 
separation of  isomers is indicated by comparing 
mass fragments of  14-OTMS in spectra no. 
14 and 15. Peaks III, IV and V became more 
prominent at higher levels of oxidation (PV 
1247) (Fig. 1B). MS showed the presence of  
di-OTMS esters with one hydroxy substituent 
at C-8, C-9, C-10 or C-11 and the other at C-14, 
C-16 or C-17 (Table I). In the oxidized 12,15- 
diene, peak I results mainly from the 12-OTMS 
ester and peak II from the 16-OTMS ester 
(Fig. 1C, Table I). 

Quantitative GC-MS analyses were previ- 
ously standardized with synthetic samples of 
8-, 9-, 10- and l l -hydroxystearates  from 
oxidized oleate (10), 9- and 13-hydroxystear- 
ares from oxidized linoleate (11) and 9-, 12-, 
13- and 16-hydroxystearates (TMS derivatives) 
from linolenate (12). For this study, the quan- 
titative GC-MS method was further checked 
with artificial mixtures of authentic 10-, 12-, 
13-, 14-, 15-, 16- and 17-hydroxystearates 

(TMS derivatives). A bias was observed for the 
values of  the 14-hydroxystearate. A consis- 
tently higher percentage of this isomer than 
theoretical values arises from an artifact at m/e 
159 (one of the diagnostic ions for 14-OTMS 
stearate) evident with the corresponding TMS 
derivatives of pure synthetic methyl 15-, 16- 
and 17-hydroxystearate isomers. To correct for 
this bias, a computer  program was used based 
on a least square technique (17) to solve 
8 linear equations developed from standard 
spectra run with the pure 14-, 15-, 16- and 17- 
hydroxystearates (TMS derivatives). The calcu- 
lated mean standard deviation between known 
and experimental compositions in 6 mixtures 
was 2.2 (Table II). 

Samples of 9,15- and 12,15-dienes were 
oxidized to different peroxide values and 
at different temperatures. The isomeric hy- 
droxy ester compositions remained remarkably 
constant at different levels of  oxidation (Table 
III). The oxidized 9,15-dienes gave, on one 
hand, about equal distribution of hydroxy 
isomers on the 8-, 9-, 10- and 11-carbon posi- 
tions (10-12%). On the other hand, there was a 
significantly higher proportion of the 16- and 

TABLE I 

Mass Spectral Data on Hydrogenated-oxidized Dienes after Silylation 

Peak Characteristic fragments Identification a 
(spectrum no.)  m/e (relative abundance) (C-18 OTMS methyl  esters) 

9,15-diene (PV 608) 
Figure 1A 

I (14)  

I ( i s )  
II (20) 

243 (68.0), 245 (95.3) 8-OH 
229 (71.5), 259 (70.4) 9-OH 
215 (72.2), 273 (57.4) 10-OH 
201 (100), 287 (64.5) I1-OH 
159 (31.4), 329 (7.9) 14-OH 
159 (100), 329 (32.3) 14-OH 
145 (100), 343 (6.9) 15-OH 
131 (100), 357 (25.8) 16-OH 
117 (100) ,  371 (8.2) 17-OH 

9,15-diene (PV 1247) 
Figure lb 

III (30) 245 (12.3), 259 (19.4), 273 (8.7), 287 (14.5) 8, 9, 10, l l-x b 
159 (28.3), 131 (22.2), 117 (24.6) x-14, 16, 17 

IV (38) 245 (17.6), 259 (15.8), 273 (9.9), 287 (10.7) 8, 9, 10, l l-x 
159 (10.2), 131 (36.5), 117 (37.6) x-14, 16, 17 

V (53) 245 (10.2), 259 (20.3), 273 (7.2), 287 (6.7) 8, 9, 10, l l-x 
159 (13.1), 131 (38.5), 117 (19.2) x-t4, 16, 17 

12,15-diene (PV 264) 
Figure 1C 

l (14)  187 (100) ,  301 (71.9)  12-0H 
II (23) 131 (100) ,  357 (58.9)  16-OH 

abased on comparison with reference compounds and reported fragmentation schemes 
(10-12,  17).  

b8-x means OH on C-8 on ester side of molecule,  x-14 means OH on C-14 o n  h y d r o -  
carbon side of  molecule.  
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17-hydroxy isomers relative to the 14- and 15- 
hydroxy isomers. Although the A15 double 
bond of 9,15-diene is oxidized ca. 12% more 
than the A9 double bond (56 vs 44%), there is a 
marked preferential attack on carbons 16 and 
17 (37%). 

Oxidation of the 12,15-diene concentrate 
produced the hydroxystearate isomers corres- 
ponding to the 12- and 16-hydroperoxides 
expected from 12,15-diene and those corres- 
ponding to the 9- and 13-hydroperoxides from 
the 11.4% 9,12-diene present in the concentrate 
(Table III). The average composition shows 
that the hydroxy esters derived from the 
12,15-diene are composed of 31% 12-and 42% 
16-isomers. The other hydroxy esters include 
14% 9- and 13-isomers arising from 9,12-diene, 
and the rest from 9,15-diene. These results 
show that in the 12,15-diene, a preferential 
oxidation occurs at C- 16 relative to C- 12. 

DISCUSSION 

This study of hydroperoxides from dienoic 
fatty esters containing an 6o-3 double bond can 
provide a better understanding of the pre- 
cursors of volatile compounds producing 
off-flavors in linolenate-containing oils. The 
terminal pentene radical in linolenate, CH3- 
CH2-CH=CH-CH~ - has been associated with the 
unique flavor deterioration known as "flavor 
reversion" in soybean oil (18). Oxidation of the 
6o double bond in isolinoleate, which is found 
in partially hydrogenated soybean and linseed 
oils, also produces the so-called "hardening" 
flavor (5-7). The aldehyde associated with this 
unpleasant flavor was identified as 6-nonenal 
and shown to be derived from either 9,15- or 
8,15-dienes (7). 

The mechanism for the free radical oxi- 
dation of methyl oleate was previously re- 
viewed (10). Assuming the same mechanism for 
the A 15 double bond of 9,15-diene, the forma- 
tion of allylic radicals is suggested between 
C-15 and C-17 on one hand, and between C-14 
and C-16 on the other hand. Oxygen attack 
on either end of these 3-carbon radicals pro- 
duces a mixture of allylic 14-, 15-, 16- and 
17-hydroperoxides (Fig. 2). Oxidation of the 
A9 double bond occurs as in oleate to produce 
a mixture of 8-, 9-, 10-and 11-hydroperoxides. 
This study identified the 8 isomeric hydro- 
peroxides from 9,15-diene as the TMS deriva- 
tives of the hydroxy dienes A-H. Further, 
selective oxygen attack was shown on C-16 and 
C-17 to give significantly higher concentrations 
of the corresponding 16- and 17-hydroperox- 
ides (Table III). Therefore, the end positions of 
the ailylic radicals are not equivalent and the 

external C-16 and C-17 are more reactive with 
oxygen than the internal C-14 and C-15. At 
high degrees of oxidation, (PV 1247) 9,15- 
diene produces a significant amount of di- 
hydroxy esters (Fig. 1B). Assuming that these 
dihydroxy esters are derived from dihydro- 
peroxides, we deal with a mixture in which one 
hydroperoxide is located on carbons-8, -9 , -10 
or - 11, and the other hydroperoxide on carbons- 
14, -16 or -17 (Table I). 

The free radical oxidation of the 12,15-diene 
proceeds as in methyl linoleate (11) and pro- 
duces a mixture of conjugated 12- and 16-diene 
hydroperoxides through a pentadienyl radical 
between C-12 and C-16. These diene hydro- 
peroxides were identified as the TMS hydroxy 
dienes I and J. As in the 9,15-diene, we observe 
a selective oxygen attack on the C-16 producing 
significantly more 1 6 - t h a n  12-diene hydro- 
peroxides (Table III). 

With linolenate, oxidation of the 6o double 
bond also appears favored since the 16-hydro- 
peroxide is formed in significantly higher 
proportion (46%) than the other isomers (31% 
9-, 12% 13-and 11% 12-hydroperoxides)(12). 
The analogy with 12,15-diene is complicated 
because with linolenate, the internal 12-and  
13-hydroperoxides may tend to cyclize into 
endoperoxide hydroperoxides (12). However, 
the significantly higher proportion of the 
16-hydroperoxide than the 9-hydroperoxide is 
consistent with the conclusion made with the 
12,15-diene that the carbon of the pentadienyl  
radical closest to the end of the fatty acid chain 
is most reactive with oxygen. 

Selective oxygen attack on the w-carbons 
of 9,15- and 12,15-dienes has important impli- 
cations in the formation of flavor deterioration 
of linolenate-containing oils with similar 
unsaturation (8). The 10-hydroperoxide diene 
arising from the 9,15-diene (corresponding to 

15 9 
CH3--CH2 --r 2--CH2--CH2--CH~CH--ICH 2 F?--COOR 

l 17 
CH 3--  CH--CH--'~'CH-- + 

I 17 15 
CH3__CH_ ____C_H~CH _ _  p. OOX 15 

02 02 OOH 

16 
CH3--CH2--CH--CH~CH-- + 

16 14 
C H 3 - -  C H 2 --_C_H _--_CH~ C_H - -  Ira. OOH 14 

~ CH3--CH2--Clt=CH--ICH-- 
02 02 OOX 

FIG. 2. Mechanism of autoxidation of A15 double 
bond of 9,15-diene. 
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h y d r o x y d i e n e  C) was suggested as the  p recu r so r  
of  6 -nonena l  iden t i f i ed  in ox id ized  9 , 1 5 - a n d  
8 ,15-dienes  (7). S y n t h e t i c  6-cis and 6-trans- 
n o n e n a l  were r epo r t ed  to  have a f lavor  reminis -  
cent  o f  green m e l o n  (6).  In o u r  cu r r en t  work ,  
we also de t ec t ed  a m e l o n y  or  c u c u m b e r  o d o r  in 
h ighly  ox id ized  samples  of  9 ,15-diene.  Kepp le r  
et  al. (6 ,7)  f o u n d  o t h e r  c a r b o n y l  c o m p o u n d s  
t h a t  were un iden t i f i ed  in ox id ized  hydroge-  
na t ed  l inseed and  s oybean  oils, b u t  t h e y  re- 
p o r t e d  t h a t  t he  6-trans-nonenal had  t he  mos t  
in t ense  odo r  and  taste.  T h e  co r r e spond ing  
a ldehydes  expec t ed  f rom the  8-, 9- and  11- 
h y d r o p e r o x i d e s  ( c o r r e s p o n d i n g  to  A, B and  D) 
are, respect ively:  2 ,8-undecadienal ,  2,7-deca- 
dienal  and  5-octenal  (8) .  F r o m  the  14-, 15-, 
16- and  17-hydroperox ides  ( co r r e spond ing  to 
E, F, G and  H), the  expec t ed  a ldehydes  are, 
respect ively:  2-pentenal ,  2-butenal ,  p rop iona l  
and  ace ta ldehyde .  F r o m  t he  12- and  16-hydro-  
pe rox ides  of  12,15-diene ( co r r e s pond i ng  to  I 
and  J),  t h e  expec t ed  a ldehydes  are 2 ,4-hepta-  
d ienal  and  propional .  In  add i t i on  to  these  
ca rbony l  c o m p o u n d s ,  var ious  h y d r o c a r b o n s  and  
a lcohols  would  be expec t ed  (8).  D e c o m p o s i t i o n  
of  secondary  o x i d a t i o n  p r o d u c t s  such  as t he  
d ihydrope rox ides ,  iden t i f i ed  ind i rec t ly  in  high-  
ly ox id ized  9,15-diene,  will f u r t h e r  compl i ca t e  
the  c o m p o s i t i o n  o f  volat i le  c o m p o u n d s  con t r i b -  
u t ing  to  f lavor and  o d o r  of  oils. A more  com- 
plete  i den t i f i ca t ion  of  t he  volat i le  p r o d u c t s  
fo rmed  in  the  o x i d a t i o n  o f  these  m o d e l  d ienes  
will yield a more  c o m p l e t e  u n d e r s t a n d i n g  of  t he  
f lavor de t e r io ra t ion  in oils con ta in ing  an  
~o-3 doub le  b o n d .  
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Intercorrelations among Plasma High Density Lipoprotein, 
Obesity and Triglycerides in a Normal Population 1 
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ABSTRACT 

The interrelationships among fatness measures, plasma triglycerides and high density lipoproteins 
(HDL) were examined in 131 normal adult subjects: 38 men aged 27-46, 40 men aged 
47-66, 29 women aged 27-46 and 24 women aged 47-66. None of the women were taking estrogens or 
oral contraceptive medication. The HDL concentration was subdivided into HDL2b, HDL2a and HDL 3 
by a computerized fitting of the total schlieren pattern to reference schlieren patterns. Anthropo- 
metric measures employed included skinfolds at 3 sites, 2 weight/height indices and 2 girth measure- 
ments. A high correlation was found among the various fatness measures. These measures were nega- 
tively correlated with total HDL, reflecting the negative correlation between fatness measures and 
HDL a (as the sum of HDL2a and 2b). Fatness measures showed no relationship to HDL 3. There was 
also an inverse correlation between triglyeeride concentration and HDL 2. No particular fatness mea- 
sure was better than any other for demonstrating the inverse correlation with HDL but multiple corre- 
lations using all of the measures of obesity improved the correlations. Partial correlations controlling 
for fatness did not reduce any of the significant correlations between triglycetides and HDL 2 to 
insignificance. The weak correlation between fatness and triglycerides was reduced to insignificance 
when controlled for HDL 2 . 

INTRODUCTION 

Growing evidence supports  a possible 
protect ive  role for serum high densi ty lipo- 
proteins  (HDL)  against a therosclerot ic  cardio- 
vascular disease (ASCVD) (1-7). The  evidence is 
based largely on  epidemiologic  studies in which 
only to ta l  HDL or HDL cholesterol  was mea- 
sured. Al though  he te rogenei ty  of  HDL has long 
been recognized,  the subdivisions of  HDL into 
HDL2 and HDL3 have recent ly  been reexam- 
ined and redef ined by Anderson  et al. (8). They  
c o n c l u d e d  that  the " p r o t e c t i v e "  effect  of  HDL 
resides in the more  rapidly floating fract ion,  
HDL2 and its subfract ions HDL2b and HDLza. 
Krauss et al., using statistical me thods  to 
subdivide HDL, arrived at the same conclusion 
(9). Anderson  fur ther  demonst ra ted  that  most  
o f  the variabil i ty of  to ta l  HDL and HDL 
cholesterol  is accounted  for by HDL2 (10). 

Two  factors  known to be inversely related to 
HDL are obesi ty  (3,6,11,12)  and serum levels 
o f  very low densi ty l ipoprote ins  (VLDL)  or  
tr iglycerides (TG) (3,5,10-14).  Obesi ty  and TG, 
in turn,  are known  to be correlated (11,15,16) .  
Anderson repor ted  that  the  negative corre la t ion 
b e t w e e n  V L D L  and HDL was entirely ex- 

Ipresented (in part) at the Annual Meeting of the 
Oil Chemists' Society in St. Louis, MO, May 1978. 

2Author to whom reprint requests should be 
addressed. 

plained by the negative corre la t ion be tween  
V L D L  and HDL2 (10). 

The role of  obesi ty in the relat ionship 
be tween  plasma tr iglycerides and HDL is no t  
known,  nor  has the relat ionship be tween  
obesi ty and the newly redefined HDL com- 
ponents  yet  been determined.  Data f rom a 
study of  plasma lipids and l ipoprote ins  in a 
group of  residents o f  Modesto,  CA (17) ,made  
possible an examina t ion  of  the intercorrela t ions  
among obesity,  triglycerides, HDL and HDL 
subfract ions measured by analytical  ultra- 
centr i fugat ion in an adult  popula t ion .  

METHODS 

Subjects 

The study popula t ion  was a random sub- 
sample of  a larger group of  residents of  Mod- 
esto, CA. The details o f  the popula t ion  and the  
cholesterol,  t r iglyceride and l ipoprote in  concen-  
t ra t ions  by age and sex have been previously 
repor ted  (17). The  obesi ty measurements  are 
repor ted  here for the  first t ime. The  sample for 
this s tudy was a group of  160 persons, 40 men  
and 40 women  aged 27-46, and 40 men and 40 
w o m e n  aged 47-66 (17). Of this group,  29 were 
excluded f rom this analysis since measurements 
on 2 men  and 1 woman  were no t  complete ,  and 
26 women  had been taking estrogen or  bir th 
cont ro l  pills. This left  a to ta l  popula t ion  of  
131. 

668 



HDL, OBESITY AND T R I G L Y C E R I D E S  669 

Plasma Lipids and Lipoproteins 

Plasma lipid and l ipoprotein measurements 
obtained and reported previously (17) were 
used for the calculations reported here. The 
blood for lipid and l ipoprotein analysis was 
drawn at a variable time during the morning 
after overnight fasting and a light fat-free 
breakfast (black coffee or tea, dry toast and 
orange juice). The selection of subjects was 
randomized with respect to day of examination 
and time of blood sampling (17). Plasma 
tri_glycerides and total  cholesterol were deter- 
mined by Technicon Autoanalyzer  (AAII)  
techniques already explained (18). 

The procedure for measurement of lipo- 
proteins, including VLDL and HDL, by analytic 
ultracentrffugation and the methods used for 
analysis of the schlieren pat tern and com- 
puterized corrections for baseline, concen- 
tration, Ogston-Johnson and viscosity effects 
have been described (19). 

HDL components were analyzed by the 
Anderson et al. method (8). The corrected HDL 
schlieren curve of  material floating at a density 
of  1.20 can be quantitatively represented as an 
array of heiflzhts , representing concentrations, 
along the Fy.20 0-9 flotation rate scale. This 
array can then be treated statistically in various 
ways. Classically,the summation of the intervals 

0 Ft.2o 0-3.5 has been denoted as HDLa whereas 
o Fi.20 3.5-9 has been denoted HDL2. Anderson 

et al. (8) have redefined the subdivision of 
HDL. Briefly, according to this method the 
array of heights is statistically resolved into 3 
overlapping curves denoted as HDL2b, HDLza 
and HDLa in order of increasing density, by 
computerized fitting of reference schlieren 
patterns to each individual curve. The reference 
schlieren patterns in turn had been derived 
from the analytic ultracentrifugation of 3 HDL 
components isolated by equilibrium density 
gradient ultracentrifugation of plasma from 
normal men and women. The 3 major com- 
ponents of HDL separated by this method fell 
within the density intervals 1.063-1.100, 
1.100-1.125 and 1.125-1.200. These density 
limits thus approximate the density charac- 
teristics of  HDL2b, HDLza and HDLa. 

Anderson's  subdivision of  HDL resulted in a 
shift of some material previously included in 
HDLa into HDL2a. Accord ing  to his data, the 
f lotat ion rate F~.20 3.5 usually taken as the 
upper limit of HDL3, is too high and includes 
some HDL2. Unless stated otherwise, HDLa in 
this paper indicates HDL3 defined by Anderson 
et al., and HDL2 indicates the sum of  HDL2b 
and HDLza as defined by Anderson et al. (8). 

In order to provide additional verification 

for the new subdivision, the Krauss et al. 
method was also used to subdivide the HDL 
schlieren pattern (9). Their subdivision was 
based on the results of correlation coeffi- 
cients between HDL and LDL subgroups. 
They found that the correlations between 
LDL subgroups and HDL of 0 Ft.20 0-1.5 were 
opposite in sign from the correlations with 
HDL of F~ 2-9, the crossover occurring 
between HDL~ 20 1 5 and 2. Accordingly, in 
that study and in this study, HDL was divided 
into 2 subgroups by the summation of 0 F t.2o 
flotation intervals 0-1.5, denoted HDL ~ and 

0 Ft.2o 2-9, denoted HDL 2-9 (9). Correlations 
were carried out  between these HDL subgroups 
(9) and the HDL subgroups measured by the 
Anderson et al. techniques (8). 

Anthropometric Measurements 

Height, weight, girth at the waist and girth at 
the iliac crest were recorded. Skinfold thickness 
was measured at 3 sites (scapular [scap],  triceps 
and forearm) using Lange skinfold calipers. 
Body index (wt/ht  2 x 100) and ponderal index 
( h t / ~ ' ~ )  were calculated from weight in 
pounds and height in inches. 

Statistics 

Simple correlat ion coefficients were calcu- 
lated between triglycerides, each measurement 
of fatness and total  HDL and each of its com- 
ponents. Multiple correlations and forward 
regressions were also carried out using each 
lipid measurement in turn as the dependent 
variable, and all of  the obesity measurements as 
independent variables (20). Partial correlations 
also were carried out, controlling for obesity or 
for single lipid variables. 

RESULTS 

Table I gives the mean anthropometric  
measures, plasma triglycerides and cholesterol 
for the 4 age-sex groups. Women had greater 
triceps and forearm skinfold thickness than 
did men of the same age group (p < 0.001). 

Simple Pearson correlation coefficients 
showed that  the obesity measures were inter- 
related (Table II). The 2 body indices, ponderal 
index and body index, were highly (and in- 
versely) intercorrelated in all 4 age-sex groups 
(r=0.93-0.97) as were the 2 girths (r=0.81 - 
0.91). The correlation was negative because 
ponderal  index decreases whereas body index 
increases with increasing fatness. Girths were 
rather highly correlated with indices (/r /= 
0.56-0.91). Of the skinfolds, scap was generally 
most highly correlated with the indices (/r/= 
0.62-0.85) and girths (/r/=0.59-0.82). Scap also 
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was corre la ted with tr iceps ( I"=0.63-0 .85)and 
less strongly wi th  fo rearm (r=0.25-0.58).  
In all 4 age-sex groups,  scap was the  skinfold 
mos t  highly corre la ted wi th  b o d y  index,  
fo l lowed in order  by t r iceps  and forearm. Waist 
c i rcumference ,  b o d y  index and scap were 
selected as representa t ive  of the  3 types  of  
fatness measures:  girth, height-weight  indices 
and skinfolds,  for  calculating the  re la t ionships  
be tween  fatness and lipid fract ions.  

The corre la t ion  be tween  HDL 2-9 and HDL2 
was greater than  0.99 (p < 0.001) in all 4 
age-sex groups. Moreover.  the corre la t ion 
be tween  HDLa and HDL 6-1"s was be tween  
0.96 and 0.97 (p < 0.001) for  the 4 age-sex 
groups. 

The corre la t ions  be tween  TG and V L D L  
were 0.94, 0.92, 0.72 and 0.98 (all p < 0.001) 
for  the younger  and older men  and younger  and 
older  women ,  respect ively (no t  shown).  Corre- 
lat ions wi th  TG thus  reflect  corre la t ions  wi th  
VLDL. The lower  correla t ion for younger  
w o m e n  is possibly expla ined by imprecis ion o f  
VLDL measu remen t  at low levels o f  VLDL. 
Triglycerides will be used in the analyses to 

follow. 
Table III shows the  simple (Pearson)  corre- 

la t ion coeff ic ients  be tween  selected an thro-  
pomet r i c  measures  and HDL c o m p o n e n t s ,  to ta l  
HDL and triglycerides.  One or more  fatness  
measures  were inversely corre la ted  wi th  HDL2b, 
HDLza, and wi th  tota l  HDL in mos t  age-sex 
groups  and. for the  group as a whole ;  the  
corre la t ions  wi th  HDL2b, HDL2a and total  HDL 
were similar and were s t rongest  for younger  
men  and older  w o men .  Fatness  measures were 
no t  corre la ted significantly wi th  HDL3 in any 
group except  for  a positive corre la t ion  (r=0.27,  
p < 0.01) wi th  waist c i rcumference  in the  
group as a whole.  The corre la t ions  be tween  
height  and HDL subfrac t ions  were incons i s t en t ;  
height  was inversely corre la ted  wi th  tota l  HDL 
in young  men  but  direct ly corre la ted  in young  
women .  

The negative corre la t ion  seen be tween  
fatness  measures  and to ta l  HDL could be 
ent i re ly  accoun ted  for  by  the  negative corre-  
la t ion b e t w een  each measure and HDL2b and 
HDL2a, the  corre la t ion  wi th  HDL2b being 
slightly stronger.  Total  HDL was almost  as 

TABLE III 

Pearson Correlation Coeff ic ients  b e t w e e n  Selected Obesity  Measures, 
Height, HDL and Its Fractions and Triglyceride 

Soap Waist Body index Triglyceride Height 

HDL~a -0.39 a -0.28 -0.25 -0.42 b -.31 
-0 .20  -0 .24  -0.12 -0 .25 - .04 
-0.03 0.04 -0.02 -0 .40  a .37 a 
-0.58 b -0.53 b -0.26 -0.73 c .07 
-0.23 b -0.49 c -0.26 b -0.42 c -.44 c 

HDL~b -0.38 a -0.36 a -0.30 -0.46 b -.26 
-0.32 a -0.33 a -0.31 a -0.20 -. 13 
-0.32 -0.26 -0.33 -0.44 a .49 b 
-0 .43 a -0.28 -0.22 "0.48 a .13 
.0.27 b -0.47 c -0.37 c -0.33 c -.32 c 

HDL a -0.06 -0.04 -0.03 0.34 a -. 19 
0.00 0.10 0.15 0.03 .04 
0.14 0.10 0.06 0.28 -.23 
0.14 0.07 0.00 0.33 -.45 a 
0.08 0.2713 0.16 0.33 c .07 

Total HDL -0.40 a -0.32 a -0.28 -0.31 -.36 a 
-0.27 -0.26 -0.16 -0.22 -.07 
-0.25 -0.19 -0.16 -0.46 a .51 b 
-0.55 b -0.44 a -0.29 -0.59 b - .04 
-0.27 b -0.46 c -0.31 b -0.32 b -.41 c 

Triglyceride 0.23 0.22 0.30 
0.01 0.11 0.20 

-0.08 -0.07 -0.06 
0.57 b 0.74 c 0.27 
0.26 b +.38 c 0.25 b 

Order: Men 27-46 
and women (N-131). 

ap < 0.05. 
bp < 0.01. 
Cp < 0.001. 

(N-38); men 47-66 (N-40) ; w o m e n  27-46 (N-29);women 47-66 (N-24). All men 
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satisfactory as HDL2a or HDL2b for showing 
the negative relationship between HDL and 
scap. 

Triglyceride concentration was significantly 
inversely correlated with HDL2b, HDL2a, or 
both except in older men (Table III). Chol- 
esterol (not shown) was not related to HDL2 
but in the group as a whole both cholesterol 
and triglycerides were directly correlated with 
HDLa. 

The correlations between triglycerides and 
fatness were weak and significant only for older 
women and for the group as a whole. 

Since HDL2 and triglycerides were the lipid 
fractions most clearly related to fatness, further 
statistical analysis is reported only for these 
fractions. Multiple correlations and forward 
regressions were carried out using all 7 fatness 
measures as the independent variables and 
either triglycerides or HDL2 (the sum of HDL2b 
and HDLza) as the dependent variable. Table 
IV shows the maximal significant multiple r and 
r 2 and the sign of the partial slope of the 
individual fatness measurements which con- 
tributed to the maximal significant r 2 at the 5% 
level. Since no significant correlations for 
triglycerides were observed in older men or 
younger women, data on these relationships are 
omitted from the table. However, their in- 
clusion in the "al l"  category did not reduce the 
contribution of any of the fatness variables to 
insignificance. The strongest statistical effect of 
fatness measurements was in younger men and 
older women. For the group as a whole, the 
multiple correlations indicated that fatness 

accounted for 25% of the variance (r 2 x 100) 
of triglycerides (p < 0.001) and 32% of the 
variance of HDL2 (p < 0.001). 

The magnitude of the individual contri- 
bution of each fatness variable to total r 2 of 
triglycerides and HDL2 was difficult to assess 
since the fat measurements were highly inter- 
correlated, and the order varied for each age-sex 
group. However, the direction of the effect of 
the fatness variables showed certain patterns of 
interest. The slope of the regression of trigly- 
cerides on scap was always positive and that of 
HDL2 and scap always negative. Although in 
simple correlations the limb skinfolds corre- 
lated little if at all with triglycerides or HDL2, 
(not shown), triceps and/or forearm skinfold 
bore a relatiofiship to triglycerides and HDL2 
opposite to that of scap, i.e., negative for 
triglycerides, positive for HDL2, evident in 
most groups shown in Table IV. The trend was 
strongest for older women in whom scap 
contributed 28 (-) and limb skinfolds together 
5% (+) of the variance of  HDL2 (not shown). 
Although the 2 circumferences, when signifi- 
cant, were positively related to triglycerides, 
they varied in sign in their relationship to 
HDL2 and not always in the same direction. 
The sign of each index was always the same as 
the sign of the other. Since body index is 
directly related whereas PI is inversely related 
to fatness (or bulk), the effects of fatness as 
indicated by the 2 indices were opposite to 
each other for both triglycerides and HDL2 in 
all groups in which both indices appeared. 

Partial correlations were carried out control- 

T A B L E  IV 

Multiple Corre la t ions  and  Regressions o f  H D L  2 (HDL2b and 2a) 
or  Tr iglycer ides  on  All Seven Fatness  Measures a 

Tr ig lycer ides  H D L  2 

Men W o m e n  Men W o m e n  
All m e n  ; All m e n  ; 

( 2 % 4 6 )  (47-66)  all w o m e n  (27-46)  (47-66)  (27-46)  (47-66)  all w o m e n  

Scap + + + 
Triceps (+) 
F o r e a r m  (-) + + 
Waist + + + (_) 
Iliac + + 
PI 
Body index 
Mult iple r 0 .45 0 .90  0 .50  0 .59  0.31 
Multiple r 2 0 .20  0 .80  0.25 0.35 (0 .09)  
P 0.05 0.001 0.001 0.05 (0 .054)  

(-) + + 
+ (§ + 

+ 

+ + 
+ + + 

0 .58  0.71 0 .56  
0 .33  0 .56  0.32 
0 .05  0 .05  0.001 

aThe  m a x i m u m  signif icant  r 2 (p < 0 .05)  and  the  sign o f  the  s lope o f  fa tness  var iables  t ha t  co n t r i b u t ed  to  it 
are shown .  Absence  o f  a sign indica tes  tha t  the  fatness  measu re  did n o t  con t r i bu t e  s ignif icant ly  to  r 2. Where  the  
measu re  c o n t r i b u t e d  to  r ~ w i th  p > 0.05 but  < 0 .10 ,  the  sign is in paren theses ,  bu t  the  measu re  was no t  inc luded  
in the  r 2 listed. Since there  were  no  signif icant  cor re la t ions  b e t w e e n  t r ig lycer ide  and  an y  fa tness  measu re  (a lone  
or  in c o m b i n a t i o n )  for  o lder  m e n  and y o u n g e r  w o m e n ,  da ta  on  these  are o m i t t e d  f r o m  the  table  bu t  are inc luded  
in the  " a l l "  ca tegory .  
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ling for triglycerides, for HDL2 (as HDL2b+za) 
and for scap. The results are shown in Table V. 
Controlling for triglycerides slightly reduced 
the significant correlations between HDL2 and 
scap but the correlation was reduced to insig- 
nificance only in older women. Controlling for 
scap slightly decreased the correlations between 
triglycerides and HDL2 but none of the signifi- 
cant correlations was reduced to insignificance. 
Controlling for HDL2 eliminated the few 
significant correlations between scap and 
triglycerides. Controlling for height (not 
shown) had no effect on any significant corre- 
lation. 

DISCUSSION 

The weU known inverse relationship between 
plasma HDL concentration and fatness was 
shown in this study to be entirely accounted 
for by HDL2 and its subfractions, HDL2b and 
HDL2a as defined by Anderson et al. (8). 
Fatness had no correlation or at best only a 
weak positive correlation with HDL3. There 
was little difference between HDL2b and 
HDL2a in showing the negative correlation with 
obesity. For epidemiologic studies, then, total 
HDL2 or for that matter total HDL thus 
adequately reflects the correlation between 
obesity and HDL. 

As previously reported for VLDL (10), 
plasma triglyceride concentration was nega- 
tively correlated with HDL2 and positively 
correlated with HDL3. This positive correlation 
is at variance with the older literature, reviewed 
by Anderson et al. (8), in which HDL3 tended 
to share with HDL2 a negative correlation with 
VLDL. Anderson et al. (8) using physico- 

chemical techniques, redefined the subdivision 
of HDL into its component parts, HDL2 and 
HDL3, and presented evidence for 2 HDL2 
subfractions, HDL2b and HDL2a (see Methods). 
The reclassification resulted in a shift of the 
most rapidly floating portion of HDL3 into 
HDL2a as newly defined (8). For the first time 
a positive correlation between HDL3 and 
VLDL was observed (10), suggesting that the 
negative correlation previously observed may 
have resulted from contamination of HDL3 
with HDL2. The nature of the correlation 
between HDL3 and VLDL in various hyper- 
lipidemic states and in other populations 
remains to be determined. 

Krauss et al. (9) found that the correlation 
between VLDL and HDL material falling 
between the flotation intervals 0 F1.2o 0-1.5 
(HDL ~ (see Methods) was positive whereas 
the correlation with HDL material in the 

o flotation intervals F1.2o 2-9 (HDL 2-9) was 
negative. The very high intercorrelations 
between HDL2b+2a and HDL 2-9 and between 
HDL3 and HDL ~ shown in this study 
indicate that, for statistical purposes, HDL 2-9 
reflects HDL2b+2a and HDL ~ reflects HDL3. 
Thus, the Anderson et al. physiocochemical 
data (8) and the Krauss et al. statistical data (9) 
suggest that the flotation range of HDL3 is 

0 closer to F1.20 0-1.5 than to the older defi- 
nition Fi.20 0-3.5 and is thus more narrow than 
that classically defined. 

Although fatness and triglycerides were both 
significantly inversely correlated with HDL2 in 
the group as a whole, they were only slightly 
correlated with each other, the correlation 
being strongest for younger men and older 
women, and for the group as a whole. While the 

TABLE V 

Simple Correlations and Partial Correlations between Soap, 
HDL2 (as HDL~a and 2b) and Triglycerides a 

Men W o m e n  

(27-46)  (47-66)  (27-46)  (47-66)  
All men;  

all w o m e n  

HDL 2 with Scap 
Simple -0.4 lb  -0 .28 -0.27 -0.53 c -0 .28 c 
Controlled for TG -0.37 b -0.29 -0.35 -0.30 -0.19 b 

HDL 2 with TG 
Simple -0 .46 c -0 .24 -0 .50 c -0 .62 d -0.40 d 
Controlled for Scap -0.42 c -0 .25 -0.54 c -0.45 b -0.35 d 

Scap with TG 
Simple 0 .23  0.01 -0.08 0 .57  c 0 .26  c 
Controlled for HDL 2 0 .03  -0.06 -0.25 0 .36  0 .17  

a2-tailed significance test was used for the partial correlations. 
bp < 0.05.  
Cp < 0.01.  
dp < 0 .001.  
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postprandial sampling might account for the 
weakness of  the correlation, similar low-grade 
correlations between triglycerides and fatness 
have been widely reported in the literature 
(11,15-16). Inabili ty to measure fat mass 
accurately may also be responsible for the 
weakness of  the correlations with triglycerides. 
There is no generally satisfactory method for 
measuring total  body fat. The cumbersome 
densitometric method based on underwater 
weighing is generally thought to be the most 
accurate and correlates well with single or 
multiple skinfold measurements (21). Bray et 
al. found that scapular skinfold thickness, 
despite its substantial error of  measurement, 
was second best of  8 measurements in reflecting 
weight loss of  obese women undergoing weight 
reduction with drug therapy (22). It is possible 
that skinfold measurements are preferable to 
densitometric methods for estimating body fat, 
since the constancy of composit ion and density 
of the lean body mass on which the densitom- 
etric method depends has been challenged 
(23,24). In this study, the 3 skinfolds were the 
fat measures most frequently retained in the 
multiple correlations as contributing to the 
effect of fatness on triglycerides and HDLz. 

The improvement of the correlations be- 
tween fatness measures and both triglycerides 
and HDL2 in this study could have resulted 
from the bet ter  estimate of fatness afforded by  
multiple measurements. Another  possibility is 
that some specific features of fatness were 
uncovered by the multiple correlations. The 
contribution of  the limb skinfolds was usually 
opposite in sign to that of  scap, suggesting that 
the preponderance of central over peripheral 
obesity characteristic of  adult-onset obesity 
(15,25) favors high triglycerides and low HDL2. 
A similar conclusion was drawn for triglycerides 
in an earlier study (15). These data even suggest 
a slight protective effect of fatness of extrem- 
cries against low HDL~. The physiological 
significance of central obesity may also be 
different from that of peripheral obesity, as 
shown in the Framingham study by a positive 
correlation between scapular skinfold thickness 
and risk of  nonmyocardial  infarction ischemic 
heart diseases, but  inverse correlation of  such 
risk with arm skinfold thickness (26). 

In the multiple correlations, the effects on 
triglycerides and HDL2 of  body bulk assessed 
by body index was opposite from that assessed 
by PI. Height or some other aspect of lean body  
mass, reflected to a different degree by the 2 
indices, could be important  in the regulation of  
triglycerides and HDL2. 

The reason for the stronger correlations 
between some fatness measures and HDL 

fractions in younger men and older women than 
in older men and younger women is unknown. 
Sampling bias with uneven distribution of 
environmental and other factors known to 
influence HDL and triglycerides is possible. A 
high correlation between fatness and lipid 
fractions in older women similar to that ob- 
served here was noted in the Framingham study 
(11). Possibly younger men and older women 
are undergoing weight gain. Bierman reported a 
later rise and decline in weight with advancing 
age in women compared tG r ,  en (27). 

Partial correlations were carried out  to test 
the possibility that  since fatness and trigly- 
cerides were both negatively correlated with 
HDL2, fatness might contribute to the observed 
correlation between triglycerides and HDL2. 
Controlling for fatness (scap) only slightly 
decreased the significance of correlations 
between triglycerides and HDL2 and none was 
rendered insignificant. The correlation between 
fatness and HDL2 was only slightly reduced by 
controlling for triglycerides except in older 
women in whom the significant correlation was 
abolished. For  the remaining groups, fatness 
was more strongly associated with HDL2 than 
with triglycerides. Controlling for HDL2 
abolished the few weak significant intercorre- 
lations between triglycerides and scap. It thus 
appears likely that  the relationship between 
fatness and triglycerides was dependent  on the 
relationship of each with HDL2. 

The mechanism for the statistical effect of 
fatness and of  triglycerides on HDL2 is un- 
certain. A role for HDL as a receptor  of surface 
components  released by degradation of  VLDL 
and chylomicrons has been postulated (28). 
The increase in HDL free cholesterol and 
phospholipids with increasing total  HDL levels 
(29) and with increasing HDL2 (30) is con- 
sistent with the hypothesis that  brisk catab- 
olism of  VLDL, by providing essential com- 
ponents for HDL2, is associated with low 
triglycerides and high HDL2, as is the positive 
correlation between HDL and adipose tissue 
l ipoprotein lipase (31). Impaired triglyceride 
catabolism would account for the association 
between elevated triglycerides and low HDL2. 
The role of HDLa in this system is unknown. 
Possibly it is a precursor of HDL2 (32). 

The basis for the relationship of  HDL2 with 
fatness is unknown, but the insulin resistance of  
large adipose ceils of  adult-acquired obesity 
(33) and consequent decreased activity of 
l ipoprotein lipase, an insulin-sensitive enzyme, 
could be a factor. Since the relationship was 
statistically independent of the inverse corre- 
lation between triglycerides and HDL2, de- 
creased HDL2 could be a more sensitive sign of  
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subtle impairment of VLDL or chylomicron 
removal than is plasma triglyceride concen- 
tration. 

Considering the multitude of factors possi- 
bly affecting H D L  levels, e.g., age, sex, sex 
hormones, activity, smoking and alcohol (34), 
the effect of obesity measured by multiple 
correlations was remarkably large. For the 
group as a whole, nearly one-third of the 
variance of HDL2 was accounted for by multi- 
ple fatness measures. It may be that better 
definition of obesity will further increase the 
variability of HDL accounted for by degree of 
obesity. 
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Effect of Different Fatty Acids on Triacylglycerol Secretion 
in Isolated Rat Hepatocytes 

o 

B, AKESSON, Department of Physiological Chemistry, University of Lund, Lund, Sweden 

ABSTRACT 

Lipoprotein triacylglycerol secretion was studied in isolated rat hepatocytes incubated with differ- 
ent albumin-bound fatty acids and labeled glycerol. The release of labeled triacylglycerol was stimu- 
lated more by unsaturated fatty acids than by saturated ones. When lipoprotein secretion was related 
to cell triacylglycerol synthesis, an effect of unsaturation was no longer observed. Instead the secretion 
rate, expressed in this manner, increased with increasing fatty acid chain length. For the first time, the 
secretion of molecular species of triacylglycerol has been studied. The distribution of labeled glycerol 
among different species was the same in the cells and in the secreted product, indicating that different 
triacylglycerols were secreted without selectivity. It is concluded that the fatty acid structure influ- 
ences lipoprotein triacylglycerol secretion and it is emphasized that the effects observed depend on the 
method of quantitation of the secretion rate. 

INTRODUCTION 

Fatty acids are secreted from the liver 
mainly as triacylglycerol in very low density 
lipoproteins (VLDL). The rate of VLDL 
secretion varies considerably in different 
nutritional and metabolic states and increased 
VLDL production is encountered in some types 
of hyperlipemia. Studies with perfused liver 
have shown that increased availability of fatty 
acids to the liver dramatically stimulates VLDL 
secretion (1,2). Previously, we showed that 
hepatocytes isolated after collagenase perfusion 
are capable of  lipoprotein secretion (3). In this 
system, fatty acids stimulated lipoprotein 
secretion but so far the effect of different fatty 
acids had not been investigated. 

Dietary intake of different fatty acids 
markedly affects lipoprotein composition and 
turnover (4), although the mechanisms behind 
these changes remain unclear. One possibility 
is that the stimulatory effect of fatty acid on 
lipoprotein secretion from the liver is depen- 
dent on fatty acid structure. Previous studies 
indicated that all long-chain fatty acids were 
well incorporated into lipoproteins secreted by 
the liver (2), but preliminary studies in our 
laboratory suggested that completely saturated 
triacylglycerols were secreted at a lower rate 
(5). Therefore, the secretion of different 
molecular species of triacylglycerol from 
isolated hepatocytes has been studied in detail. 
The results suggest that both fatty acid unsatu- 
ration and chain length influence lipoprotein 
triacylglycerol secretion, depending on the 
method for measurement of secretion rate. 

EXPERIMENTAL 

Materials 

Radiochemicals were obtained from the 

Radiochemical Centre, Amersham, U.K. Col- 
lagenase, type I, was obtained from Sigma, St. 
Louis, MO. Bovine serum albumin was obtained 
from Serva, Heidelberg, FRG, and was defatted 
according to Chen (6). 

Preparation and Incubation of Hepatocytes 

Hepatocytes were prepared from male 
Sprague-Dawley rats fed a balanced diet ad 
libitum as described previously (7,8). The cells 
were incubated in duplicate in 1 ml of Hanks' 
buffer containing 10 mM phosphate (pH 7.4), 
2% albumin, an amino acid mixture described 
by East et al. (9), albumin-bound fatty acids as 
indicated and usually 10 nmol [1(3)-3H] - 
glycerol. The mixtures were incubated at 37 C 
in 25-ml Erlenmeyer flasks by shaking at 60-80 
strokes/min. Blank incubations lacking c e l l s  
were included in the experiments. After incu- 
bation, the ceils and the medium were sepa- 
rated by low-speed centrifugation as described 
previously (3). In preliminary experiments, this 
procedure sometimes gave too high a measure 
of lipoprotein secretion, since the medium also 
contained some membrane fragments. There- 
fore, the low-speed supernatant was routinely 
centrifuged at 100,000 x g for 40 min in a MSE 
50 ultracentrifuge. 

Lipid Analyses 

Lipids were extracted from the cells and the 
medium, and the extracts were washed as 
described previously (3). They were separated 
by thin layer chromatography (TLC) on Silica 
Gel H with diethyl ether/petroleum ether/acetic 
acid (30:70:1) as developing solvent. Radio- 
activity in triacylglycerol, fatty acid, diacyl- 
glycerol and polar lipids was measured by liquid 
scintillation (10). Triacylglycerols isolated by 
TLC were also separated into molecular species 
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by argentat ion TLC (11). Protein was deter- 
mined according to Lowry  et al. (12) using 
human serum albumin as standard. 

R ESU LTS 

Effect of Fatty Acid Concentration 

In hepa tocytes  incubated with l0  nmol  
[3H]glycerol ,  the maximal  amount  of  3H in 
lipid was at tained after ca. 30 min and there- 
after underwent  l i t t le change for 1 hr  (3). Af te r  
an initial lag, secret ion o f  [3H]t r iacylg lycerol  
s tar ted;  90 min was a suitable incubat ion  time. 
Less than 5% of  lipid 3H was found in the fat ty  
acid moieties. Oleic acid s t imulated triacyl- 
glycerol  secret ion f rom isolated hepa tocy tes  
(Fig. 1). In most  exper iments ,  0.25-0.75 mM 
oleic acid gave near maximal  s t imulat ion,  
whereas 1 mM oleic acid was inhibi tory.  In a 
few exper iments ,  1 mM oleic acid also st imu- 
lated l ipoprote in  secretion,  whereas triacyl- 
glycerol synthesis in the cell was always mark- 
edly s t imulated by increasing concent ra t ions  o f  
fa t ty  acid, as observed previously (10). The low 
secret ion in the presence of  1 mM oleic acid 
(Fig. 1) was therefore  not  secondary to inhi- 
bi t ion of  t r iacylglycerol  synthesis. Instead, at 
high concentrat ions,  the free fa t ty  acid itself 
probably interfered with some step in lipo- 
prote in  assembly or  secretion.  The reason for 
the variable response to 1 mM fat ty  acid in our  
exper iments  is unknown.  Perhaps isolated 
hepa tocytes  are more susceptible to such a 
toxic  ef fec t  than the intact  l iver and the per- 
fused liver. It  recent ly was observed also in 
cul tured hepa tocytes  (13). Perfusion of  liver 
with high concent ra t ions  o f  fa t ty  acids does no t  
inhibit  l ipoprote in  secret ion (1,2). 

Effect of Different FatW Acids 

Lipoprote in  secret ion f rom hepa tocytes  
incubated with 0.25 mM or 0.5 mM fat ty  acids 
was then investigated. The relative effects  of  
di f ferent  fa t ty  acids were similar at bo th  
concent ra t ions  and therefore  only the results 
with the lower  concent ra t ion  are presented 
(Figs. 2 and 3). The  mean secret ion of  [3H]-  
t r iacylglycerol  at 90 min, expressed as the 
percentage of  added 3H was: l a u r a t e - 0 ; 4 3 ;  
m y r i s t a t e - 0 . 6 4 ;  p a l m i t o l e a t e - 0 . 9 8 ;  s t e a r a t e -  
0 .45;  o l e a t e - 0 . 7 0 ;  and control  wi thou t  fa t ty  
a c id -0 .19 .  This absolute amoun t  of  secreted 
[3H]t r iacylglycerol  varied somewhat  be tween  
different  exper iments  but  the  relative effect  o f  
different  fa t ty  acids was always the same. To 
facili tate the comparison be tween  fa t ty  acids, 
the amount  of  [3H]t r iacylglycerol  in the 
100,000 x g supernatant  after incuba t ion  with 
0.25 mM oleic acid for 90 min was set at 1.0 
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FIG. 1. Effect of oleic acid on l ipoprotein 
secretion in isolated hepatocytes. Isolated hepato- 
cytes were incubated for 90 rain with [SH]glycerol 
and albumin-bound oleate as described in Experi- 
mental. Symbols: % of added ~H recovered in cell 
lipids (zx) and triacylglycerol of the medium 100,000 
X g supernatant (o); o, 100 X (lipid 3H in medium 
supernatant)/aH in cell lipid. 
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FIG. 2. Effect of different fatty acids on lipo- 
protein secretion in isolated hepatocytes. Isolated 
hepatocytes were incubated with 0.25 mM fatty acid 
as described in Fig. 1 and the amount of 3H in tri- 
acylglycerol of the medium 100,000 X g supernatant 
was determined. The value obtained in each experi- 
ment after 90 rain incubation with 0.25 mM oleate 
was set at 1.0 and other data were calculated relative 
to this. Data are means (SE) from 3 experiments. 
Symbols: o, no fatty acid; o, laurate; A, myristate; 
�9 , stearate; e,  palmitoleate; A, oleate. 

and o ther  data were then  normal ized relative to 
this value (Fig. 2). 

All fa t ty  acids tested s t imulated triacyl- 
glycerol  secretion. Palmitoleate ,  myris ta te  and 
oleate were the most  s t imulatory,  whereas 
laurate and stearate were less effect ive (Fig. 2). 
This indicates that ,  when measured in this way, 
l ipoprote in  secret ion was s t imulated more  by 
unsaturated fa t ty  acids than by  saturated ones. 
The secret ion measured as the release of  [ 3H]- 
t r iacylglycerol  may,  however ,  depend to some 
ex ten t  on the to ta l  incorpora t ion  of  [3H]-  
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FIG. 3. Lipoprotein secretion relative to cell 
triaeylglycerol, radioactivity. The experiments were 
performed as described in Fig. 2 and the ratio medium 
triacylglycerol 3H/cell triacylglycerol 3H was calcu- 
late& The value in each experiment obtained from 
incubations with 0.25 mM oleate at 90 min was set at 
1.0 and other data were calculated relative to this. 
Symbols are as in Fig. 2. 

glycerol into cell tricylglycerol. Several experi- 
ments with [14C]-labeled fatty acids showed 
that the uptake into cell lipids, mainly triacyl- 
glycerol, increased with chain length for satu- 
rated fatty acids (Table I). Similar differences 
were seen in the incorporation of [aH] glycerol 
into cell triacylglycerol. At 90 min, the incor- 
poration was: (0.25 mM) lau ra t e -4 .79 ;  myris- 
t a te -6 .85  ; palmitoleate-  15.3 ; stearate-3.21 ; 
o leate-5 .49;  and control without fatty ac id-  
1.37% of added all. 

To obtain a measure of triacylglycerol 
secretion independent of differences in cell 
triacylglycerol synthesis, the ratio [ aH]- 
triacylglycerol in medium supernatant/cell 
[aH] triacylglycerol was calculated (Fig. 3). To 
facilitate a comparison between fatty acids, the 
ratio obtained in each experiment after incu- 
bation with 0.25 mM oleic acid for 90 min 

TABLE I 

Lipid Synthesis from Different Fatty Acids 
in Isolated Rat Hepatocytes a 

[t4C] Fatty acid 0.25 mM 0.5 mM 

Linoleate 31.0 21.6 
Myristate 37.1 40.3 
Palmitate 52.1 53.4 
Oleate 34.2 33.7 
Linoleate 48.9 50.7 

aIsolated hepatocytes  were incubated for 90 min 
with the indicated [14C] fatty acid (0.25 or 0.S mM) 
as described in Experimental. The incorporation into 
cellular lipids is expressed as the percentage o f  added 
t4C (means from 2 experiments).  

(mean ratio 0.146) was set at 1.0 and other 
data were calculated relative to this. When 
presented in this way, the data indicate smaller 
differences between different fatty acids than 
those shown in Figure 2. The relative triacyl- 
glycerol secretion increased with acyl chain 
length but no influence of unsaturation could 
be observed. Thus, the selective effects of 
different fatty acids on triacylglycerol lipo- 
protein secretion measured as release of newly 
synthetized triacylglycerol can be explained by 
at least 2 mechanisms in this system. First, 
differences in cell uptake and triacylglycerol 
synthesis from different fatty acids give rise to 
variable amounts of cell triacylglycerol, the 
precursor of lipoprotein triacylglycerol. Second, 
when these factors have been taken into ac- 
count, the fatty acyl chain length apparently 
influences the secretion by some other mech- 
anism. 

Secretion of Molecular Species 
of Triacylglycerol 

Administration of a single fatty acid to liver 
preparations will change the fatty acid compo- 
sition of hepatic triacylglycerol. This holds for 
the perfused liver (1,2) and also for suspended 
hepatocytes (data not shown). The added fatty 
acid would also be expected to dominate in 
secreted lipoprotein triacylglycerol, as observed 
in perfused liver (14). It is unknown, however, 
whether arty molecular species of triacyl- 
glycerol is secreted preferably. Therefore, the 
distribution of radioactivity among triacyl- 
glycerols of different degrees of unsaturation 
w a s  compared in cells and medium (Table II). 
The data for cells and medium were very similar 
indicating that labeled cell triacylglycerol 
species were secreted without selectively. The 
distribution of molecular species among cell 
triacylglycerols (Fig. 4) and medium triacyl- 
glycerols was relatively constant at different 
incubation times, and therefore the comparison 
in Table II is not complicated by any time- 
dependent changes. 

As communicated previously, some of the 
experiments indicated that saturated triacyl- 
glycerols were secreted to a lesser degree than 
unsaturated ones, when hepatocytes were 
incubated with 1 mM saturated fatty acid (5). 
This may indicate that there is an upper limit 
for the amount of saturated triacylglycerol, 
which can be accomodated within the lipo- 
protein particles secreted from the liver. The 
influence of such a concept in vivo when a 
mixture of fatty acids is taken up by the 
hepatocyte cannot be assessed until  further 
experimental evidence is available. 
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TABLE II 

Effect of  Different Fatty Acids on the Secretion of  Different Molecular Species 
of Triacylglycerol from Isolated Rat Hepatocytes a 

Triacyl- 
glycerol 
s o u r c e  

No. of 
double bonds in 
triacylglycerol 

Fatty acid addition 

Laurate Myristate Palmitate Stearate Oleate 

Medium 

Ce.s 

I 36.7 28.5 22.5 6.4 I 0.0 0 3.3 
1 21.0 29.4 28.6 22.6 15.9 
2 6.2 10.9 10.5 19.8 30.9 
3a 6.0 I 43.3 
3b 14.1 5.6 9.2 5.3 15.2 7.0 

4 5.0 I 26.0 22.4 23.7 24.9 33.8 > 4 65.4 

f 39.0 31.5 21.6 7.1 f 1.9 0 2.1 
1 20.3 26.9 29.2 22.9 18.7 
2 7.7 9.1 13.4 19.2 30.6 
3a 5.3 I 8.6 5.8 7.5 14.6 42.3 
3b 14.6 5.6 

4 4.9 t 23.1 22.5 22.4 24.8 31.6 3> 4 65.3 

aHepatocytes were incubated for 90 min in Hanks' buffer containing amino acids (as specified in 
Experimental), 2% albumin, 0.25 mM fatty acid and [all]glycerol. Triacylglycerols from cells and 
medium were separated according to unsaturation by argentation chromatography and the percentage 
distribution o f  aH among molecular species of  triacylglyeerol is shown in the Table. Data represent 3-5 
experiments. 

DISCUSSION 

Free fat ty  acid taken up f rom plasma is the  
major  precursor  of  VLDL-tr iacylglycerol  se- 
creted by the  liver (2), a l though fat ty  acids 
synthet ized within the liver also may contr ibute  
(15). Also, in humans on a high-carbohydrate  
diet, a significant p ropor t ion  o f  VLDL-fa t ty  
acid was synthet ized within the  liver (16). In 
individuals consuming fat-rich Western-type 
diets, the major  V L D L  precursor  would  there- 
fore be plasma fat ty  acid. Dietary fa t ty  acids 
rapidly appear  as plasma fa t ty  acid (17), and 
fur thermore ,  a dietary change f rom saturated to 
unsaturated fat decreases serum tr iacylglycerol  
as well as serum cholesterol  (4). It was there- 
fore hypo the t i zed  that such a change in plasma 
fa t ty  acid composi t ion  influences hepat ic  
VLDL-secre t ion so that  the plasma triacyl- 
glycerol  level decreases (14). 

In perfused rat liver, dif ferent  fa t ty  acids 
were taken up at the same rate, but  triacyl- 
glycerol secret ion increased with saturated fa t ty  
acid chain length and decreased with the 
number  o f  double  bonds (2). Using a blood-free 
perfusion medium,  Wilcox et al. (14) observed 
that  unsaturated fat ty  acids p romoted  a larger 
t r iacylglycerol  ou tpu t  than saturated fa t ty  
acids, but  no inf luence o f  chain length or 
number  o f  double  bonds within the 2 groups of  
fa t ty  acids could be found.  Also, in cul tured 
hepatocytes ,  unsaturated fa t ty  acids were more 
s t imulatory  than saturated ones (13). Soler- 

Argilaga et al. (18) found,  however ,  that  liver 
uptake  o f  fa t ty  acids increased with increasing 
number  o f  double  bonds and decreasing chain 
length. In our  system, some differences in 
uptake were no ted  but  more  impor tan t  was the 
variabili ty in use of  fa t ty  acids for ox ida t ion  
and esterif icat ion,  respectively.  The  differences 
in esterif ication,  also observed previously (10), 
were ref lected in t r iacylglycerol  secret ion (Fig. 
2). When the t r iacylglycerol  release was related 
to cell t r iacylglycerol  radioact ivi ty,  it depended 
on fat ty  acid chain length but  no t  on unsatu- 
rat ion (Fig. 3). Preliminary analysis by agarose 
gel chromatography  indicated,  however,  that  
the l ipoprote in  particles obta ined after incu- 
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FIG. 4. Distribution of [3H]glycerol among 
molecula, speciesof triacylglycerol. Isolated hepato- 
cytes were incubated with 1 mM stearate and [all]- 
glycerol for different time periods. Cell triacylgly- 
cerols were separated into 4 fractions by argentation 
chromatography. Data are expressed as percent aH in 
total triacylglycerol. The unsaturation of the triacyl- 
glycerol fractions is designated using the following 
abbreviations: S, saturated ; M, monoenoic; D, dienoic; 
P, polyenoic. 
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bation with unsaturated fatty acid were larger 
than those with saturated ones, supporting data 
f rom perfused  livers (14).  

I t  can be conc luded  tha t  the  s t ruc ture  of  t he  
fa t ty  acid taken up by the  fiver inf luences  
V L D L  secret ion,  a l though the  di f ferences  
observed in rat mode l  sys tems vary wi th  experi-  
menta l  setup.  So far, it is diff icult  to  decide 
whe the r  ef fec ts  on secre t ion rate or on  V L D L  
compos i t i on  (14) are mos t  i m p o r t a n t  for  the  
plasma tr iacylglycerol  changes caused by 
dietary fat modi f ica t ion .  

Dietary fat changes may  inf luence  lipo- 
p ro te in  t r iacylglycerol  tu rnover  by several o the r  
mechanisms,  such as increased liver up take  of  
chy lomic ron  remnan t s  conta in ing  sa tura ted  
fa t ty  acids (19). In addi t ion ,  a mul t ipl ic i ty  of  
o the r  factors  are involved in the  regulat ion of  
hepa t ic  l ipopro te in  secre t ion (20,21).  
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METHODS 

Horse Erythrocyte Gangliosides: 
Preparation of the Major Hematoside NeuNG1-Lac-Cer 
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Sciences et Techniques de Lille I, B.P. n*- 36, 59650 Villeneuve D~Ascq, France 

ABSTRACT 

A simple method for the isolation of hematoside NeuNG1-Lac-Cer from horse erythrocytes is 
described. An aliquot of the etude ganglioside fraction was labeled by tritiated sodium borohydride 
after mild periodate oxidation. The compounds obtained were used as radioactive tracers in column 
chromatography. Gangliosides were applied onto a silicic acid column and eluted stepwise by solvents 
of steadily increasing polarity. The major ganglioside, NeuNG1-Lac-Cer, was eluted in a high yield by 
the solvent mixture chloroform/methanol/water (60: 35:8, v/v/v). 

INTRODUCTION 

The hematoside containing N-glycolylneur- 
aminic acid (NeuNG1-Lac-Cer) was found to 
be" the major ganglioside from horse erythro-  
cyte membranes (1), although a 4-O-acetyl 
derivative has been identified by Hakomori  
and Saito (2). 

Several chromatographic methods were 
reported for the preparative isolation of  gang- 
liosides more polar than hematosides. Although 
a specific method for the isolation of  liver 
hematoside has been developed by Seyfried 
et al. (8), it needed 3 chromatographic systems 
to obtain a highly purified ganglioside, free of  
neutral glycolipids, phospholipids and sulfa- 
tides. This paper describes a simple chromato- 
graphic procedure for the isolation of  the horse 
erythrocyte hematoside using labeled com- 
pounds as tracers. 

MATERIALS AND METHODS 

GMa was a gift from Dr. G. Rebel (Centre 
de Neurochimie, Strasbourg, France); NeuNG1- 
Lac-Cer, 4-O-Ac-NeuNG1-Lac-Cer, Cs-aldehyde- 
NeuNG 1-Lac-Cer, CT-aldehyde-NeuNGI-Lac- 
Cer, CT-NeuNG 1-Lac-Cer were gifts from 
Dr. R. Veh (Insti tut  fiir Anatomic,  Universit~it 
Bochum, G.F.R.) ;  GMI and GM2 were gifts 
from Dr. G. Dacremont (Pediatric Clinic, 
University of  Ghent, Belgium). 

Erythrocyte Membrane Isolation 

Fresh horse blood was obtained from a 
slaughter house in Orleans. Membranes were 

prepared by the Tanner and Boxer method 
(9). After hemolysis, the resulting ghosts were 
washed with phosphate buffer (5 mM) and 
centrifuged. The solid pink pellet was discarded 
and only the white, light precipitate was 
collected and freeze-dried. 

Lipid Extraction 

The lipids were extracted from freeze-dried 
membranes (1 g) with chloroform/methanol  
(2:1, v/v) (400 ml). The mixture was stirred 
vigorously at room temperature for 2 hr. 
Distilled water (0.15 vol) was added and the 
mixture was stirred 1 hr. The protein pellet was 
filtered on glass wool and the filtrate was 
collected (first extract).  The pellet was ex- 
tracted once more with chloroform/methanol  
(1:2, v/v). This second extract was pooled with 
the organic phase of  the first extract.  The total  
extract was evaporated to dryness, redissolved 
in chloroform/methanol  (2:1,  v/v), filtered and 
parti t ioned according to the Folch procedure 
(10) slightly modified by Puro (4). The lower 
phase was washed 3 times with water/meth- 
anol/chloroform (48:47:3,  v/v). The upper 
phases were gathered with the aqueous phase of  
the first extract,  concentrated under reduced 
pressure, dialyzed for 3 days at 4 C against a 
large vol of  distilled water (with frequent 
changes) and freeze-dried. This lipid residue 
was dissolved in the minimum of  chloroform 
and saponified with 0.2 M NaOH in methanol 
for 1 hr at room temperature.  After  neutrali- 
zation with acetic acid (1 M) and dialysis 
against distilled water, the content  was concen- 
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trated to dryness and the crude ganglioside 
fraction was precipitated from acetone at 
-20 C for 12 hr. 

An aliquot of  the crude ganglioside fraction 
(ca. 10 mg) was labeled by NaBaH4 after mild 
periodate oxidation according to Veh et al. 
(11). These labeled compounds were used as 
radioactive tracers during the chromatographic 
step. 

Column Chromatography 

Lipids (50 mg) were dissolved in chloroform 
(3 ml) applied to a column (40 x 1.5 cm) 
packed with Silicic Acid G (Merck, 70-230 
mesh) in petroleum ether/chloroform (1:1, 
v/v) and eluted stepwise by solvents of  steadily 
increasing polarity.  The eluting solvents were 
(A) petroleum ether]chloroform (1:1, v/v): 
350 ml; (B) chloroform/ethyl  acetate (1:1, 
v/v):200 ml; (C) ethyl acetate/acetone (1:1, 
v/v):100 ml; (D) acetone:100 ml; (E) chloro- 
form/methanol  (95:5,  90:10, 85 : 15, 80:20 and 
70:30, v/v):400 ml each, and (F) chloroform/ 
methanol/water  (75:25:3,  65:25:4,  67:29:4.5,  
70:34:5 and 60:35:8,  v/v):400 ml each. Five- 
ml fractions were collected (flow rate:  1 ml/ 
min) and 20 /al of each tube were withdrawn 
for radioactivity measurement. 

Thin Layer Chromatography 

Thin layer chromatography (TLC) was 
carried out  on Silica Gel G precoated plates 
(Merck). Solvent systems were: (I) chloroform/ 
petroleum ether/acetic acid (65:3:2 ,  v/v/v); (II) 
chloroform/methanol/water  (60:35:8,  v/v/v); 
(III) chloroform/methanol/0.5 M ammonia 
(70:35:3,  v/v/v); and ( IV)n -p ropano l /wa t e r  
(7:3, v/v). 

The plates were first run in solvent I in order 
to detect and remove neutral lipids and chro- 
mophores and to ensure a further clear sepa- 
ration of  glycolipids. After  drying, the plates 
were usually run in solvent II. All compounds 
were located by brief exposure to iodine 
vapors. After  complete sublimation of the 
iodine, plates were sprayed with 0.2% (w/v) 
resorcinol in HzSO4/water (3:1, v/v) and heated 
for 5 min. Neutral glycolipids and phospho- 
lipids gave yellow-brown spots; cholesterol and 
cholesteryl esters gave red spots; and ganglio- 
sides gave violet spots. 

Sugar Analysis 

Sugar composit ion was determined by gas 
liquid chromatography (GLC) with an Acre- 
graph 2100 gas chromatograph equipped with 
a flame ionization detector,  using a glass 
column (3 m long) packed with 5% OV 210. 

The temperature was programmed from I10- 
210 C (2 C/min), with nitrogen as a carrier gas 
at a flow rate of  8 ml/min. The gangliosides 
were subjected to acid methanolysis in methan- 
olysis in methanol]HC1 (0.5 N) at 80 C for 
24 hr. After extract ion of fat ty acid methyl  
esters with n-hexane, sugars were analyzed as 
the tr if luoroacetate esters of their O-methyl- 
glycosides (12); meso-inositol was used as an 
internal standard. 

Sialic Acid Analysis 

Gangliosides were hydrolyzed according to 
Schauer (13) with 0.2 M formic acid at 80 C 
for 1 hr. The samples were then applied onto 
a column (0.3 x 3 cm) of  Dowex 1 x 2 (200- 
400 mesh) formiate form. After  washing twice 
with 5 ml water, the column was eluted with 
10 ml of  1 M formic acid to obtain free sialic 
acid. 

The eluate was freeze-dried and sialic acid 
was identified by GLC after conversion to the 
tr imethylsi lyl  derivatives (14). Analysis was 
carried out  using a capillary glass column 
packed with 3% OV 17. The temperature was 
programmed from 160-260 C (4 C/min). Sialic 
acid was also identified by TLC on cellulose- 
coated plates with n-butanol[n-propanol/O.1 
N HC1 (1:2:1,  v/v/v) as solvent. 

RESULTS AND DISCUSSION 

In a typical experiment,  7.5 g of  freeze- 
dried erythrocyte  membranes were obtained 
from 5 ~ of fresh equine blood.  The content  of 
l ipid-bound neuraminic acid was 4.5 /~mol/g 
freeze-dried membrane. The Folch parti t ion 
of lipids 2 phases succeeded according to Pure 
(4), i.e., without  salt in the aqueous phase. In 
his report,  Pure convincingly demonstrated that  
the presence of  salt (0.1% KCI) in the upper 
phase during the Folch parti t ion resulted in 
considerable loss of  the less polar gangliosides 
(such as hematoside) in the chloroform phase. 
Table I shows the distribution of  sialic acid 
between organic and aqueous phases in the 
Folch partit ion. The recovery of  monosialo- 
gangliosides in the aqueous phase was 78% 
after 3 partitions. A fourth part i t ion ensures a 
more complete recovery yielding to 82% of  the 
gangliosides present in the lipid extract.  Pure 
(4) recovered 88% of bovine kidney ganglio- 
sides containing more polar components  
(GM1, GDla,  GDlb)  that  part i t ioned preferen- 
tiaUy in the aqueous phase. 

To remove salts and low molecular weight 
substances, we chose dialysis rather than 
chromatography on Sephadex. This choice 
agreed with the recent results of  Svennerholm 
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TABLE I 

Distribution of Lipid-bound Neuraminic Acid between Organic 
and Aqueous Phases in the Foich Partition 

Lipid-bound neuraminic 
acid (mg) Recovery in the 

Organic phase Aqueous phase aqueous phase (%) 

Lipid extract in 1.66 
C/M (2:1, v/v) 

Partition 1.07 0.57 34 
First washing 0.57 0.49 46 
Second washing 0.32 0.23 40 
Third washing 0.20 0.08 25 

Freeze-dried membranes (1 g) were extracted as described in Methods. The vol of the 
lipid extract was 100 ml. The partition was done with 20 ml distilled water. The washings 
of the organic phase were done with 0.2 vol water/methanol/chloroform (48:47:3, v/v). 

and Fredman  (15). 
Trea tment  of  the lipid extract  wi th  meth-  

anolic NaOH resulted in hydrolysis  of  the 
4-O-Ac-NeuNG1-Lac-Cer O-acetyl  group and 
thus increased t h e  amoun t  of  NeuNG 1-Lac-Cer. 
The loss of  sialylated compounds  did no t  occur  
upon  precipi ta t ion f rom ace tone  at -20 C, as 
demonst ra ted  by TLC of  the ace tone  phase. 

The  per iodate  ox ida t ion  o f  the  gangliosides 
affected essentially the C7-C 9 side chain of  
neuraminic  acid. The  exper imenta l  condi t ions  
were op t imized  by Veh et al. (11) to yield a 
maximal  C8-aldehyde neuraminic  acid analog. 
The modif ied  gangliosides behaved as unt rea ted  
samples in TLC (11) and were used as tracers 
during co lumn chromatography.  

Nonspecif ic  labeling by NaBaH4 occurred 
in agreement  wi th  the observat ions of  Gahm- 
berg and Hakomor i  after labeling o f  human  
e ry th rocy tes  (16). Thus, all lipid compounds  
were more  or  less labeled and could be de- 
tected.  

Figure 1 shows the e lut ion profi le o f  ganglio- 
sides. Up to 300 mg of  gangliosides may  be 
applied on to  the  co lumn wi thou t  any change in 
the  resolut ion.  Chromophores  and neutra l  
lipids were eluted with  solvents A and B. Peak I 
also contained traces o f  a ganglioside G 3 as 
shown by TLC. The small peaks preceding peak 
III contained only  cholesterol  and fat ty  acids. 
Thus, solvents C, D, el  and e2 could be avoided 
in most  cases. 

Peak III conta ined,  in addi t ion to chol- 
esterol,  a ganglioside G1 and small amounts  o f  
2 species of  neutral  glycolipids Nl  and N2 
(which migrated as ceramide monohexos ide  
and ceramide dihexoside).  Peak IV conta ined 
the  compounds  present in peak III but  in 
reversed propor t ions  (more  glycolipids and 

less  cholesterol) .  In peak V, a ganglioside G2 
was eluted with  G1 and small amounts  of  

N t ,  N2 and G 3. Peak VI gave a main spot 
corresponding to G2 and traces of  N 2 and 
G3. Peak VII contained G3 as a single com- 
pound.  This f ract ion was devoid of  contam- 
inants as tested by TLC after iodine exposure  
and staining with  resorcinol,  and its puri ty 
was est imated at 99% (Fig. 2). The sugar 
composi t ion  of  G3 was G a l : G l c : N e u N G 1  = 
(1 .13 :0 .93:1 .00)  and it migrated as the refer- 
ence compound  NeuNGl- l ac tosy lce ramide  in 
solvents II, III and IV and was ident i f ied as 
such. The  recovery was 37.5 mg of  Neu-NG1- 
Lac-Cer f rom 50 mg o f  l ipid-bound neuraminic  
acid applied on to  the co lumn (i.e., ca. 75%). 

The ganglioside G] which migrated faster 
than the  NeuNG1-Lac-Cer  has no t  been ana- 
lyzed but  might  be a c o m p o u n d  of the  GM4 
type  (sialyl-Gal-Cer) (17,18), a l though its 
presence in the equine e ry th rocy te  membranes  

i 
~.~ C D F i 

~oo'" ~ o o  " t 0 o o  �9 m l  1 5 o o  

FIG. 1. Elution profile of horse erythrocyte 
gangliosides on a silicic acid column. Solvents E(e I , 
e2, e3, e, ,  e s) were chloroform/methanol (95:5, 
90:10, 85:15, 80:20, 70:30, v/v, respectively). Sol- 
vents F(fl ,  f2, f3, f4, fs) were chloroform/methanol/ 
water (77:25:3, 65:25:4, 67:29:4.5, 70:34:5, 60:35:8, 
v/v, respectively). The arrows indicate the position 
of solvent changes. 
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FIG. 2. TLC of the ganglioside fractions eluted 
with silicic acid column chromatography. The plate 
was developed with solvent I then solvent II and spots 
were located with resorcinol reagent. 

has no t  been  demonstrated. 
The ganglioside G2 comigrated wi th  4-0-  

Ac-NeuNG1-Lac-Cer in solvents II, III and IV 
and was ident i f ied  as such. 

This ch romatograph ic  p rocedure  apparen t ly  
is a suitable m e t h o d  to separate low polar  
gangliosides f rom neutral  glycolipids w i thou t  
repea ted  elutions.  Radioact ive tracers al lowed 
de tec t ion  of  minor  c o m p o n e n t s  and avoided 
neuraminic  acid assays. This m e t h o d  is part ic-  
ularly adapted  to lipid ex t rac t s  of  which the  
glycolipid pa t t e rn  is not  very intr icate,  as is the  
case o f  horse e ry th rocy t e  gangliosides. 
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Preparation of Radiolabeled Tetracosa Mono- 
and Dienoic Acid Methyl Esters from Rat Erythrocyte Lipids 
by Thin Layer Chromatography 1 
G. ANANDA RAO, ROBERT L. KILPATRICK, STEVEN C. GOHEEN and EDWARD C. LARKIN, 
Hematology Research Laboratory, Veterans Administration Medical Center, Martinez, CA 94553 

ABSTRACT 

An easy method of obtaining pure fatty acid methyl esters (FAME) of tetracosa mono- and dienoic 
acids (24:1, 24:2) using thin layer chromatography (TLC) is described. The total lipids isolated from 
rat erythrocytes were treated with methanolic-NaOH. Sphingomyelin was unaffected by this treatment 
and was separated from FAME of glycerolipids and cholesterol by TLC. FAME of sphingomyelin 
were then prepared by acid methanolysis. These esters migrated into 2 distinct bands on TLC. The 
slow moving band contained FAME of 16:0, 16:1, 18:0, 18:1, 19:0 and 20:0 whereas the fast moving 
band contained FAME of 22:0, 23:0, 24:0, 24:1 and 24:2. After AgNO3-TLC, the FAME of the fast 
moving band separated into 3 species; esters of saturated acids, 24:1 and 24:2, respectively. With 
erythrocyte lipids of rats fed a fat-free diet and injected with 14C-18:1, this method yielded 14C-24:1. 
From rats injected with ~4C-18:2 and maintained on a corn oil diet, ~4C-24:2 was obtained. 

INTRODUCTION 

Fatty acid methyl esters (FAME) prepared 
from lipids for gas liquid chromatographic 
(GLC) analysis are generally purified by thin 
layer chromatography (TLC) (1). We have 
observed that while the FAME of various 
glycerolipids migrate as a single band on TLC, 
those from sphingomyelin separate into 2 
bands. Analysis of the composition of the 
FAME in these bands led us to develop an easy, 
rapid method for isolating pure methyl esters 
of tetracosa mono- and dienoic (24:1, 24:2) 
acids from rat erythrocyte lipids. Furthermore, 
we used this method to prepare radiolabeled 
24:1 and 24:2 FAME from erythrocyte lipids 
of rats injected with 14C-18:1 and 14C-18:2, 
respectively. 

MATERIALS AND METHODS 

In this study, we used pooled total lipid 
fractions of rat erythrocytes that were prepared 
from previous investigations (2,3). To a solu- 
tion of total lipids (0.5 ml) in chloroform/ 
methanol (2:1, v/v), 10 ml of 0.4 N methanolic 
NaOH was added. After mixing, the solution 
was kept at room temperature for 45 min. 
Alkaline methanolysis was stopped by the 
addition of water (5 ml) and the lipids were 
extracted with chloroform (6 ml). The extract 
was washed free of alkali with "Folch upper 
phase" (chloroform/methanol/water, 3:48:47, 
v/v) (4). 

Sphingomyelin was separated from the 

Presented at the ISF-AOCS Congress, April 27- 
May 1, 1980, New York City. 

FAME, cholesterol and small amounts of 
glycerophospholipids which were not converted 
to FAME by TLC using chloroform/methanol/ 
30% methylamine (65:25:8,  v[v) (5). If eryth- 
rocyte lipids were not treated with methanolic- 
NaOH and separated by TLC (5), the sphingo- 
myelin fraction was contaminated by small 
amounts of glycerophospholipids as suggested 
by the presence of linoleic and arachidonic 
acids and an appreciably higher level of stearic 
and oleic acids. Even when other systems were 
used (6), the isolation of pure sphingomyelin 
by preparative TLC was difficult because of 
contamination by phosphatidylcholine (PC) 
and lysophosphatidylcholine (lyso-PC). Sphing- 
omyelin FAME were prepared by transmethy- 
lation using 2% H2SO4 in methanol in a N2 
atmosphere in capped culture tubes at 75 C 
for 16 hr (7). An analysis of the composition 
of FAME was carried out by the GLC pro- 
cedures described previously (2). Fatty acid 
content was determined by GLC using methyl 
pentadecanoate as an internal standard. 

[1J4C]Oleic acid (0.05 mCi; 57 mCi/m 
mol) and [IJ4Cll inoleic  acid (0.05 mCi; 57 
mCi/m mol) were purchased from New England 
Nuclear, Boston, MA. An aqueous solution of 
the acids was prepared by mixing an ether 
solution with 1.15% KCI containing 0.001 M 
potassium phosphate (pH 7.4) and keeping at 
60 C to remove ether. 

Two Sprague-Dawley rats (75 g) were 
obtained from Hilltop Animal Suppliers, 
Chatsworth, CA, and maintained on a stock 
diet (Wayne Lab Blox; Allied Mills, Chicago, 
IL) for 3 days. They were fasted for 18 hr and 
one rat was injected intraperitoneally with 
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[ 1-XaC] oleic acid (0.05 mCi in 1 ml) and fed a 
fat-free diet (8). The other rat was injected 
intraperitoneally with 14C linoleic acid (0.05 
mCi in 1 ml) and was maintained on a diet 
containing 15% corn oil (8). After 2 weeks, 
rats weighing 175 g were anesthetized, exsan- 
guinated and lipids were extracted from their 
erythrocytes (2). 

RESULTS AND DISCUSSION 

Sphingomyelin from rat liver (9) or brain 
(10) has been shown to consist of slow migrat- 
ing and fast migrating fractions during TLC 
separation using a developing system containing 
chloroform, methanol and water. We observed 
that the sphingomyelin from rat erythrocytes 
also migrated as 2 distinct bands by TLC using 
the methylamine system (5). As reported 
previously, the slow moving sphingomyelin 
contained acyl groups with 20 and fewer 
carbons and the fast moving sphingomyelin 
contained longer acyl groups (9,10). 

Fatty acid methyl esters of sphingomyelin 
also migrated as 2 distinct bands upon TLC 
separation on Silica Gel H plates with benzene 
as the developing solvent (Fig. 1). Analysis of 
the fatty acid composition of the slow moving 
band showed that it contained esters of 16:0, 
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16:1, 18:0, 18:1, 19:0 and 20:0 (Fig. 2). The 
fast moving band contained esters of 22:0, 
23:0, 24:0, 24:1 and 24:2. The FAME from 
the fast moving band were subjecte d to 10% 
AgNOs-impregnated silicic acid TLC, using 
diethyl ether/hexane (20:80, v/v) as the devel- 
oping solvent (Fig. 3). In this system, FAME 
separated into 3 bands: esters of saturated 
acids, 2 4 : 1  and 24:2 (Fig. 2). The isolated 
esters of 24:1 and 24:2 were found to be 99.8 
and 99.6% pure, respectively, by GLC (Fig. 3). 

Nervonic acid, A15 tetracosamonoenoic 
acid, is biosynthesized by the chain elongation 
of oleic acid (18:1, A9). Tissue levels of oleic 
acid and its metabolite (20:3, A9) increased 
when rats were fed a linoleate-deficient diet 

SPHIIIGOMYELIII-FANE 
I b  

TOTAL 

_Z 

~ SAT 

14:t 

\ 

14:l 

FIG. 1. Separation of fatty acid methyl esters 
(FAME) of sphingomyelin by TLC. Total FAME of 
sphingomyelin were separated by TLC on Silica Gel 
H plates using benzene as the developing solvent. 
Butylated hydroxytoluene (BHT, 0.05%) was added 
to benzene as an antioxidant. Methyl esters in the 
lower, slow-moving (SM) and the upper, fast moving 
(FM) bands were extracted with chloroform and 
replated. In the middle lane, total FAME of sphingo- 
myelin were spotted. In the left lane, esters of the SM 
band and in the right lane those of the FM band, 
respectively, were spotted. 

FIG. 2. Separation of fatty acid methyl esters 
(FAME) of sphingomyelin by GLC. Total FAME of 
sphingomyelin contained mainly 16:0 (b, 27.3%), 
18:0 (e, 2:1%), 20:0 (h, 0.6%), 22:0 (i, 6.9%), 23:0 
(j, 0.9%), 24:0 (k, 27.7%), 24:1 (1, 29.5%), 24:2 
(m, 3.6%), and trace amounts (less than 0.5%) of 16:1 
(c), 17:0 (d), 18:1 (f) and 19:0 (g). BHT eluted as 
peak a. The FAME of the slow moving (SM) band 
obtained by the TLC separation (Fig. 1) contained 
mainly 16:0 (90.3%) and 18:0 (6.2%) and trace levels 
of 16:1, 17:0, 18:1, 19:0 and 20:0. FAME in the fast 
moving (FM) band (Fig. 1) contained mainly 22:0 
(9.3%), 23:0 (1.6%), 24:0 (36.6%), 24:1 (44.3%), 
24:2 (6.8%) and trace levels of 16:1, 18:0 and 20:0. 
FAME of the FM band were further subjected to 
AgNOs-impregnated silicic acid TLC (Fig. 3). Esters 
of the bands corresponding to saturated acids (SAT), 
24:1 and 24:2 were analyzed by GLC. 
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(2,11). Under these conditions, the relative 
level of 24:1 in the fatty acids of erythrocyte 
sphingomyelin (31%) was about twice the level 
of 24:0 (17%) (2). On the other hand, when 
rats were fed diets containing linoleate, the 
level of 24:1 in sphingomyelin fatty acids 
(13%) was about half the level of 24:0 (28%) 
(2). 

Sphingomyelin isolated from tumor cells 
contains significant levels of 24:2 (12,13). 
This acid has been identified as A15,A18 
dienoic acid derived from linoleic acid (18:2, 
A9,A12). When dogs (14) or rats (2) were fed 
diets rich in linoleate, the relative level of 24:2 
in the fatty acids from erythrocyte sphingo- 
myelin was significantly higher (9-14%) than 
when they were fed a linoleate-deficient diet 
(1%). Thus, sphingomyelin rich in 24:1 or 24:2 

+)(  

FIG. 3. Separation of FAME from the fast moving 
band by AgNO3-impregnated silicic acid TLC. The 
methyl esters were separated on 10% AgNOa-impreg- 
nated silica gel plates by using diethyl ether/hexane 
(20:80, v/v) as the developing solvent. The middle 
spot contained the methyl ester of 24:1 of 99.8% 
purity (Fig. 2). The lower spot contained the methyl 
ester of 24:2 of 99.6% purity (Fig. 2). The upper 
spot contained FAME of saturated acids (22:0, 
17.6%; 23:0, 2.8%; 24:0, 78.4% and trace amounts of 
16:0, 18:0 and 20:0) (Fig. 2). 

can be obtained from erythrocytes by maintain- 
ing rats on diets deficient in or supplemented 
with linoleate. Significant amounts of tetra- 
cosa mono- and dienoic acids also are present 
in glycosphingolipids. Analysis of glycosphingo- 
lipids from rabbit aorta, plasma and red cells 
have shown that the relative levels of 24:0, 
24:1 and 24:2 are altered by diet (15). 

In order to prepare radioactive 24:1, a 
young rat was injected with 14C-18:1 and to 
stimulate the synthesis of nervonic acid it was 
fed a fat-free diet. Similarly, to obtain labeled 
24:2, a young rat was injected with 14C-18:2 
and maintained on a diet containing 15% corn 
oil. Since the amount of blood in a rat increases 
in proportion to its body weight (16), labeled 
fatty acids will be incorporated for membrane 
lipid synthesis. We found that the total lipids 
isolated from erythrocytes of rats given labeled 
acids were radioactive (1.5 /ICi with 14C-18:1 
and 0.5 /ICi with 14C-18:2). When the TLC 
procedures just described were applied to the 
erythrocyte lipids, 0.19 mg of 24:1 (0.14/.tCi/ 
/amol) and 0.11 mg 24:2 (0.07 /aCi//~mol) 
were obtained. 

The radioactivity observed in 24:1 and 24:2 
cannot result from trace contamination by 
X4C- 18:1 and 14 C- 18:2. This conclusion is based 
on several experimental observations: (a) 
sphingomyelin isolated from erythrocytes did 
not contain any detectable amounts of 18:2 
and contained only trace levels of 18:1 (Fig. 2); 
(b) the FAME of 18:1 and 18:2 migrated 
slowly and separately from the fast moving 
band (Fig. 2) that was removed for the separa- 
tion of 24:1 and 24:2; and (c) we have ob- 
served that on TLC with AgNOa-impregnated 
SiO2 plates (Fig. 3), methyl esters of 18:1 and 
24:1 separated, although both are monoenoic 
acid derivatives. The amount of radioactivity 
incorporated in 24:1 and 24:2 was small com- 
pared to the initial dose of labeled acids. How- 
ever, the radiopurity of 24:1 and 24:2, as 
judged by TLC, was greater than 99%. We also 
determined the extent of cis-isomer present in 
24:1 by the TLC procedures described by 
Hirvisalo and Reukonen (17). No detectable 
amount of the trans-isomer of 24:1 was pres- 
ent. In addition, over 98% of the a4C activity 
in 24:1 was recovered in the cis-isomer. In 
this study, we have not determined the position 
of the double bond in 24:1. It is most likely 
that the tetracosamonoenic acid produced from 
the labeled oleic acid is nervonic acid, the A15 
isomer. 

Although most fatty acids are components 
of various lipids, 24:1 and 24:2 are unique in 
that they are present only in sphingolipids. 
Hence, the labeled acids prepared can be useful 

LIPIDS, VOL. 15, NO. 9 



METHODS 

for  studies on sphingolipid synthesis  and 
metabol i sm.  In this s tudy,  we have descr ibed 
an easy TLC m e t h o d  to  prepare  pure 24:1 
and 24:2 and demons t r a t ed  h o w  this p rocedure  
can be adop t ed  to  ob ta in  radiolabeled tetra-  
cosaenoic  acids. The specific activity of  24:1 
and 24:2 can be increased by injecting higher 
doses o f  radioactive 18:1 and 18:2 in to  smaller 
rats. 
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The A5 and A6 Desaturation of Fatty Acids 
of Varying Chain Length by Rat Liver: 
A Preliminary Report 
MICHAEL R. POLLARD 1 and FRANK D. GUNSTONE, Department of Chemistry, The University, 
St. Andrews, Fife KY16 9ST, Scotland, and LINDSAY J. MORRIS and ANTHONY T. JAMES, Uni- 
lever Research, Colworth House, Sharnbrook, Bedford MK44 1 LQ, England 

ABSTRACT 

The A6 desaturase of rat liver can accommodate substrates with a wide range of chain lengths. 
A9-cis,12-cis-Dienoic acids of chain lengths 14-22 carbon atoms were all desaturated at the A6 position 
by microsomal preparations from rat liver. By contrast, the A5 desaturase appeared much more 
chain-length sensitive. The percentage A5 desaturation of a series of A8-cis- and A9-trans-monoenoic 
acids increased with increasing chain length (from C1~ to C20 ). 

NOMENCLATURE 

Abbreviations found in the text are: ECL, 
equivalent chain length; DEGS, diethylene 
glycol succinate; and EFA, essential fat ty acid. 
The nomenclature used to describe fat ty acid 
structure is illustrated by the following exam- 
pies; palmitic acid, 16:0; oleic acid, 18:1(9c); 
and octadeca-cis-9 ,trans-12-dienoic acid, 18:2 
(9c 12t). 

INTRODUCTION 

The chain length specificity of the A9 
desaturase has been demonstrated using a 
purified enzyme preparation from rat liver (1). 
The enzyme has high levels of activity for 16:0 
to 19:0 acyl-CoA substrates, and an abrupt 
cut-off at 20:0. This cut-off probably results 
from the limiting size of  the enzyme " d e f t "  
proposed by Brett et al. (2) which accommo- 
dates the acyl chain. The chain length specifici- 
ties of the A5 and A6 desaturases have never 
been examined in a comprehensive study. These 
desaturases apparently are separate enzymes (3), 
though each uses acyl-CoA as substrate and 
NADH and molecular oxygen as cofactors, and 
is located in the microsomal fraction. Pugh 
and Kates have recently produced evidence that 
aU-cis-8,11,14-eicosatrienoyl phosphatidylcho- 
line may also be directly desaturated at the 
A5 position (4). Since linoleic acid is a good 
substrate for A6 desaturation (3,5), a range of 

t Present address: Department of Biochemistry, 
Medical Sciences Institute, The University, Dundee 
DD1 4HN, Scotland, U.K. 

A9-cis,12-cis-dienoic acids was tested as sub- 
strates for this reaction. Furthermore,  a review 
of the limited reports in the li terature suggested 
that the Cl6 to C20 chain length range would be 
critical for examination of A5 desaturation. As 
A8-cis- and A9-trans-monoenoic acids are 
known to be A5 desaturated (6-8), these C16 to 
C20 acids were used in this preliminary study. 

MATERIALS AND METHODS 

[1J4C]Oteic ,  linoleic and ct-linolenic acids 
(specific activity 55-60 Ci/mol) were purchased 
from the Radiochemical Centre, Amersham, 
U.K. [1J4C]Ela id ic  and linelaidic acids were 
prepared by stereomutat ion of methyl  [ 1J4C]-  
oleate and linoleate, respectively, using oxides 
of nitrogen (9). The products were separated by 
argentation thin layer chromatography (TLC) 
prior to saponification. All other [1-a4C] 
unsaturated acids were synthesized by chain 
extension of the appropriate alkyl mesylate 
with potassium [14C] cyanide (sp act 60 Ci/mol, 
ex Amersham), followed by methanolysis, 
argentation TLC and saponification (8). Gas 
liquid chromatography (GLC) of the methyl 
esters indicated > 90% mass puri ty and > 95% 
radiocliemical puri ty for all substrates. Von 
Rudloff  oxidative cleavage showed no double 
bond migration ( < 1%) had occurred (10). 

Details of the enzyme preparation, incuba- 
tion conditions and product  analysis are given 
in a companion paper (8). Each [ 1-X4C] unsat- 
urated acid (20 nmol) was incubated with 
unwashed microsomes (8-10 mg protein) from 
rat liver in the presence of saturating levels of  
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cofactors (NADH, NADPH, ATP, CoASH and 
Mg 2§ ions). The incubation volume was 2.5 ml, 
and the incubation was for 1 hr at 37 C, pH 
7.3. The percentage desaturation and percentage 
incorporation into lipid classes are quoted 
relative to the added [1-14C] acid substrate 
(100%). 

RESULTS A N D  DISCUSSION 

In these preliminary experiments, the 
substrate concentration was nonsaturating (8 
/aM), so the percentage desaturation cannot be 
directly equated with the maximal rate of 
desaturation. Although substrate saturation is 
the proper approach for studying enzyme 
properties, we chose nonsaturating conditions 
because the higher percentage desaturation of 
the substrate facilitated product identification. 

Desaturation 

The percentage A6 desaturation of a series of 
C14-C22 [ 1-14C] cis-9,cis-12-dienoic acids is re- 
ported in Table I. Linoleic acid, a natural 
substrate with a high rate of A6 desaturation 
(5)t4 gave the lowest percentage desaturation. 
[1- C] Acyl groups were extensively incorpor- 
ated into lipids, with only 2-8% of the added 
radioactivity remaining as the free acid at the 
end of the incubation. Thus, activation of the 
novel acids to their acyl-CoA thioesters must be 
occurring. ECL values for both substrate and 
product methyl esters on a DEGS GC column 
also are shown in Table I. 

The direct demonstration of A6 desaturation 
of fatty acids of different chain lengths has, 

until recently, been limited to acids of C16-Cls 
chain length (3,5,11) .  However, since the 
initiation of this study, Castuma et al. (12) have 
demonstrated the A6 desaturation of 20:2(9c, 
12c) and 20: 3(9c 12c 15c) in vitro, although the 
rates for these C20 substrates were lower than 
for 18:2(9c12c) and 18:3(9c12c15c), respec- 
tively. Schlenk et al. noted that 19:4(7c 10c 13c 
16c) fed to rats deficient in EFA produced 
21:5(6c9c12c15c18c) (13), whereas Bridges 
and Coniglio have reported the biosynthesis of 
24:4(9c12c15c18c) and 24:5(6c9c12c15c18c) 
from arachidonate in rat testes (14). However, 
these results do not prove that the A6 desatur- 
ase is capable of acting on longer chain poly- 
enoic acids ( ~> C20), as 2 routes are possible. 
The A6-cis-polyenoic acids could result from 
chain elongation of existing A7-cis-polyenoic 
acids, followed by A6 desaturation, or from 
chain elongation of A4-cis-polyenoic acids, 
which are the products of a hypothetical A4 
desaturation step (3,15). 

The results shown in Table I clearly demon- 
strate that the A6 desaturase can accommodate 
a wide range of substrate chain lengths. Unlike 
the A9 desaturase (1,2), there is no abrupt 
cut-off in activity for chain lengths longer than 
the natural substrate chain length (Cls),  indica- 
ting that the substrate binding-site is open- 
ended. Also, a shortening of the methyl end of 
the substrate is not  critical to A6 desaturation. 
A full study is now required in order to deter- 
mine the effect of chain length on desaturation 
velocity and apparent K m. An interesting point 
to note is that, according to this investigation 
with nonsaturating substrate concentrations, 

TABLE I 

A6 Desaturation of Fatty Acids of Varying Chain Length by Rat Liver Microsomes 

| 4  C . 

Incorporation (%) 
into: 

ECL values a Neutral Polar 
Substrate Substrate Product A6 Desaturation (%)b lipids c lipids d 

14:2(9c12c) 16.5 17.1 18.5 (24) 33 59 
16:2(9cl 2c) 17.7 18.3 24 (35) 16 79 
18:2(9c12c) 19.4 19.95 16 (13) 17 76 
20:2(9c12c) 21.1 21.7 32.5 (37.5) 39 54 
22:2(9cl 2c) 23.0 23.6 75.5 (74) 58 34 
18:1(9c) 18.6 19.2 4 (5) 17 79 
18:3(9c12c15c) 20.4 20.95 33 (46.5) 12 86 

apacked 10% DEGS column, 180 C. 
bDetails of the incubations are in ref. 8. In a separate experiment, the substrate acids were added 

complexed to defatted bovine serum albumin (2.5 mg BSA/ml of incubation medium). The A6 desat- 
urations for this experiment are reported in parentheses. 

Cprincipally triacylglycerols, but also diacylglycerols. 
dlncludes phosphatidylcholine, phosphatidylethanolamine and small amounts of acyl-CoA. 
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20 :2 (9c12c )  is a b e t t e r  subs t ra te  t h a n  18 :2(9c  
12c), whereas  max im a l  ve loc i ty  m e a s u r e m e n t s  
ind ica te  the  converse  is t rue  (12). The  i m p o r t a n t  
ques t ion  t hen  arises as to  which  in v i t ro  situa- 
t ion  best  represen ts  in vivo me tabo l i sm.  This  is 
an open  ques t ion .  

~5 Desaturation 

Table  II shows the  percen tage  A5 desatura-  
t ion  of some novel  acids and  also 2 na tura l  
subst ra tes ,  20:2(1  l c 1 4 c )  and  2 0 : 3 ( 8 c l l c 1 4 c ) .  
The  results  are for  a single mic rosoma l  prepara-  
t ion  when  the  en t i re  range of  novel  acids was 
tested.  Several add i t iona l  expe r imen t s  were 
p e r f o r m e d  using par ts  of the  series, bu t  as 
similar levels of  A5 desa tu ra t i on  were observed,  
these  are no t  repor ted .  The  C20 a11-cis-poly- 
enoic  acids had  the h ighes t  pe rcen tage  A5 
desa tura t ions .  With the  2 series of  m o n o e n o i c  
acids, the re  was a d is t inct  cha in  l eng th  bias. The  
[1-14 C] acyl groups  were extens ive ly  incorpora-  
ted in to  lipids, wi th  on ly  2-10% of  the  added  
label r ema in ing  as free acid af te r  1 hr. ECL 
values for b o t h  subs t ra te  and  p r o d u c t  m e t h y l  
esters on  a DEGS GC c o l u m n  are also r epo r t ed  
in Table  II. The  di f f icul ty  wi th  the de t ec t i on  
and m e a s u r e m e n t  of  low tevels of  A5 desatura-  
t ion  of A9-trans-acids using a packed ,  po la r  GC 
co lumn,  because of  the  unusua l ly  small  differ- 
ent ia l  in ECL value b e t w e e n  A9-trans- and  
A5-cis,9-trans-acids, has  already been  n o t e d  (8). 
Since this  s tudy  was comple t ed ,  Mahfouz  and  
H o l m a n  have r epo r t ed  the  A5 desa tu ra t i on  of 
18: 1(8c) (6). Also, the  A5 desa tu ra t i on  of  18: 1 
(9 t )  agrees wi th  the  obse rva t ions  of  Lemarcha l  
and  Bornens  (7).  

E x a m i n a t i o n  of  the  sparse b o d y  of  data  
available on  A5 desa tu ra t i on  reveals a subs t ra te  
specif ici ty  wi th  a p r o b a b l e  chain  l eng th  l imita-  
t ion.  In  v i t ro  s tudies  show h igher  ra tes  of  A5 
desa tu ra t ion  for C20 p o l y u n s a t u r a t e d  acids over 
Cx8 p o l y u n s a t u r a t e d  acids (5 ,16) .  E x p e r i m e n t s  
p e r f o r m e d  in vivo also s u p p o r t  the  h y p o t h e s i s  
tha t  the  C20 chain  length  is prefer red  over 
shor t e r  cha in  lengths.  Sprecher  and  Lee have 
s h o w n  tha t  C19 to  C21cis-11,cis-14-dienoic 
acids are all desa tu ra ted  at  the  A5 pos i t ion ,  
wi th  the  greates t  convers ion  in vivo occurr ing  
for  the  C20 acid (17).  A5 Desa tu ra t ion  of 
20:1(1 lc )  was low,  whereas  n o n e  was observed  
for  1 8 : l ( l l c )  (17 ,18) .  Feed ing  1 7 : 2 ( 8 c l l c )  
to rats  def ic ien t  in E F A  did no t  resul t  in  the  
p r o d u c t i o n  of  t r i enoic  acids (19) .  In  summary ,  
a chain  length  specif ic i ty  o f  C17 < Cl8 < C~9 < 
C20 seems likely for  A5 desa tu ra t ion .  F u r t h e r -  
more ,  the  Sch lenk  et  al. s tudies  suggest t ha t  
2 3 : 5 ( 8 c l  lc14c17c20c) and 2 2 : 4 ( 8 c l  lc14c17c) 
are good subs t ra tes  for  A5 desa tu ra t i on  (13).  
The  results  f rom Table  II show tha t ,  as chain  
length  decreases f rom C2o to  C16 for  the  series 
of  8-cis- and 9-trans-monoenoic acids tes ted ,  
A5 desa tu ra t ion  falls to  a barely de tec tab le  level. 
These  p re l imina ry  results  lend c redence  to  the  
hypo thes i s  t ha t  A5 desa tu ra t i on  is s t rongly  
unde r  cha in- length  con t ro l ,  and  the  au thors  
hope  t ha t  this  will s t imula te  the  comple t e  s tudy  
now required.  
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Dinosterol in Model Membranes: 

Fluorescence Polarization Studies 
ZVl HAREL and CARL DJERASSl, Department of Chemistry, 
Stanford University, Stanford, CA 94305 

ABSTRACT 

The interaction between the phospholipids of Crypthecodinium cohnii, a heterotropic marine 
dinoflageUate, and its major sterol dinosterol was studied using a fluorescence polarization technique. 
Compared to cholesterol, dinosterol is less soluble in model membranes and as effective in increasing 
the microviscosity. These results indicate that the unique side chain of dinosterol does not play a 
special role in terms of complementary interaction with the phospholipids of this organism. 

INTRODUCTION 

Marine sterols contain complex side chains 
which are not found in terrestrial organisms. 
Previously (1,2) we discussed the possible 
functional significance of the unusual structure 
of various marine sterols. We hypothesized that 
a special stabilization of the membranes of the 
organism may be gained by a complementary 
structural interaction between the sterol and 
other membrane lipids. 

Dinosterol (I) was selected for various 
reasons (Fig. 1). The unprecedented pattern of 
alkylation of its side chain is of special impor- 
tance from a biosynthetic point of view. It 
occurs in high proportions (ca. 30-60% of the 
total sterol mixture) in various species of 
marine dinoflagellates (3,4). The most charac- 
teristic polyunsaturated fatty acid of marine 
dinoflagellates is docosahexaenoic acid (22:6) 
(5). In Crypthecodinium cohnii, an easily 
grown heterotropic marine dinoflagellate, the 
major polar lipid fraction, phosphatidylcholine 
(PC), was found to contain up to 66% 22:6 (6), 
whereas dinosterol constituted 48% of the 
sterol mixture (3). This association in vivo of 
a highly polyunsaturated phospholipid with 
unusually high proportions of dinosterol (I) 
might indicate the existence of a mutual 
hydrophobic affinity. This prompted us to 
study the interaction of dinosterol with syn- 
thetic PC (16:0, 22:6) and with the total 
phospholipid mixture of C. cohnii in model 
membranes compared to the interaction of 
cholesterol (II) using fluorescence polarization 
with 1,6-diphenyl-l,3,5-hexatriene (DPH) as a 
probe. Lala et al. (7) have demonstrated that 
the microviscosity of the membrane, which is 
derived from the polarization, is sensitive to 
structural changes in the sterol backbone. 

MATERIALS AND METHODS 

C. cohnii (Woods Hole strain d) was grown 
in La JoUa, CA, at 28 C in 60-s (4 15-~ bottles) 

of MLH medium (8) and harvested at stationary 
phase of growth after 14 days. Cells (yield, 66 g 
wet weight; ca. 17 g dry weight) were quickly 
frozen on Dry Ice prior to extraction and 
quantitative analysis of phospholipids (for 
qualitative evaluation see ref. 9). 

I 

t 

DINOSTEROL ( I )  

CHOLESTEROL ( f f )  

ERGOSTEROL ( I l l )  

FIG. 1. Structures of dinosterol, cholesterol and 
ergosterol. 

694 



COMMUNICATIONS 695 

Preparation of Membranes 

We preferred not to use sonication to 
form membranes because of the high suscep- 
tibility of the docosahexaenoate chain to 
oxidation. The ethanol injection method (10), 
which causes the formation of single-bilayered 
vesicles, was used to prepare PC (16:0,22:6) 
and egg PC membranes with or without sterols. 
The amount of sterol incorporated into the 
membrane was determined, after centrifugation 
and extraction, by gas liquid chromatography 
(GLC). Multilamellar liposomes were prepared 
from the phospholipid mixture of C. cohnii 
for fluorescence studies because of the mix- 
ture's insolubility in ethanol using a procedure 
reported (11) to produce uniform preparations 
with constant polarization values. 

The fluidity of the membranes was esti- 
mated by the fluorescence polarization tech- 
nique with DPH as a fluorescence probe (12). 
Measurements were made at 25 C on a SPEX 
Fluorolog spectrofluorimeter operated in the 
E/R mode. The exitation and emission wave- 
lengths were 365 nm and 428 nm, respectively, 
with respective bandwidths of 5 nm and 10 nm. 
Results are expressed as polarization of fluores- 
cence, an increased value indicating a reduced 
rate of probe motion and by inference a more 
restrictive hydrophobic environment (13). 
Approximate values of microviscosity (~) were 
evaluated according to the expression derived 
by Shinitzky and Barenholz (14). 

RESULTS AND DISCUSSION 

Composition of C. cohnii Phospholipids 

The phospholipid mixture of C. cohnii 
(62% of the polar lipids mixture) was shown by 
thin layer chromatography (TLC) and phos- 
phorus analysis (15) to consist of PC (71%), 

lysophosphatidylcholine (lyso-PC, 8%), phos- 
phatidylethanolamine (PE, 8%), phosphatidyl- 
inositol and phosphatidylserine (7%), and 
cardiolipin (6%). The fatty acid composition 
(% mol) of the phospholipid mixture was as 
follows: 14:0(15%), 16:0(25%), 18:0(2%), 
18:1(14%) and 22:6(44%). 

Incorporation of Dinosterol 
into PC Vesicles 

Attempts to form membranes from egg PC 
or PC (16:0,22:6) with sterol concentration 
higher than 15% tool resulted in clear and 
turbid solutions for cholesterol and dinosterol, 
respectively. The same results were obtained 
when sonication was applied. GLC determina- 
tion of dinosterol in the membrane also gave a 
maximal value of 15% mol. Attempts to incor- 
porate dinosterol to a higher extent in multi- 
lamellar liposome prepared from egg PC, PC 
(16:0,22:6) or C. cohnii phospholipids mixture 
were unsuccessful. 

Fluorescence Polarization 

Table I shows the effect of cholesterol 
(II) and dinosterol (I) (15% mol) on the polari- 
zation and microviscosity of different mem- 
brane preparations. The results do not  distin- 
guish between the effect of the 2 sterols (in 
15% mol) on the fluidity of the membranes. 
Of the 3 kinds of membranes, egg PC is the 
most sensitive to the addition of sterol. 

The ability of sterol to be incorporated into 
liposomes of egg PC depends on its structure. 
Demel et al. (16) have found that the solubility 
limit of ergosterol (III) in egg PC liposomes is 
25% mol (50% mol for cholesterol). This is 
probably the result of the steric hindrance 
caused by the bulky side chain of the sterol. 
It was also shown (17) that the ability of ergos- 

TABLE I 

Effect o f  Cholesterol and Dinosterol  on the Polarization and 
Microviscosity of  Various Membrane Preparations 

Microviscosit y 
Membrane Polarization a (poise) 

Egg PC b 0.138 0.86 
Egg PC/cholesterol 0.177 1.26 
Egg PC/dinosterol 0 .177 1.26 
PC(16:0,22:6) 0.111 0.64 
PC(16:0,22:6)/cholesterol  0.138 0.86 
PC(16:0,22:6)/dinosterol  0.138 0.86 
C. cohnii phospholipids 0.116 0.67 
C. cohnii phospholipids/cholesterol 0.134 0.82 
C. cohnii phosphoHpids/dinosterol 0.127 0.76 

aDeviations between duplicates did not exceed 5%. 
b p c  = phosphatidylcholine.  
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terol  to order  egg PC membranes  is equal  to 
that  of  choles terol  only  up to 15-20%. Com- 
pared to ergosterol ,  the  h y d r o c a r b o n  tail o f  
d inos te ro l  is more  bulky,  thus  decreasing the  
sterol  solubili ty.  This behavior  might  be ex- 
plained if  one  assumes tha t  fo rma t ion  of  s terol  
d imer  or s terol-sterol  in te rac t ion  is taking place 
at a concen t r a t i on  above 20% mol (18). Such 
in te rac t ion  might  be favored for  choles terol  
but  unfavored for  ergosterol  (III) and dinos- 
terot  (II). Probably  this is a dominan t  fac tor  
because membranes  prepared  f rom PC (16:0 ,  
22:6) or C. cohni i  phosphol ip ids  did no t  
a c c o m m o d a t e  more  d inos te ro l  than  egg PC 
membrane .  Possible "solubi l izers"  for  dinos- 
terol  in C. cohni i  membranes  might  be mem- 
brane proteins .  Fo r  example ,  high aff in i ty  of  
the  Folch-Lees  pro te in  for choles terol  was 
demons t r a t ed  by  mono laye r  expe r imen t s  (19). 
As the  results  have shown,  the  increase in the  
viscosity o f  egg PC membrane ,  u p o n  addi t ion  
of  choles terol  or  d inosterol ,  is higher  than  tha t  
o f  PC (16:0 ,22:6) .  Similar results were ob- 
ta ined by Demel  et al. (20). Lala et al. (7) have 
shown tha t  the  m e m b r a n e  microviscosi ty  is 
sensitive to  m e t h y l a t i o n  of  the  sterol  nucleus  
at C3, C4 or C14 and that  4a -me thy lcho le s t ano l  
(personal  communica t i on )  condenses  the  mem- 
brane near ly as well as cholesterol .  Therefore ,  
it is no t  surprising tha t  the  4~-methyl  group of  
d inos tero l  does no t  no tab ly  affect  its mem- 
brane condensa t ion  p rope r ty ,  compared  to 
cho les t e ro l  

At  this t ime,  we conc lude  tha t  a special kind 
of  s tructural  com p lemen ta r i t y  be tween  the 
phosphol ip ids  and the  major  sterol  o f  C. cohni i  
is no t  de tec tab le  by the  f luorescence polariza- 
t ion technique .  The func t iona l  role o f  dinos-  
terol  still needs  to be elucidated.  
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Cholesterol Methodology for Human Studies 
B. ZAK, Department of Pathology, Wayne State University, School of Medicine and Detroit Receiving 
Hospital, Detroit, MI 48201 

ABSTRACT 

A classification and review of the methodology involved in the determination of serum cholesterol 
for human (or animal) studies are presented. The purpose of both is to enable selection of a technique 
appropriate for the assay intended with a reasonable understanding of its advantages, disadvantages 
and limitations. The various methods discussed include direct reaction systems, partial isolation sys- 
tems and complete isolation systems, as well as screening, reference and definitive procedures. The 
interferences that could occur are considered, especially those caused by hemoglobin, the turbidity in 
lipidemia, and bilirubin, as well as interferences caused by optical aberrations and chemical reactants. 
The various instrumental methods used to determine cholesterol or a substitute determinand such as 
hydrogen peroxide are discussed, including spectrophotometry, electrochemistry and densitometry 
of electrophoretically separated proteins. 

INTRODUCTION 

The beginnings of modern cholesterol 
methodology date from 1885-1909 (1-3), when 
color-forming and precipitation reactions for 
cholesterol were developed, of which modifica- 
tions are still used for the determination of 
serum cholesterol. The keys to the technology 
were the Liebermann-Burchard (LB) color 
reaction (1,2) and the digitonin precipitation 
reaction (3) for cholesterol, encompassing a 
combination of principles and ideas that 
enabled procedures to be evolved for the 
determination of free, esterified and total 
cholesterol. With relatively little alteration, but 
with some analytical honing, these are still in 
use. A novel development of the early fifties 
involved attempts to determine cholesterol in 
serum directly without a prior separatory 
purification step (4,5). Although there was 
some resistance to such apparently bold tech- 
no logy-a  resistance which waxed and waned-  
the idea of direct determination not only per- 
sisted, but apparently extended to other serum 
determinands (the constituent determined, also 
analyte). It was demanded by most of the 
simplified robots, the large devices with auto- 
mation characteristics precluding, for the most 
part, the preparation of extracts and filtrates or 
other more complicated separatory steps. 

While the LB reaction was enjoying peak 
use, the cholesterol oxidase reaction was 
discovered (6,7) and some preliminary proce- 
dures were suggested (8,9), although none of 
them were suitable for routine use. An impor- 
tant development was the appearance of a 
relatively.simple and less cumbersome technique 
employing cholesterol oxidase (cholesterol: 
oxygen oxido-reductase, EC 1.1.3.7) in a 
process in which the hydrogen peroxide gener- 
ated was used in a peroxidase (EC 1.11.1.7)- 
coupled reaction to generate a colored product 

(10). The next critical addition involved the 
inclusion of cholesterol esterase (EC 2.1.1.13) 
(11) .in the procedure which eliminated 
the need for the alkaline saponification of 
cholesteryl esters, which did not react with the 
oxidase. Introduction of 4-aminoantipyrene 
and phenol from the Trinder reaction for 
glucose (12) into the peroxidase-coupled 
reaction for determining the hydrogen peroxide 
resulted in a complete procedure. From this 
point, the optimization of matrix characteristics, 
along with the substitution of other reagents 
for 4-aminoantipyrene and phenol, contributed 
to the overall improvement of a single-pipetting, 
one-step analytical technique (13,14). A 
modified procedure employed catalase to 
convert the hydrogen peroxide and methanol to 
formaldehyde. Then, by coupling the formal- 
dehyde with acetylacetone and ammonia, 
the Hantzsch reaction (15) was used for the 
determination of the peroxide. Thus far, this 
modification has not been used as commonly as 
the Trinder reaction. 

This discussion will focus on current tech- 
nology in a manner that will assist the reader in 
selecting from a wide array of available meth- 
ods. An all-inclusive classification will be 
suggested, built on well received published 
reviews (16-20). However, it will not attempt 
arrangement of methods on the basis of the 
final color reactions, thereby avoiding the 
problems engendered by classifying them as 
functions of terminal equilibrium reactions 
(16). Instead, it will group methods according 
to the manner of sample treatment that ulti- 
mately leads to the quantitative reaction 
selected, because, after all, the final step of a 
methodological scheme is not the method. 
ObviOusly, direct determinations may be 
complex, even though the procedure only calls 
for the addition of serum to the reagents. This 
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single-pipetting step may initiate a series of 
sequential chemical reactions, terminating in an 
equilibrium reaction of a color formation, 
which is used to make the final measurement. 

M E T H O D S  

Direct Reaction 

In this class of methods, no separation or 
partial separation of the analytical phases 
occurs. Obviously, when all constituents of the 
sample are present and it is simply mixed with 
reagents, maximal perturbance by potential 
interferences may be expected. These effects 
could depend on the instrumental methods 
used to determine the equilibrium product, 
such as photometry or electrochemical analysis. 
Generally, spectrophotometry is used because 
that is how most determinands are assayed in 
the clinical laboratory. Electrochemical analysis 
is or can also be used for the determination of 
cholesterol, but this is still relatively rare. 

Blank determinations are probably necessary. 
However, often the only blank included is the 
reagent blank, which may be inadequate if 
sources of irrelevant absorption are present in 
the sample. The most common natural inter- 
ferences encountered in serum are bilirubin, 
hemoglobin and the turbidity in hyperlipidemia. 
Sometimes, only one interfering substance is 
present, but encountering 2 or more is a distinct 
possibility. The use of a serum blank in which 
one component of the reagent may be left out 
will sometimes be feasible, provided the sub- 
stance remains spectrally identical both in the 
serum blank solution and in the final reaction 
system, for then an absolute correction can be 
made. But if the substance to be blanked is 
a static reactor in the blank and a dynamic 
reactor in the specimen, serum blanking may be 
difficult (21). Sometimes the interfering 
material has a complex reactive nature and can 
form more than one kind of reaction product, as 
can be true for bilirubin. It has been shown that 
it may then generate different irrelevant absorp- 
tions in the sample blank and in the sample 
(22). In that case, the correction for a variable 
dynamic interference may be erroneous (23). 

The main advantage of the direct approach 
is, of course, that the procedure is simple 
because the sample is merely added to the 
reagents; this simplicity also facilitates automa- 
tion or mechanization, especially with robots 
which can handle only 1- or 2- part reagents at 
best. The major disadvantage of the direct 
procedure is that, since no phase separation 
such as extraction or dialysis occurs, maximal 
interference effects not only are possible, but 
prevalent. In the case of absolute or constant 

errors from these interferences, little correction 
may be required. In the case of proportional 
(relative) errors, the principle of standard 
additions may be used (24). If the interfering 
material is an interactor enhancing or inhibiting 
the reaction, then the standard addition tech- 
nique, by means of taking advantage of this 
interacting process, will allow correct values to 
be closely approximated, even though incorrect 
absorbance signals are obtained. 

Attempts to overcome the problem of 
interference in direct procedures by correcting 
at some wavelength other than the measuring 
wavelength have been made using bichromatic 
spectrophotometry (25). Several of the auto- 
matic instruments now use dual wavelength 
measurements for most of their determinations 
in biological fluids (e.g., Hycel M., Abbott  ABA- 
100, 200 and VP, and TECHNICON STAC), 
whereas other instruments use dual wave- 
length measurements only where it is be- 
lieved to be essential (e.g., Dupont ACA). 
However, it is obviously difficult to assure that 
one side-wavelength absorbance used for any 
interference that one might encounter in a 
biological specimen will subtractively correct 
the peak-wavelength absorbance for that 
interference. In addition, the choice of the 2 
wavelengths is severely limited by the abridged 
character of the filter photometers in the 
automatic instruments. In order to make such a 
correction accurately, dual wavelength mono- 
chromators capable of narrow waveband 
selection are preferable; the nature of the 
interference should be known and no other 
interference can be tolerated at either wave- 
length, unless it gives identical readings at both 
wavelengths. Such severe restrictions would 
make the dual wavelength approach difficult 
when the limited wavelength monochromators 
of present instruments are used, unless there is 
little or no interference present. 

In direct methods where enzyme reagents are 
used for a final colorimetric reaction, free and 
total cholesterol determinations are possible, 
depending on whether cholesterol esterase is 
present in the reagents. 

Partial Purification -- Use of Organic Solvents 

In this class of methods a partial sample 
cleanup is effected primarily by a separatory 
process, involving extraction from the proteins 
with water-soluble solvents (26) or liquid-liquid 
extractions of the cholesterol from the proteins 
into organic solvents (27). In the liquid-liquid 
extractions, this transfer is aided by having a 
water-soluble component in the extraction 
mixture, e.g., chloroform-methanol. Free and 
esterified cholesterol are determined in the 
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extract using digitonin, which precipitates free 
cholesterol and separates it from its esters. 

The main requirement for blank determina- 
tions after partial purification is the reagent 
blank. Many interfering materials are removed 
during the extraction process. Digitonin precipi- 
tation also aids in separating the cholesterol 
from most but not all interfering substances. 
The main drawback with digitonin precipi- 
tation is that other 3-/3 hydroxy sterols are 
precipitated by the saponin along with choles- 
terol, although their molar absorptivities in 
either the LB or the ferric chloride reactions 
may be considerably lower than that of choles- 
terol. 

An advantage of partial purification is 
obviously that the equilibrium reaction mixture 
is purer, as many, though not all, of the inter- 
ferences are eliminated (28). However, the 
potential for automation decreases as the 
complexity of a procedure increases. 

In the early matrices used for the LB reac- 
tion, esterified cholesterol produced consider- 
ably more color than did free cholesterol, 
which was a significant disadvantage of partial 
PUrification. Therefore, procedures for total 
cholesterol, involving alkaline saponification 
followed by extraction from the alkali, were 
developed which virtually eliminated LB-reactive 
compounds other than cholesterol from the 
equilibrium reaction (28). This method became 
the reference by which other proposed proce- 
dures are judged even today (18). 

A novel approach to partial purification 
involves electrophoresis of serum in cellulose 
acetate, filter paper or a transparent gel such as 
agarose (29-32). Several of these techniques 
have been proposed as a means of separating 
the carriers of cholesterol, the lipoproteins. 
They are visualized by overlaying them with 
enzyme reagents, which results in a color 
complex involving the hydrogen peroxide- 
peroxidase oxidative coupling action of 4- 
aminoantipyrene and phenol. This procedure 
has several theoretical advantages over chemical 
fractionation of serum by selective precipitation 
of several of the lipoproteins. It is also simpler 
to carry out than ultracentrifugation followed 
by the determination of cholesterol in the 
separated fractions. 

Complete Isolation of Cholesterol 

The first nearly successful attempt to isolate 
cholesterol completely involved extraction, 
then saponification, to convert esters to free 
cholesterol followed by saponin precipitation 
with digitonin (3) or tomatine (33) and washing 
of the insoluble digitonide or tomatide. The 
dried precipitate was then dissolved and deter- 

mined by the LB equilibrium reaction (34). 
This process also obviated the problem that 
esterified cholesterol gives a color that is ca. 
17% more intense than that of free cholesterol, 
(35) as an apparent matrix phenomenon (18). 
The procedure is designated "nearly successful" 
because the extraction and precipitation 
steps cannot ensure the absolute purification of 
the determinand. 

A number of chromatographic systems 
involving thin layers, filter paper and columns 
were elaborated which give more complete 
isolation than saponin precipitation (18). Gas 
chromatography with various detectors (36,37), 
including the mass spectrometer (38), has been 
applied to the determination of cholesterol in 
serum. 

Screening, Reference and Definitive Procedures 

Screening large populations for their serum 
cholesterol concentrations has been simplified 
by the invention of automation. This mechan- 
ized approach to rapid performance of a large 
number of determinations has made it possible 
to examine, without great expenditure of labor, 
all incoming patients in hospitals as well as 
outpatients. 

The advent of rather accurate cholesterol 
procedures based on enzyme reagents has not 
only improved the screening capabilities, but 
also increased the reliability of the analysis with 
a concomitant reduction of the doubtful range 
above and below the normal range. The mechan- 
ical simplicity of direct enzymatic reagent 
techniques has enabled automation to be 
applied to a large number of clinical samples. 
The accuracy approaches that of the reference 
procedures and the normal or reference range 
can now be more reliably defined. 

Thus far, no attempt to use enzyme reagents 
in the final step of a reference procedure has 
been published. The procedures accepted as 
reference procedures still terminate in the LB 
reaction, i.e., the Abell et al. (28) and Schoen- 
heimer-Sperry (34) procedures. However, since 
the reference procedure on which these 2 
techniques are based is the gravimetric Windaus 
procedure (3), it should also be considered a 
reference procedure even though it is unlikely 
that it would be performed now. 

There is no agreement on definitive proce- 
dures (18), but likely candidates include gas 
chromatography with a mass spectrometer as 
detector or some version of high performance 
liquid chromatograph. Undoubtedly, the results 
obtained with well-designed procedures termin- 
ating in enzyme reactions will closely approxi- 
mate the definitive values and easily match the 
current reference values. 
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DISCUSSION 

Interferences 

The naturally occurring interfering materials 
commonly encountered in serum specimens are 
bilirubin, hemoglobin and the turbidity in 
severe lipemia. A variety or sample blanks are 
described for direct procedures in which an 
attempt is made to correct for a static or 
dynamic interference encountered. Two kinds 
of blanks commonly used are prepared in the 
following way. The blank reagent is made up 
with a missing reactive component. This omis- 
sion can either allow a static interference to 
represent the total background of irrelevant 
absorbance or it can permit a dynamic interfer- 
ence to react while the determinand, choles- 
terol, is unreactive. Dual wavelength blanks are 
used to make a correction at some wavelength 
at which the interference is assumed to be 
identical to that at the peak wavelength of the 
cholesterol reaction or to apply the proportion 
of interference at some wavelength to correct 
the peak wavelength (25). 

Since most modern clinical methods are 
mechanized and limited in the complexity of 
sample handling by the automated systems, 
there has been a tendency to use direct handling 
and thus interference has been maximized. Of 
the 3 interferences mentioned, the simplest to 
correct is that resulting from hemoglobin, 
because its color effect is easily eliminated 
using a serum blank. Such a treatment, inciden- 
tally, is possible only with a genuinely unreactive 
interfering substance, i.e., a static interference. 

Bilirubin presents a much more formidable 
problem for the analyst (39). It reacts indepen- 
dent of the cholesterol reaction in strong acid 
to form stable biliverdin. It also interacts in the 
final step of the peroxidase-coupled enzyme 
reagent systems and competes with the 4-amino- 
antipyrene-phenol as a substrate of that reac- 
tion. Fortunately, in this instance, the residual 
bilirubin and perhaps its oxidized product 
almost completely substitute for the intended 
oxidation product derived from 4-aminoanti- 
pyrene and phenol. The result is a useful 
compensating error. But, if one now subtracts a 
serum blank, as some suggest, the final result 
will be too low (40). However, in the case of 
colorless drugs which could act similar to bili- 
rubin in the peroxidase-coupled reaction, the 
final results would be too low with or without 
a serum blank, a fact already demonstrated for 
the virtually identical glucose oxidase reaction 
(41). In this instance, no compensatory color 
would be present to counteract the loss of color 
from the peroxidase substrate. It is easy to 
correct for excess color resulting from the 

generation of biliverdin from bilirubin if the 
bilirubin concentration is known. This is ca. 5 
mg/mg bilirubin for the LB reaction and ca. 0.7 
mg/mg for the ferric chloride reaction. One 
reason for the difference in magnitude of error 
for these 2 acidic systems is that the LB reaction 
for cholesterol produces a peak at the wave- 
length where biliverdin has a spectral peak, 
whereas biliverdin shows a minimum in its 
absorption spectrum at the absorption maxi- 
mum of the ferric chloride reaction. Another 
reason is inherent in the molar absorptivities of 
the 2 acidic reactions for cholesterol. The ferric 
chloride reaction for cholesterol is much more 
sensitive than the LB reaction. 

The problem in severe lipemia is more 
complicated than suspected at first glance. In 
direct reactions of the strongly acidic systems 
at high dilutions, the turbidity may clear up as 
a result of the dilution and the nature of the 
medium. However, at the nearly neutral pH of 
the enzyme reagent systems severely lipemic 
specimens may cause turbidity in the final 
solution, which may require correction, e.g., by 
a serum blank. If one attempts to clarify the 
serum by ultracentrifugation in the presently 
popular micro-ultracentrifuges sold particularly 
for that purpose, some other factors may have 
to be considered. One factor involves the lipids 
in the chylomicrons that are centrifuged off. 
They contain a small quantity of cholesterol, 
but perhaps it is small enough to be tolerable as 
a negative error. However, the removal of a very 
high concentration of chylomicrons could 
decrease the volume of serum e n o u g h  to 
concentrate the remaining cholesterol by as 
much as 20-30% (42). This phenomenon has 
been a problem in other assay systems (43). 

Enhancement and inhibition of the ferric 
chloride reaction for cholesterol by bromide 
and thiouracil, respectively, have been described 
when they are present in serum. These inte.r- 
acting species produce proportional errors. 
Unlike independent side reactions, which cause 
absolute errors, proportional errors are correct- 
able by the method of standard additions (24). 

Electrochemical methods for the determina- 
tion of cholesterol are relatively new (44-46). 
They are based on the measurement by the 
oxygen electrode of the rate of oxygen used up 
during the cholesterol oxidase reaction or on 
the measurement by a peroxide electrode of the 
rate of formation of the peroxide generated 
in the same reaction. Any side reaction involving 
either oxygen or peroxide could, in theory, 
affect the reaction. So far, the oxygen electrode 
technique has been free of such criticism, 
although one report suggests that it is not as 
precise as it could be (47). 
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Standardization 

A previous review of cholesterol metho- 
dology provides a rather complete discussion of 
the problems of standardization of the several 
procedures commonly used (18). There are 
differences in reactivity between free and 
esterified cholesterol in LB reactions which 
vary as a function of the differences in matrices. 
There is also the dilemma of what to use as a 
standard for direct reactions in automated 
instrumental determinations. If one uses the 
values for a standard serum the concentration 
of which has been determined by a reference 
procedure, there may be considerable back- 
ground absorbance in the samples to be ana- 
lyzed, which may be quite different from that 
of the standard. 

The temperature of reaction can disrupt LB 
procedures if the standard is prepared in a 
solvent such as glacial acetic acid, which gener- 
ates little heat upon mixing with LB reagent, 
whereas serum with its high water content 
generates relatively much more heat for a 
temperature-dependent reaction (23). 

In enzyme reagent systems, 3 alternatives are 
currently available. In one, nonesterified 
cholesterol is dissolved in isopropanol, and this 
water-soluble solvent generates a molar absorp- 
tivity similar to the one obtained with the 
cholesterol of the sample (48). In order to 
avoid the use of organic solvents entirely, 
aqueous standards have been prepared using a 
detergent to solubilize nonesterified cholesterol 
(49,50). This standard can be used for the 
strong acid systems and for the enzyme reagent 
systems. Morpholine cholesterol hemisuccinate 
is a practical cholesterol standard in aqueous 
solution, as shown for the ferric chloride and 
LB reactions (51). When cholesterol is deter- 
mined in a multiphasic analyzer, a serum 
secondary standard is necessary, because each 
sample is subjected to a variety of tests simul- 
taneously. For this, previously assayed pooled 
human serum is required and the background 
problems described earlier in this discussion 
must be considered (18). 

Equilibrium Reactions 

A variety of equilibrium reactions and some 
kinetic reactions have been described in the 
course of evolution of the determination of 
cholesterol (18). These have mostly involved 
reagents which react with cholesterol to gener- 
ate a measureable product, usually a pigment. 
Sometimes, the reagent is determined along 
with the cholesterol e.g., by weighing an 
insoluble complex. The gravimetric method was 
actually the first successful approach to the 
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determination of cholesterol (3). Digitonin 
quantitatively reacts with the free hydroxyl 
group of the A ring to form an insoluble 
complex which, when washed free of impuri- 
ties, provides an accurate weighing form of 
cholesterol. Some years later, reactions with the 
carbohydrate moiety of the pentasaccharide 
precipitating agent provided an indirect deter- 
mination of cholesterol by assaying for the 
concentration of saponin involved in the 
precipitation (52,53). The LB reaction, which 
was invented some years earlier, provides a 
simpler photometric solution to the problem. 
The reagent, a mixture of acetic anhydride, 
acetic acid and sulfuric acid, produces green 
products with both free and esterified chol- 
esterol or with the cholesterol digitonide. The 
LB reaction has undergone many modifications 
through the years and is still widely used either 
in the form of the sodium sulfate-stabilized 
reagent of Huang et al. (54) or the p-toluene 
sulfonic acid technique of Pearson et al. (5). 

In 1953, another color reagent was proposed 
for generating pigment by a direct reaction with 
cholesterol. It is a mixture of ferric choride in 
an acetic acid-sulfuric acid milieu, which 
produces a stable purple compound with 
considerably higher molar absorptivity than the 
one produced by the LB reaction. It has also 
generated several modifications, including fer- 
rous sulfate (55), ferric perchlorate (56) and a 
mixture of ferric acetate-uranium acetate and 
ferrous sulfate (57). T h e  direct reaction with 
serum was replaced by a partial isolation 
procedure (58), but then reverted to the direct 
reaction (56). All of these are still used, some 
manually and some in automated procedures. 
Interferences, including reagent contamination, 
e.g., nitrite in sulfuric acid (59) and drug 
interference, e.g., bromide and thiouracil, have 
been encountered (60,61). The presence of 
other steroids in tissue determinations has been 
described, leading to claims for the advantages 
of one procedure (57) over others (52-64). 
However, in a direct comparison of the equili- 
brium reactions themselves, where constant 
concentrations of interfering material were 
used, these claims have been determined to be 
unfounded (60). 

Additional spectrophotometric reactions for 
the peroxidase-coupled step are certain to be 
proposed in the future, and if they are more 
sensitive, they should be useful for the deter- 
mination of low cholesterol concentrations, 
e.g., in serum fractions with HDL cholesterol or 
in cerebrospinal fluid (65). They could be 
based on fluorescence (66), chemiluminescence 
(67), or color reactions (68,69). An increase in 
sensitivity would also be useful for kinetic 
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studies, where only a portion of the signal of 
the equilibrium reaction is used (70). 

Reaction Mechanisms 

The reaction mechanisms of the enzyme 
reagents are well understood for both the 
Trinder and Hantzsch reactions (18). Here, 
oxygen is used and cholstenone is formed 
along with hydrogen peroxide. The procedures 
based on reagent oxygen or either of the 2 
reaction products, hydrogen peroxide or 
cholestenone, clearly show that the mechanism 
is correct. The mechanisms of the LB and iron 
reaction are more obscure because the products 
are difficult to identify or isolate. In a rigorous 
proof of mechanism (71), it was shown that 
both reactions begin with the dehydration to a 
common carbonium ion, but then follow 
separate oxidative pathways. The LB reaction 
proceeds to a measurable but unstable green 
pentaenylic ion, which can be oxidized to a 
yellow cholestahexaene sulfonic acid, a product 
which has also been a measuring form. The iron 
reaction is described as proceeding oxidatively 
through a dienylic carbonium ion to a trienylic 
ion and finally to a stable purple tetraenylic 
ion, the compound which is measured. 
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Analysis and Physiologic Significance 
of Cholesterol Epoxide in Animal Tissues 
HOMER S. BLACK, Photobiology Laboratory, Veterans Administration Medical Center 
and Department of Dermatology, Baylor College of Medicine, Houston, TX 77211 

ABSTRACT 

The presence of 5~,6c~-epoxy-cholestan-3t3-ol, an oxidation product of cholesterol, has been de- 
monstrated in a variety of animal tissues. No definitive biologic role for this sterol has been forth- 
coming, although the physiologic implications of its occurrence are many. The presence of the epoxide 
in ultraviolet (UV)-irradiated skin was detected by a combination of thin layer chromatography (TLC) 
and gas liquid radiochromatographic (radio-GLC) techniques in 1971 and led to the suggestion that it 
might be responsible for the carcinogenic properties of UV. Subsequently, in vivo levels of this sterol 
in the skin of UV-irradiated animals were quantitated by radio-GLC after TLC separation and prepa- 
ration of the radiolabeled acetate ester. Presence of the compound in mouse liver was detected by 
GLC of the trimethylsilyl (TMS) ether and confirmed by mass spectrometry (MS). In all cases, how- 
ever, in vivo quantitations were complicated by substrate induction of sterol epoxide hydrase, an 
enzyme that hydrates the epoxide to form cholestan-3#,5c~,6/3-triol (triol). Consequently, the rela- 
tionship of the sterol epoxide to UV-carcinogenesis is as yet unclear and recent studies suggest that if 
this sterol is involved, then further metabolism of the compound must be required. A practical means 
of examining the metabolites of the epoxide was developed, employing radio-TLC scanning. Using 
this procedure, the relationships of substrate concentration, time of reaction and pH optimum to 
reaction rate were determined. Although in short term in vitro incubations of liver homogenates the 
bulk of epoxide is hydrated to triol, several other metabolites are detectable by TLC autoradiography. 
Even though the case for direct involvement of cholesterol epoxide in the etiology of carcinogenesis 
o r  other diseases is equivocal, the epoxide or its metabolites may yet prove valuable as a diagnostic 
aid in revealing abnormal function associated with certain diseases. 

INTRODUCTION 

Prior to the late 1960s, it was generally 
believed that,  except  for a few toad venoms,  
the occurrence of  steroid epoxides  was rela- 
t ively rare in nature  (1). Al though  minor  sterols 
of  the cholestane series had been isolated f rom 
various biological materials, l i t t le not ice  was 
taken as these could have easily represented 
artifacts f rom the au tox ida t ion  o f  the parent  
cholesterol  molecule.  In 1971, however ,  2 
reports  appeared in which cholesterol  epoxide  
was ident i f ied in biological  samples (2,3). Both  
reports  p iqued interest  as to the potent ia l  
physiologic role(s) this c o m p o u n d  plays. 
Al though  Kadis (4) recent ly  has reviewed the 
role of  various steroid epoxides  in biologic 
systems, it is the  in ten t ion  here to focus only 
on cholesterol  epoxide,  its analysis and metab-  
olism, with respect  to its physiologic potent ial .  

METHODS OF ANALYSIS 

Gray et al. (2) isolated and ident i f ied chol- 
esterol  epoxide  f rom abnormal  human sera. 
Af te r  ext rac t ion  with ch lo ro fo rm/me thano l  
(2:1),  the serum lipid extract  was subjected to 
preparat ive th in  layer ch romatography  (TLC) 
on Silica Gel G. Sterots, af ter  hydrolysis  o f  the  
sterol ester fract ion,  were f ract ionated ei ther  as 
the  t r imethyls i ly l  (TMS) ethers or  in free form 

on silver ni t ra te- impregnated silica gel thin 
layers. Fur ther  analysis of  the  epoxide was 
achieved by gas l iquid chromatography  (GLC) 
using columns packed with ei ther  1% OV-1 or 
OV-17. Ident i ty  was verified by mass spec- 
t r ome t ry  (MS). Fior i t i  and Sims (5) had earlier 
used TLC and GLC me thods  to  ident i fy  chol- 
esterol  epoxide  in a mix ture  of  au tox ida t ion  
products  o f  cholesterol .  However ,  Gray and 
coworkers  provided several arguments  why the 
epoxide  they  had ident i f ied could not  have 
resulted f rom au tox ida t ion  of serum chol- 
esterol. 

Choles terol  epoxide  was also isolated f rom 
ultraviolet  (UV) light-irradiated human skin 
which had been pre incubated  with  radiolabeled 
cholesterol  (3,6). Tota l  lipids were extracted 
with ch lo ro fo rm/me thano l  and prel iminary 
separat ion o f  the  lipid classes was obtained by 
TLC on Silicar-TGF plates. Cholesterol-derived 
photo-produc ts  were observed as polar  mate-  
rials remaining at the  origin of  the  chromato-  
grams and verified by silicic acid co lumn 
chromatography.  Tentat ive  ident i f icat ion of  
cholesterol  epoxide  in the radioactive skin 
extract  was obta ined by cochromatography  
with unlabeled reference standards. A band 
corresponding to the Rf  of  the reference 
epoxide  was eluted and subjected to radio-GLC 
analysis in which the eff luent  f rom the split 
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stream was collected in glass cartridges packed 
with 3% DC-200 silicone fluid on Florisil, and 
counted in a liquid scintillation counter (7,8). 

These observations of the photo-induced 
formation of cholesterol epoxide were weak- 
ened by their dependence on the uptake of 
radiolabeled parent compound. It is well known 
that many radiolabeled organic compounds are 
more prone to autoxidation. Thus, proof of the 
origin of epoxide in UV-irradiated mice was 
only obtained when skin extracts were pro- 
cessed in the absence of radiolabeled chol- 
esterol and the corresponding TLC-resolved 
fractions were esterified with radiolabeled 
acetic anhydride and subjected to radio-GLC 
analysis (9). In chronically irradiated animals, 
ca. 16 /ag of cholesterol epoxide/g skin, com- 
pared to 0-2 #g for nonirradiated controls, 
occurred after 10 weeks. 

Cholesterol epoxide was also identified in 
the liver of the hairless mouse (10). Lipid 
extracts were first fractionated by TLC in 
1,2-dichloroethane. The polar materials remain- 
ing at the origin were eluted and rechromato- 
graphed in chloroform/acetone (9:1). The area 
corresponding to the Rf of authentic epoxide 
was eluted and some samples were used directly 
for MS. Other samples were esterified with 
radiolabeled acetic anhydride, and the acetate 
esters were analyzed by radio-GLC. Still other 
samples were derivatized with bis-trimethyl- 
silylacetamide and the TMS ethers were ana- 
lyzed by GLC on a 10-ft • 2 mm id column 
packed with 3% OV-1. An approximate level of 
80 ng of epoxide/g liver was present. Special 
precautions during isolation, as well as control 
experiments, precluded the possibility that the 
low levels of epoxide isolated from liver were 
artifacts of sample preparation. 

M ETABOLISM 

Fioriti et al. (11) fed rats diets containing 
1.5% cholesterol epoxide for 90 days and 
examined several tissues for the presence of the 
sterol. No trace of the epoxide was found in 
any of the tissues examined, but about 50% of 
the ingested epoxide could be accounted for in 
the fecal lipids. In subsequent studies, it was 
demonstrated that with time after intubation, 
an inverse relationship occurred between 
epoxide level in the gastrointestinal (GI) tract 
and an unknown sterol. The unknown com- 
pound was identified as cholestan-3~,5a,6/3- 
triol. The triol is known to evoke a number of 
physiologic responses (12-14). 

Martin and Nicholas (15) reported that 
radiolabeled cholesteryl palmitate, when incu- 
bated with the microsomal fraction of adult rat 

brain fortified with a NADPH-generating 
system, formed a mixture of cholesterol- 
5,6-epoxides. Of the total radioactivity eluted 
from the cholesterol epoxide region after TLC, 
ca. 60% cocrystallized with the cz-epoxide 
isomer. Free cholesterol incubated under 
similar conditions did not yield epoxides. 
Longer incubations resulted in triol formation. 

Mitton et al. (16), in a study of cholesterol 
oxidation by a rat liver microsomal preparation, 
found cholestan-3/3,5a,6/3-triol among the oxi- 
dation products. They suggested that the triol 
could have arisen from cholesterol epoxides; 
when the radiolabeled tx-epoxide isomer was 
supplied as substrate, the triol was one of the 
products isolated. Aringer and Eneroth (17) 
also demonstrated the formation of cholesterol- 
5,6-epoxides in rat liver microsomal fractions. 
These workers found that the epoxides were 
formed under conditions favoring autoxidation 
and suggested their occurrence could be re- 
lated to lipid peroxidase activity. In addition, 
they found that the /3-epoxide was formed 
in 3-4-fold excess over its a-isomer. In this 
regard, it is notable that Smith and Kulig 
(18) have proposed that cholesterol epoxides in 
tissues may derive from an initial oxidation of 
cholesterol by molecular oxygen to form 
cholesterol hydroperoxides which then subse- 
quently attack the parent molecule. Under such 
laboratory conditions, they obtained ratios 
of a-:/3-isomers of 1:8 to 1:11, respectively. 
Recently, Sevanian et al. (19) reported that 
cholesterol epoxides were formed in rat lungs 
exposed to oxidizing gases. They, too, proposed 
that lipid autoxidation may contribute to the 
levels of epoxide formed. However, using the 
same methods of analysis, they found vastly 
different ratios of the epoxides from that 
predicted by Smith and Kulig (18), i.e., 8:1 for 
the a and/~ isomers, respectively. Ratios of 1 : 1 
were obtained after BF3 methanolysis and 
separation by TLC. These discrepancies empha- 
size the importance of adequate analytical 
methods. The recent application of high per- 
formance liquid chromatographic (HPLC) tech- 
niques by Tsai et al. (20) for the separation of 
the cholesterol epoxide isomers may benefit 
future studies of relative epoxide content in 
biological samples. 

Chan and Black (21) examined the distri- 
bution of cholesterol epoxide in UV-irradiated 
mouse skin. Highest levels of the epoxide were 
found in the epidermis and were distributed 
rather evenly throughout all subcellular epi- 
dermal fractions. Potentially significant levels 
of the compound, however, were capable of 
diffusing from UV-irradiated epidermis, sug- 
gesting ready access to systemic involvement. In 
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this regard, Bowden et al. (22) found that when 
radiolabeled cholesterol epoxide was painted on 
the skin of mice, or administered by gastric 
intubation, it was rapidly and primarily ex- 
creted in the feces. Only residual amounts of 
the unaltered epoxide remained at the site of 
application and, with time, a portion of the 
radiolabeled materials recovered from the GI 
tract was present as water-soluble conjugates. 
These workers found very low levels of epoxide 
metabolites at the site of application even 72 hr 
after multiple administration of the compound 
for 4 days. Compatible with this observation is 
the finding that cholesterol epoxide hydrase 
activity was not increased in rat lung tissues at a 
time after NO2 exposure when epoxide levels 
were elevated (19). It was surmised that chol- 
esterol epoxide may not be an effective hydrase 
activator and that levels of the epoxide, and 
thus tissue residence time, would remain 
unchecked under conditions which led to 
epoxide formation. However, cholesterol epox- 
ide hydrase activity was 96% greater in skin of 
hairless mice receiving suberythemic UV 
irradiation for 15 weeks, when compared to 
nonirradiated controls (23). It was concluded 
that the hydrase enzyme was indeed substrate- 
inducible and responsible for the concomitant 
reduction in skin epoxide levels which occurred 
prior to tumor onset. A probable explanation 
for the divergent conclusions concerning 
substrate inducibility of the hydrase lies in the 
lengthy response time between first appearance 
of substrate and detectable increases of the 
enzyme. Alternatively, tissues of different 
origin undoubtedly possess different enzymatic 
capacity and may have restricted biosynthetic 
capability in response to the substrate. Certain- 
ly, mouse liver has an inherently greater capac- 
ity for epoxide hydration than does skin and 
this quality may account for the low levels of 
epoxide found in the liver. Although the 
epoxide may not be an efficient hydrase 
inducer, at least in skin the relationship be- 
tween substrate and enzyme activity seems 
evident; the enzyme activity is responsible for 
modulation of epoxide levels over a prolonged 
time period. 

A practical radiochromatographic assay for 
cholesterol epoxide hydrase has been described 
(24). When hydrase activity in mouse liver 
homogenates was examined using this method, 
ca. 70% of the radioactivity was recovered as 
triol after 30 min incuba t ion-a  time during 
which the reaction approached linearity. About 
10% of the radiolabel occurred as unidentified 
metabolites. The pH optimum was shown to be 
7.4. An apparent Km of 1.49/IM and a Vma x of 
0.452 /ag/mg protein/hr was determined for a 

substrate concentration which approached 
saturation level and yet provided sufficient 
conversion of substrate to be accurately quanti- 
rated. 

PHYSIOLOGIC ROLE 

The occurrence of cholesterol epoxide in a 
number of animal tissues under varied anom- 
alous or experimental conditions indicates the 
potential and putative roles associated with this 
compound. The finding by Gray et al. ( 2 ) t ha t  
cholesterol epoxide was present in sera of 
patients with varying degrees of hyperchol- 
esterolemia and atherosclerosis, but not in 
normal volunteers, suggested a relationship 
between severity of atherosclerosis and serum 
epoxide levels. As yet, definitive evidence for 
this important thesis has not  been forthcoming. 
These investigators failed to find triol in human 
sera and suggested that the epoxide was not 
metabolized in man in a similar manner to that 
reported for rodents. After intubation of rats 
with cholesterol epoxide, Fioriti et al. (11,25) 
did not find the compound in the blood. 
Only residual levels were recovered in mice 
blood 18 hr after gastric intubation (22). 
Recently, however, triol has been identified in 
human feces. The triol resulted from microbial 
metabolism of epoxide and its occurrence 
indicated that hydrase activity is present in the 
human colon (26). These observations indicate 
not only a similarity between epoxide metab- 
olism in man and rodents, but imply that 
ingested cholesterol epoxide is metabolized in a 
very different manner from that which might 
occur endogenously in the blood. Thus, ele- 
vated serum epoxide levels may be a mani- 
festation of abnormal sterol metabolism and 
represent a rather specific marker of athero- 
sclerotic disease. This aspect certainly deserves 
further investigation. 

Several oxygenated sterols, including chol- 
esterol epoxide, have been associated with the 
semeiology of Wolman's disease (27). Chol- 
esterol epoxide esters were isolated from 
tissues of Wolman's disease victims and it was 
speculated that the hydrolysis of 7-~-hydroxy- 
cholesteryl esters was impaired, thus leading to 
the accumulation of this oxygenated esterified 
sterol; this was presumed to act as a precursor 
for the formation of cholesterol epoxide esters. 
In this case, the occurrence of cholesterol 
epoxide appears as a manifestation of physio- 
logic dysfunction rather than as an active 
participant in the etiology of the disease. 

Oxygenated sterols also are known to 
produce adverse effects in several in vitro 
systems. Chen et al. (28,29) have demonstrated 
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growth inhibition of cells in culture by oxyge- 
nated, sterols and have theorized that the 
observed restriction of sterol synthesis by these 
compounds results in altered cell membrane 
fluidity, permeability and activities of mem- 
brane-localized enzymes. Cytotoxic effects of 
cholesterol epoxide on cells in culture also have 
been reported (30,31). In addition, oxygenated 
photo-products of cholesterol, including the 
epoxide, have been shown to inhibit lipogenesis 
in human skin slices (32). 

Cholesterol epoxide also has been implicated 
in the carcinogenic process. It was Roffo (33) 
who first hypothesized that photo-induced 
oxidation products of cholesterol may be 
responsible for the carcinogenic effects of 
UV-radiation. Although no carcinogenic hydro- 
carbons could be identified in photo-oxidized 
cholesterol preparations (34), Fieser (35) 
suggested that, if the carcinogenic compound 
were a steroid, it could have escaped detection. 
Massive testing efforts of cholesterol-derived 
oxidation products were undertaken by Bis- 
choff and coworkers (36,37). These investi- 
gators reported that cholesterol epoxide, when 
injected subcutaneously, induced sarcomas in 
both rats and mice. Seelkopf and Salfelder (38), 
however, observed no carcinogenic effect when 
the compound was administered in the diet of 
rats and mice. 

Black and coworkers (7,9,39) have examined 
the potential role of cholesterol epoxide in 
UV-carcinogenesis. Although increased levels of  
the epoxide occurred in the skin of chronically 
irradiated mice just prior to the appearance of  
tumors, no direct carcinogenic effect by the 
compound has been demonstrated. Anti- 
oxidants, known to impede lipid peroxidation, 
were shown to inhibit the immediate photo- 
chemical conversion of  skin cholesterol to its 
epoxide (40). Furthermore, dietary anti- 
oxidants are effective in suppressing the for- 
mation of UV-induced tumors (41,42). How- 
ever, when epoxide levels were determined for 
chronically irradiated animals receiving anti- 
oxidant-supplemented diets and in which tumor 
formation was inhibited, the concentrations 
were higher than in control animals on un- 
supplemented diets and with a higher tumor 
incidence (39). It is apparent that cholesterol 
epoxide could not be the ultimate carcinogen 
responsible for UV-induced skin cancer. But, 
the possibility that the epoxide acts as a pre- 
carcinogen requiring further metabolic acti- 
vation to a carcinogenic agent was not ruled 
out. 

Moreover, Reddy et al. (43) have postulated 
that cholesterol epoxide may be of etiological 
significance in colon carcinogenesis. Its prin- 

cipal metabolite, triol, was found in increased 
levels in feces of patients with ulcerative colitis 
and colon cancer (44). However, when instilled 
intrarectally in rats, the epoxide and triol 
both failed to produce tumors or to enhance 

P . . . . . . .  

N- methyl- N -mtro- N-mtrosoguanldlne-mltlated 
carcinogenesis. 

The conflicting and fugacious nature of the 
evidence for cholesterol epoxide's role in 
carcinogenesis in vivo is paralled by in vitro 
systems as well. The compound has been 
reported to lack mutagenic activity, direct and 
metabolically induced, in the Ames microbial 
assay (45,46, cf. 4). On the other hand, Parsons 
and Goss (47) have demonstrated that the 
epoxide induces a similar degree of chromo- 
some damage and DNA repair synthesis in 
human fibroblasts as do low doses of  UV 
radiation. Despite this carcinogen-like effect, 
they were unable to induce transformation of 
the cell line with the epoxide and speculated 
that further studies of the sterol's mode of  
action might be difficult because it failed to 
cause detectable DNA breaks or other DNA 
damage. However, Kelsey and Pienta (48) have 
demonstrated that the epoxide was able to 
transform hamster embryo cells. Previous 
studies with the aid of their system had shown 
a good correlation with in vivo carcinogenicity 
for a broad spectrum of chemical compounds. 

Although no definitive evidence has yet been 
developed to indict cholesterol epoxide in the 
etiology of any disease, the circumstances 
suggest that if it is not directly involved in a 
causal manner in major diseases, such as athero- 
sclerosis or certain types of cancer, it may yet 
be useful as a diagnostic aid in detecting these 
disease states, and its physiologic potential 
deserves further study. 
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The Analysis of Urinary Hormonal Steroids 
PER VESTERGAARD,  Neurochemical Laboratory, 
The Oslo Psychiatric Clinic, Vinderen, Oslo 3, Norway 

ABSTRACT 

A survey is given of current trends in the assay of urinary hormonal steroids. Both group assay 
methodology and assays for single urinary steroids are reviewed as are semi-automated and automated 
procedures and high-resolution and high-capacity techniques, as applied to the profde analysis of 
urinary steroid hormones. 

INTRODUCTION 

It is half a century since the isolation of 
crystalline estrone from urine by Doisy and 
Butenandt in 1929, of estradiol by Marrian and 
Doisy in 1930 and of androsterone by Bute- 
nandt in 1931. Ever since, the steroids excreted 
in this biological fluid have continued to supply 
valuable information about the metabolism of 
steroid hormones in man and animals. 

The relative value of this information has 
declined as sophisticated new techniques have 
enabled the determination of steroids in ever 
smaller quantities in endocrine organs, blood 
and body tissues, and in subcellular structures. 
But the very advances in technological sophis- 
tication that have expanded the areas of inquiry 
have also increased the potential of the method- 
ology currently available for the study of 
urinary hormonal steroids. This short survey 
will focus on some recent developments in the 
field of hormonal urinary analysis with no 
attempt to cover the area in a systematic or 
exhaustive manner. 

FROM BIOLOGICAL ASSAY V IA  GROUP ASSAYS 
TO THE ESTIMATION OF I N D I V I D U A L  

HORMONAL STEROIDS IN URINE 

The road to current analytical methodology 
for the estimation of  urinary steroids has been 
an arduous and long one and is perhaps best 
illustrated by following the assay, e.g., for 
neutral 17-oxosteroids in urine from biological 
assays to current methodology for individual 
neutral 17-oxosteroids. In the 1930s, the 
assay of choice for androgens in urine was the 
capon's comb biological assay, as used by, 
among others, Gallagher and Koch (1) and 
McCuUagh and Cuyler (2). This was a compli- 
cated assay requiring capons some 6 months 
after castration and a 3-5-day experimental 
per iod-obviously very expensive and time- 
consuming. The description by Zimmermann in 
1935 (3) oI a chemical reaction in which 
m-dinitrobenzene gives a purple color with 
neutral 17-oxosteroids led, within a decade, to 
a gradual switch away from biological assays to 

group assays for neutral 17-oxosteroids in 
urine, based on the Zimmermann reaction. 
Although it was realized that the information 
obtained with the chemical assay was in many 
cases somewhat different from that inferred 
from the biological assays, the savings in time 
and cost were so considerable that the bioassays 
simply went out of use. Instrumental in this 
development was the establishment of micro 
methods (4,5), requiring only a few milliliters 
of urine for an assay of reasonable repro- 
ducibility. Many changes and improvements 
have been suggested for the routine assay of  
17-oxosteroids in urine over the years. An 
interesting development was an attempt by a 
Medical Research Committee on Clinical 
Endocrinology in Great Britain to standardize 
the methodology for the group assay of 17- 
oxosteroids (6). While in some ways this 
might be beneficial to some laboratories, it 
seems questionable in principle, since this 
would tend to stifle innovation and further 
development of new methodology. 

The next major step in the assay of neutral 
17-oxosteroids as a group was the development 
of semi-automated and almost automated 
methodology for this type of  assay based both 
on the continuous flow principle and on batch 
operation, as reviewed previously (7). Such 
methodology is faster than manual methods 
and results are more consistent. 

The discrepancies in results between bio- 
assay and group assays of neutral 17-oxo- 
steroids obtained at times led early to attempts 
to establish assay methods for individual 
neutral 17-oxosteroids in urine. Some of the 
fundamental work in this area was done by 
Dingemanse et al. (8) and by Dobriner et al. 
(9) with liquid chromatography. Later, other 
forms for chromatography were used exten- 
sively in the isolation of individual urinary 
neutral 17-oxosteroids, as reviewed by Bush 
(10) and by Heftmann (11). Particularly impor- 
tant in the last few years have been the develop- 
ment of capillary column gas chromatography 
and high-resolution liquid chromatography. 
Important for large-scale analyses of urinary 
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17-oxosteroids have been the semi-automated 
assays of individual neutral 17-oxosteroids, as 
reviewed elsewhere (7,12). Competitive protein 
binding assays, which have risen to a dominant 
position in many areas of steroid method- 
ology in recent years, have not been used much 
for urinary neutral 17-oxosteroids, perhaps 
because of the well-established chromato- 
graphic techniques that so efficiently cover the 
profile analysis of these compounds. 

The development in methodology for 
neutral 17-oxosteroids in urine is prototypical 
for the general development in the assay of 
urinary steroid hormones, with the exception 
of the very few competitive protein binding 
assays. In the analysis of other urinary steroids, 
the development has also been from bioassays- 
now practically abandoned for the assay 
of hormonal steroids in ur ine-v ia  group assays 
to the current methodology for individual 
steroids. Certain group assays survive in many 
laboratories, but unquestionably the tendency 
is toward specific methods for individual 
urinary steroids, and the move towards auto- 
mation with computer interface can be ex- 
pected to progress steadily. 

Group Assays for Urinary Steroid Hormones 

Group assays have been developed not only 
for the 17-oxosteroids but also for neutral 
corticosteroids and estrogens-all steroids of 
importance in medicine (13). 

Group assays for neutral corticosteroids. 
Two general types of group assays for corti- 
costeroids have been established over the years. 
One methodology is based on the reaction 
between phenylhydrazine in concentrated sul- 
furic acid and steroids containing the di- 
hydroxy acetone side chain (14) and the other 
on the determination of the 17-oxosteroids 
formed by oxidation with bismuthate (15) or 
periodate (16) after initial reduction of the 
17-oxosteroids with sodium borohydride. As 
has been the case for the 17-oxosteroid assay, 
many modifications of the 2 types of assays 
have been published over the years. 

Group assays for total estrogens. Among the 
many assays suggested for the determination of 
total estrogens in urine, one of the most widely 
used has been the rapid method described by 
Brown et al. (17). It uses a semi-automatic 
extractor and colorimetry or spectrofluorom- 
etry by the Kober-Ittrich method, in which the 
phenolic group of the estrogen molecule reacts 
with a mixture of phenol and sulfuric acid and 
the product is then extracted by an organic 
solvent containing p-nitrophenol. 

Semi-automatect ana automated analyses lor 

the group assay o f  hormonal steroids in urine. 
There has been increasing emphasis on auto- 
mation in many areas of analytical chemistry, 
and automated and semi-automated techniques 
for the group assay of steroids in urine have 
been proposed for all the major groups of 
steroids. 

17-Oxosteroids. Semi-automated methods 
for total 17-oxosteroids were introduced by 
Zak and Epstein (18) and Zak et al. (19), based 
on the continuous-flow principle. Ganis et al. 
(20,21) devised an amyl acetate extraction 
procedure in their continuous-flow method- 
ology, and Egloff et al. (22) analyzed a urine 
blank along with the urine sample to compen- 
sate for unspecific background. Vestergaard and 
Bachman (23) have developed a semi-automated 
batch analysis system with computer calcu- 
lation of the data and spectrophotometry at 3 
different wavelengths. 

17-Oxogenic steroids. Zak et al. (19) have 
adapted their 17-oxosteroid method to the 
assay of 17-oxogenic steroids and Caisey and 
Child (24), as well as Laue (25) have developed 
semi-automated assays for oxogenic steroids in 
which a solvent exchanger is used in a con- 
tinuous-flow system after periodate oxidation 
of urines. A semi-automated continuous-flow 
method based on the Porter-Silber reaction and 
having a capacity of 10 analyses/hr has been 
introduced by Sparagana et al. (26). We have 
(13) modified our semi-automated-17-oxogenic 
steroid methodology (27) to serve as a high- 
capacity batch analysis method for 17-oxogenic 
steroids. 

Estrogens. A number of methods have been 
described for the semi-automated and auto- 
mated estimation of estrogens in urine. They 
have generally been based on continuous-flow 
methodology. Examples are the Hainsworth 
and Hall (28) method, which employs the 
Kober-Ittrich fluorescence reaction after extrac- 
tion by an organic solvent, and the colorimetric 
semi-automated assay described by Yee and 
Jackson (29), in which the reaction of estrogens 
with 3-methyl-2-benzothiazolinone hydrazone 
is used. 

Advantages o f  automated and semi-auto- 
mated assays. Many more analyses can be 
performed per day with automation than with 
manual methods. With these methods, from 
10 to 80 analyses can be carried out per hr and 
they generally provide better reproducibility. 
They are obviously best suited for laboratories 
having heavy work loads of urinary analyses, 
but they may be too costly for laboratories 
performing only occasional group assays for 
hormonal steroids. 

Caution in the use o f  group assays. One 
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dilemma in the use of group assays and of many 
of the more specific assays for individual 
steroids is the selection of the hydrolysis 
procedure necessary to free the steroids from 
the conjugate forms in which they are excreted 
in the urine. Some methods have been sug- 
gested which circumvent this dilemma by a 
direct assay of the conjugated steroids without 
hydrolysis. However, practically all generally 
used methods employ an initial hydrolysis step 
based on either chemical hydrolysis or on the 
use of appropriate enzyme preparations. Acid 
hydrolysis, as commonly used in routine group 
assays of urinary steroids, leads to some loss 
and a good deal of artifact formation; the 
use of enzyme preparations poses its own 
problems, e.g., enzyme inhibitors in the urine 
may give underestimates of the steroids present. 

Drug intake has been found to interfere with 
all the common group assays for urinary 
steroids in varying degrees. In the 17-oxosteroid 
assay, e.g., many drugs can interfere with 
the determination, as reviewed elsewhere (30). 
Similarly, some drugs interfere with the Porter- 
Silber and 17-oxogenic group assays for cortico- 
steroids (31), and several drugs may lead to 
erroneous assays based on the Kober reaction 
(32). 

The specificity of the group assays has been 
established reasonably well for the most com- 
monly used methods through experience 
gathered over decades, including a comparison 
of the sums of individual steroids assayed 
chromatographically with group assays. Such 
comparisons have been performed by Vester- 
gaard (33) for 17-oxosteroids and 17-oxogenic 
steroids and by Brown et al. (17) for the 
estrogens. However, this does not mean that, 
e.g., assays developed for human urine can  
uncritically be applied to other animal species. 

The intelligent use of group assays in medi- 
cine presupposes an acquaintance with many 
factors-endogenous and exogenous, physio- 
logical and pathological-that  may influence 
these values, e.g., those recently reviewed for 
the neutral hormonal steroids in the urine (34). 

Assays for Single Urinary Steroid Hormones 

The direct assay of single hormonal steroids 
in urine demands methodology of high selec- 
tivity and high sensitivity. In a few exceptional 
cases, large amounts of a steroid may be ex- 
creted and in such a situation a direct esti- 
mation by simple physicochemical means may 
be possible. Otherwise, initial separation 
s teps-and that currently means, in most cases, 
chromatography in one form or another- i s  
necessary if methodology not using protein- 

binding steps is employed. The development of 
protein-binding methodology has opened the 
way for direct nonchromatographic estimations 
of steroids in urine because of the combination 
of high sensitivity and selectivity possible in 
this type of assay. 

Methods Other than Protein-binding Assays 

Direct estimations. The only urinary analysis 
for a single steroid not involving initial purifi- 
cation or chromatography that has been used 
extensively is the Venning method (35,36), 
now only of historical interest, in which conju- 
gated pregnanediol was estimated after precipi- 
tation and weighing of the precipitate. 

Estimation after chromatography. Many 
methods of this nature have been devised, and 
some of them are still in use in various labora- 
tories. Among the better known and more 
extensively used assays has been the Klopper et 
al. (37) method for pregnanediol, involving 
chromatography on alumina, acetylation and 
colorimetry based on a modified sulfuric acid 
reaction. The Fotherby and Love pregnanetriol 
method (38) based on chromatography on 
alumina and a sulfuric acid color reaction is 
another example taken from this group. Uri- 
nary aldosterone has been determined by 
chromatography and by the use of color 
reactions or fluorescence using many different 
analytical approaches, as surveyed by Gottfried 
et al. (39). Testosterone has been estimated 
after chromatography by a micro adaptation of 
the Zimmermann reaction (40) or by fluor- 
ometry (41). Cortisol methods involving 
fluorometry have been proposed by, e.g., De 
Moor et al. (42), but these are probably not 
entirely specific for cortisol. 

Chromatography and double-isotope dilu- 
tion methods. This is now an infrequently used, 
complex and cumbersome assay methodology 
involving several chromatographic steps and the 
formation of doubly labeled derivatives. A 
representative example is the double-isotope 
dilution assay for testosterone described by 
Gandy and Peterson (43), but similar methods 
have also been developed for many other 
urinary steroids. 

Gas chromatography. This technique is 
currently in wide use, particularly when more 
than one hormonal steroid is to be estimated. 
Examples of gas chromatography used for the 
estimation of single urinary hormonal steroids 
are the methods for testosterone (44,45), 
pregnanetriol (46), pregnanediol (47), estrone 
and estradiol (48), aldosterone (49) and tetra- 
hydroaldosterone (50). 

Gas chromatography~mass spectrometry. 
Powerful and useful techniques have evolved 
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from the interfacing of the gas chromatograph 
with the mass spectrometer. The specificity 
obtainable by this combined technique is 
unsurpassed in the field of steroid analysis, and 
the procedures developed by combining the 
high resolution of gas chromatography with the 
high specificity of the mass spectrometer have 
become reference methods in many areas of 
biochemical analysis. 

This combined technique has been used both 
for profile analyses and for the estimation of 
single steroids in urine. The best methodology 
in this area uses as the internal standard stable, 
isotope-labeled steroids with an increase in m/e 
numbers of 2 or more and selective ion moni- 
toring at appropriate m/e numbers (mass frag- 
mentography). Mass fragmentographic methods 
have been described for estradiol (51), estriol 
(52), testosterone (53), aldosterone (54), 
estratetrol (55) and progesterone (56). Field- 
desorption mass spectrometry has been used in 
the analysis of a steroid conjugate, estriol 16a- 
glucuronide by Aldercreutz et al. (57). 

Protein-binding assays for single urinary 
steroid hormones. The 1970s has been the 
decade of protein-binding assays in the field of 
steroid hormone analysis. Assays based on both 
binding to carrier proteins and radioimmune 
techniques have flourished. The end of the 
decade saw the appearance of practical assays, 
based on the use of enzymes rather than 
isotopes as markers in the immunoassays. The 
principle of the competitive protein-binding 
assays has been described in a number of 
monographs (58-60). Survey chapters on the 
assay of steroids by this methodology are 
presented in these publications and a recent 
review-has been published by Pratt (61). 
By far, the majority of assays were primarily 
developed for the determination of single 
steroids in plasma, but for some urinary ste- 
roids of particular importance in medicine, 
methods have also been devised. Early in 
the development of protein-binding analysis, 
the antibodies used for the assay generally 
showed considerable cross-reactivity with re- 
lated compounds, and chromatographic sepa- 
ration or other purification steps were often 
required before performing the competitive 
binding reaction. Advances in the production 
methods for antibodies now allow direct 
estimation without preliminary chromatog- 
raphy in some assays with considerable savings 
in time and effort. Another innovation is the 
direct estimation of steroid conjugates by 
eliminating the time-consuming hydrolysis. 

Protein-binding assays for urinary steroid 
hormones, either free or released by hydrolysis. 
One frequently used assay in this area has been 

the competitive protein-binding assay for 
urinary cortisol developed by Murphy (62). 
This is a carrier-protein assay, based on compe- 
tition between sample cortisol and tritiated 
cortisol for binding sites on the corticosteroid- 
binding globulin of human plasma. It does not 
involve chromatography. Radioimmunoassays 
for cortisol have also been established, e.g., by 
Ruder et al. (63). More than 12 radioimmuno- 
assays for aldosterone have been described. An 
attractive nonchromatographic method is that 
of Brown et al. (64) for acid-hydrolyzed urine. 
The determination of urinary estriol by radio- 
immunoassay with a modification of a com- 
mercial kit for serum analyses was described by 
Kallner and Lantto (65). As many as 75 deter- 
minations/day can be performed by this meth- 
od and the correlation with gas chromatog- 
raphy is high. Chattoraj et al. (66) assayed 
the less common urinary catechol estrogens 
by radioimmune methods. Two of the major 
metabolites of cortisol, tetrahydrocortisone and 
tetrahydrocortisol, as well as their 21-glucosi- 
duronate conjugates were estimated by a 
simple radioimmunoassay by Will et al. (67). 
One of the main metabolites of corticosterone, 
tetrahydrocorticosterone, has also been esti- 
mated by radioimmunoassay (68). An impor- 
tant new assay in human pathology is the 
radioimmunoassay for urinary 17-hydroxy- 
progesterone, described by Wong et al. (69). 

Protein-binding assays for the direct esti- 
mation of  conjugated urinary steroids. Based on 
the work of Kellie et al. (70), who prepared an 
antiserum to testosterone 17/3-glucosiduronate, 
Hennam et al. (71) have developed an assay for 
this compound in urine. A similar method has 
been described by Tresguerres et al. (72). 
Another group of steroids of interest has been 
estrogen glucosiduronates. Wright et al. (73) 
determined 3 specific estrogen glucosiduro- 
nates: estrone 3-glucosiduronate, estradiol 
17/3-glucosiduronate and estriol 16-glucosidur- 
onate; and Baker et al. (74) determined not 
only these 3 but also estradiol 3-glucosidur- 
onate and estriol 3-glucuronide. This was done 
directly, without pretreatment of the urine. 
Colins et al. (75) have assayed pregnanediol 
3-glucosiduronate by radioimmune methods. 

Enzyme immunoassays. Since the publi- 
cations by Engvall and Perlmann (76), Avra- 
meas and Guilbert (77) and Van Weemen and 
Schuurs (78) of early methods for protein- 
binding assays with enzymes instead of radio- 
isotopes as labels in protein-binding assays, a 
rapid development has occurred in the field of 
enzyme-linked immunosorbent assay (ELISA). 
Subsequently, Rubenstein et al. (79) have 
described a "homogeneous" enzyme immuno- 
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assay which has developed into the commer- 
cially available EMIT system. A considerable 
number of enzyme immunoassay methods have 
been developed for steroids in blood, as re- 
viewed by Schuurs and Van Weemen (80) and 
by Pratt (61). 

Some of the more recently developed blood 
analyses for hormonal steroids, e.g., the proges- 
terone assay by Joyce et al. (81), seem quite 
comparable in performance to radioimmuno- 
assays. Since the instruments required are 
essentially a centrifuge and a colorimeter, this 
type of protein-binding assay of high specificity 
and sensitivity is accessible to the smaller 
laboratory. Allegedly, some of the enzyme 
immunoassay methods also have been used for 
urinary assays, but specific methodology for 
urinary hormonal steroids has not yet been 
worked out. The attractively simple homoge- 
nous enzyme immunoassay methodology has 
been applied to the estimation of cortisol in 
blood (82) and may be adapted also to urinary 
assays. 

The enzyme immunoassay field, which is 
still in rapid development, holds great promise 
for the assay of individual urinary hormonal 
steroids in the near future. This type of assay 
has some clear advantages over radioimmuno- 
assay. In particular, the enzyme label is usually 
stable over long periods of time, handling and 
disposing of radioisotopes is avoided, simple 
instrumentation can be used, and, because of 
the amplification effect of the enzyme label, 
greater sensitivities will perhaps ultimately be 
obtained. 

Relative merits of  commonly used assays for 
single steroid hormones in urine. In a world of 
high technology and computers, it is easy to 
forget that there are still sizable areas where 
laboratories may have little more than a color- 
imeter as their main instrumentation and, 
obviously, methods based on colorimetry will 
serve a useful function for some time to come. 
In more advanced laboratories, the choice 
between binding assays and other methods will 
depend a great deal on whether the laboratory 
performs only an occasional analysis, a short 
series of analyses as part of a scientific project, 
or whether a daily, more or less heavy, load of 
analyses can be expected. In the heavy load 
situation, binding assays of proven reliability 
would generally be preferable. For the occa- 
sional analysis, on the other hand, other meth- 
ods would seem preferable because overall, they 
are more convenient, particularly if radio- 
immunoassays are used. 

Where the highest specificity is required, 
without consideration for cost and effort, gas 
chromatography/mass spectrometry, which 

more and more serves as reference methodology 
in biochemical analyses, is clearly the method 
of choice. 

The coming years should see a strong move 
toward the use of enzyme immunoassays. They 
will open the field of protein-binding immuno- 
assays to the laboratory not possessing elabo- 
rate equipment and will also have great poten- 
tial for the larger laboratory which is interested 
in establishing automated ":mmunoassays for 
single hormonal steroids in urine. 

PROFILE ANALYSES FOR STEROID 
HORMONES IN URINE 

Active steroidal hormones usuaUy are 
extensively transformed before their metab- 
olites are excreted in the urine. The adreno- 
cortical hormones, cortisol, e.g., is converted to 
more than 20 known metabolites; devising 
methods for their estimation thus becomes a 
complex undertaking. The analytical problem is 
further compounded because each metabolite 
may occur not only as the free steroid, but also 
conjugated in different ways, e.g., as glucosi- 
duronates, sulfates, or combined conjugates. 
This makes the complete characterization of 
the urinary spectrum of steroid metabolites of 
hormonal steroids a formidable undertaking. 

Nonautomated profile analyses for urinary 
steroid hormones. The ideal system for the 
analysis of profiles of hormonal steroids would 
be one that would allow the estimation of both 
the small amounts of free steroids present in 
the urine and, without hydrolysis, would also 
determine the different conjugates that form 
the bulk of the steroid metabolites excreted. 
Neither the early pioneering work of Schneider 
and his colleagues with paper chromatography 
(83,84) nor later work by A.E. Kellie's group 
(85) with column chromatography succeeded in 
arriving at practical methods for urinary steroid 
conjugates, although some separation of differ- 
ent conjugates in urinary extracts was achieved. 

The latest approach by Kellie's group, an 
attempt at the direct assay of glucuronides by 
radioimmunoassay (74), is one possible means 
of analyzing at least the main conjugates of 
major urinary steroids. Otherwise, the steroid 
conjugates must be either hydrolyzed as com- 
pletely as possible and then determined, or 
alternatively, the free steroids and conjugates of 
various kinds must be separated then each 
group hydrolyzed separately, and finally, the 
steroid content for each group determined. 

The bulk hydrolysis has been used for 
routine analyses, and the more informative but 
much more complex group hydrolysis for 
research purposes. Once hydrolysis has been 
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achieved-usual ly  by acid hydrolysis, solvolysis, 
and/or enzymatic c leavage-a separation into 
individual steroids ordinarily is performed. For  
this, all available types of  chromatography have 
been used, as reviewed earlier by Bush (11), 
Neher (86) and, more recently, by Heftmann 
(12). The great number of  chromatographic 
methods does not permit more than a few 
representative examples from each area. Of the 
many paper chromatographic systems for 
urinary steroids, the methods developed by 
Bush (11) have been widely used. Touchstone 
(87) has developed efficient systems for the 
estimation of, in particular, urinary estrogens 
by thin layer chromatography. For  this type of 
analysis, high performance thin layer chro- 
matography as described in a monograph by 
Zlatkis and Kaiser (88) holds considerable 
promise, although practical methods for urinary 
steroids have yet  to be developed. Among the 
gas chromatographic methods, of  which there 
are a great many, newer methods in which 
high-resolution capillary columns are used 
(89,90) are particularly impressive. The con- 
siderable power of combined gas chromatog- 
raphy/mass spectrometry as an analytical tool  
further enhanced by an initial separation into 
conjugate groups has been efficiently exploited 
by Swedish and Finnish workers (91,92) in 
their studies of  urinary hormones, and this type 
of steroid analysis and its potential  has been 
reviewed by Brooks and Middleditch (93). 

One of the earliest and most successful 
applications of  liquid column chromatography 
to the assay of  urinary steroids was the Brown 
method (94) for the 3 main urinary estrogens. 
High-resolution liquid chromatographic systems 
for neutral hormonal steroids in urine have 
been reported by Seki et al. (95,96). 

Semi-automated profile analyses for urinary 
steroid hormones. The widespread tendency 
toward the application of  semi-automated and 
automated methodology in biochemical analy- 
ses and the introduction of data-handling 
equipment, increasingly coupled with dedicated 
minicomputers and miniprocessors, has also 
affected the field of urinary steroid analyses. 
Because of the great number of free steroids 
and conjugates present in urine, fully auto- 
mated methods would either have to have very 
high resolution, if a direct separation of free 
steroids and conjugates were to be at tempted,  
or the separations would have to be performed 
by, e.g., sequential automated chromatography. 
Alternatively, methods for the initial hydrolysis 
and preliminary extraction would have to be 
automated and final separation, e.g., by chro- 
matography, and quanti tat ion by endpoint 
analysis would have to be coupled with data- 

handling equipment. This last possibility could 
undoubtedly  be realized with current know- 
ledge and technology, but the need for this 
type of  analysis has not been urgent enough for 
investment in the necessary apparatus. What has 
been developed at this t ime are various systems 
that  greatly expedite profile analysis of  urinary 
steroids by automating and, in some cases, 
computerizing important  sections of these 
analyses. 

Three systems for the semi-automated assay 
of urinary hormonal steroids have been devel- 
oped as special projects with years of  efforts 
behind each endeavor. They are the Steroid 
Analyzer system developed in Johnson's  
laboratory (97,98), the CASSANDRA system 
established by Bush (99-101) and the multi- 
column system built in our laboratory (23). 

The Steroid Analyzer system. The develop- 
ment of this system has been described by 
Johnson (102). The advantage of  this system is 
the sophisticated computer  control  of gradient 
elution from silicic acid columns with varying 
contents of  water. Computerized programs also 
have been developed for the selection of 
thin layer systems for separation of steroids in 
unresolved peaks. The system seems particu- 
larly useful for the in-depth study of steroids in 
biological mixtures. It is a low-capacity system. 

The CASSANDRA system. In contrast, the 
stated purpose behind the paper chromato- 
graphic CASSANDRA (Chromatographic Auto- 
matic Soaking, Scanning and Digital Recording 
Apparatus) system developed by Bush (99) is to 
increase the capacity for chromatographic work 
dramatically, permitt ing the large-scale deter- 
minations of metaboli te patterns in biological 
fluids. It is predicted that the emphasis in, e.g., 
clinical chemistry will switch from single 
substance analyses toward profile analyses, and 
automated equipment will be necessary for this 
task. 

Bush has constructed the CASSANDRA 
apparatus as a solution to this problem. It has 
been used mostly for the analysis of  urinary 
hormonal steroids, and is a most ingenious 
piece of instrumentation (99-101), consisting of  
a machine for treating chromatograms with 
liquid reagents and a scanner for paper strip 
chromatograms connected to a minicomputer  
for data handling. The system is capable of 
processing 500 paper chromatograms in a 
working day. 

The multicolumn system. This system is 
similar in scope and purpose to the Bush 
system, but takes a somewhat different ap- 
proach. It uses column chromatography for the 
separation because the higher resolution thus 
obtainable was considered critically important  
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for the separation of complex mixtures of 
substances, as exemplified by the steroids 
present in urine. To overcome the longer 
running times required before the micro- 
particulate columns became available, simul- 
taneous chromatography on a number of  
columns operated in parallel was introduced 
( 103,104). This number was gradually increased 
from 6 to 25 (105), and the glass columns were 
changed to capillary Teflon columns (106), 
which were batch-fillable (107) and inexpen- 
sively replacable. Many components  have 
undergone steady improvement over the years. 
In the current system (23), fractions from the 
capillary columns eluted by gradient elution 
chromatography are collected simultaneously 
in special multicoUectors (108) and quanti- 
tation is performed in special multisectioned 
multicuvettes (109) using a spectrophotometer-  
computer interfaced system (110). We subse- 
quently replaced the minicomputer  used for 
data-handling and quanti tat ion by a much less 
expensive microcomputer  system that  can be 
reasonably serviced by laboratory personnel. 

This system has a high capacity, and thus we 
are able to handle several hundred liquid 
chromatograms in a working day. In principle, 
by adapting the system to high performance 
liquid chromatography, ultra-high capacity 
systems capable of handling 1,000 liquid 
chromatograms per working day would be 
conceivable. We have used the system for a 
detailed study of neutral steroid hormones in 
the urine (111). 

Other Possible Approaches to Semi-automated 
and Automated Profile Analysis of 
Urinary Steroid Hormones 

Sequential gas chromatography. Undoubted- 
ly, such systems can be set up to perform 
automated chromatography. However, they 
have a fairly low capacity, since even a high- 
resolution capillary column gas chromatogram 
of urinary steroids takes more than 30 rain to 
perform (89). 

High performance liquid chromatography. In 
principle, such systems can also be established 
with automatic sampling and data handling 
systems, especially as microsystems using the 
principle of the FAMILIC-100 micro high 
performance liquid chromatograph (112) and, 
ideally, adapted to our mult icolumn systems, 
these could become formidable systems for 
automated analyses of hormonal urinary 
steroids. 

Combinations o f  chromatography and auto- 
mated systems for immunoassay. An interesting 
system has been described by Sippell et al. 
(113) for mechanized Sephadex LH-20 multiple 
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column chromatography as a preliminary step 
to automated multisteroid radioimmunoassays. 
It has been developed for blood assays, but  
similar systems should be possible for urinary 
steroid hormones. Obvious extensions of this 
type of system would be combined chromato- 
graphic and enzyme immunoassay systems, in 
which the colorimetric or fluorometric end- 
point  would make quanti tat ion much easier 
than in radioimmunoassay methodology.  

Mechanized continuous-flow multicolumn 
system. Methodology for some hormones in 
blood, based on a combination of simultaneous 
multicolumn chromatography on 25 columns 
and peristaltic pumps, has been introduced by 
Horn et al. (114). It has been developed for 
blood analyses and uses competitive protein 
binding assays for quanti tat ion but, in princi- 
ple, it  is adaptable to the estimation of urinary 
steroid hormones, although profile analysis 
would perhaps be an inappropriate application 
for this system. 

Conclusion 

The field of  profile analysis for urinary 
steroid hormones presents a fertile field for 
ingenuity. Either the development of high- 
resolution systems for the direct estimation of  
conjugates, or automated systems for the initial 
hydrolysis of conjugated hormonal  steroids and 
extraction of the steroids released is needed at 
this time. Once the free steroids are on hand, 
many possibilities exist for the fast and accu- 
rate estimation of steroid metabolites in urine. 

FUTURE OF THE ANALYSIS  OF 
U R I N A R Y  STEROID HORMONES 

It is safe to predict that  in the area of 
single-steroid and group assays the tested and 
proven simple colorimetric and fluorometric 
assays will continue to be used for years to 
come, but probably with a continuing trend 
toward semi-automated and automated assays 
in laboratories having a sizable load of such 
analyses to perform. A most interesting devel- 
opment  is the gradual emergence of the enzyme 
immunoassay methodology. This promises to 
add to the colorimetric and fluorometric 
endpoint  analyses the specificity of  the immune 
reactions. 

The convenient radioimmunoassay method- 
ology, so suitable to large-scale batch analyses, 
will undoubtedly continue to flourish, partic- 
ularly as more and more sophisticated, auto- 
mated equipment with electronic data handling 
becomes available. But increasing competi t ion 
can be expected from high-resolution gas 
chromatography and liquid chromatography. 
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In  the  field o f  h igh-speci f ic i ty  analyses ,  
m e t h o d s  in wh ich  the  mass  s p e c t r o m e t e r  is u sed  
as a d e t e c t o r  can be expec t ed  to  d o m i n a t e .  Th i s  
is n o w  possible  b o t h  in gas c h r o m a t o g r a p h y  
and  h igh  p e r f o r m a n c e  l iquid c h r o m a t o g r a p h y .  
The  d e v e l o p m e n t  o f  rou t ine  i n s t r u m e n t a t i o n  
for  su ch  assays  is feasible,  and  would ,  w i th  fas t  
c h r o m a t o g r a p h y ,  give very  respec tab le  capac-  
i t ies per  t e ch n i c i an  and  work  day,  i f  p rope r ly  
in te r faced  wi th  c o m p u t e r s .  

Fo r  profi le  analyses ,  the  grea tes t  p romise  at 
th is  t im e  is p ro b ab ly  h igh  p e r f o r m a n c e  l iquid 
c h r o m a t o g r a p h y  coup led  wi th  m u l t i c o l u m n  
m e t h o d o l o g y ,  b u t  m a n y  o the r  app roaches  m a y  
prove  prof i table .  
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ABSTRACT 

Analytical techniques, methods and instrumentation employed for the extraction, isolation, separa- 
tion, purification and identification of steroids from algae and insects are presented. The techniques 
include adsorption and argentation column chromatography and counter-current distribution for 
separating the individual steroids, and thin layer chromatography and gas liquid chromatography for 
monitoring the purification process. Double bond, steric and alkyl substituent separation factors and 
relative ~etention times are reported for a large number of sterols on 4 different column systems. Their 
use permits the tentative structural assignment of sterols. Ultraviolet, infrared, nuclear magnetic 
resonance (NMR) and mass spectral analyses are discussed in light of their significance in the isolation 
and identification of steroids from insects and algae. Numerous examples are presented, including the 
use of 220 MHz NMR spectrometry, which permits the differentiation and characterization of C-24 
epimeric sterols and allows for a semiquantitative estimate of the 24a- and 24#-epimers present in a 
mixture. 

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

Analytical techniques and instruments are 
now readily available for the separation, purifi- 
cation and identification of steroids in complex 
extracts from plants and animals, including 
insects. Thus, it has been possible to determine 
the sterol content of insects and algae and to 
study the metabolism of plant sterols and of  
ecdysteroids in insects, the processes involved 
in algal sterol biosynthesis and the inhibition of 
sterol metabolism and biosynthesis in both 
insects and algae. 

Our laboratories have employed specific 
procedures for the extraction, isolation and 
separation of sterols from insects and algae. 
Once the sterols are isolated, various methods 
such as adsorption and argentation column 
chromatography and counter-current distri- 
bution (CCD) are employed to separate the 
individual sterols, and thin layer chromatog- 
raphy (TLC) and gas liquid chromatography 
(GLC) are available for monitoring the process 
of purification. For positive identification of 
the individual sterols, we have employed a 
combination of  analytical tools such as GLC on 
3 or 4 different stationary phases for tentative 
structural assignment. : Ultraviolet (UV) and 
infrared (IR) analyses have been used to deter- 
mine the various chromophores and functional 
groups in steroids and also for making direct 
comparisons. Mass spectrometry (MS) in 
conjunction with gas liquid chromatography 

*lpresented at Symposium on "Steroid Analysis" 
ISF] AOCS World Congress, New York, NY, April 
1980. 

(GC-MS) is a vital tool in the examination of  
sterol extracts and in the characterization of 
steroids, especially at the microgram level. 
Proton magnetic resonance (PMR) spectro- 
scopy, because of the equivalence of the 3 
protons of certain methyl groups of steroids 
that appear as sharp peaks in the PMR spectra, 
has served us well in determining the stereo- 
chemistry and configuration of sterols at C-24 
and the environment around the methyl groups 
of ecdysteroids. For  example, the differences in 
chemical shifts of methyl  signals of ecdy- 
steroids have been used to advantage in the 
elucidation of their structures. The afore- 
mentioned instrumental methods and tech- 
niques will be discussed in light of their signifi- 
cance in the isolation and identification of  
steroids from insects and algae. Examples of 
extraction and isolation procedures will be 
presented. 

PROCEDURES 

Instrumentation 

A Virtis homogenizer and a Waring Blender 
(3.8-liter capacity) were used to homogenize 
small and large quantities of insect tissues, 
respectively. An International Model PR-2 
refrigerated centrifuge was used to centrifuge 
extracts. Ultraviolet spectra were taken in 
hexane or methanol with a Bausch and Lomb 
Spectronic 505 spectrophotometer.  Nuclear 
(NMR) magnetic resonance (NMR) spectra were 
recorded at 60 and/or 100 and 220 MHz with a 
Varian A-60A, HA-100 or HR-200 NMR 

719 



720 M.J. THOMPSON, G.W. PATTERSON, S.R. DUTKY, J.A. SVOBODA AND J.N. KAPLANIS 

spectrometer, respectively, using deuterated 
chloroform or deuterated pyridine as solvent 
and tetramethylsilane (TMS) as internal NMR 
standard. Mass spectra were recorded on an 
LKB Model 9000 GC-MS (LKB-Produkter AB, 
Stockholm). The compounds were introduced 
into the ion chamber either directly or from the 
effluent of 0.75% SE-30 GLC column. The 
ionization energy was 70 eV. GLC analyses 
were made on a Barber Colman Model 10 
Chromatograph and a Glowall Chromalab 
Model A-110 Chromatograph. Both instruments 
were equipped with an Argon-ionization 
detector and argon was used as carrier gas. 
Column packings were prepared from 100- 
120-mesh Gas Chrom Q and P, according to 
Horning et al. (1). The liquid phases used were 
1% QF-1, 3% Hi-EFF-8BP, 0.75% and 3% 
SE-30, and 2% PMPE. 

Analab Anasil H was used for routine TLC 
analysis; for thin layer argentation chromatog- 
raphy, we prepared Silica Gel H plates of 250-/1 
thickness from a slurry of 25 g of Silica Gel H 
in 65 ml of aqueous silver nitrate (12.5% w/v) 
according to a previously reported method (2). 
More recently we employed a newly developed 
technique (3) that drastically reduced the 
quantity of silver nitrate needed: Analab Anasil 
H plates were dipped into a 4% silver nitrate 
solution prepared by a published method (3). 
IR spectra were obtained with a Perkin-Elmer 
Model 221 prism-grating spectrophotometer. 

ALGAL STEROLS 

Sterol Extraction and 
Isolation from Algae 

The algal cells were harvested in a Sharpies 
Super Centrifuge and freeze-dried. The dried 
cells were ground to pass a 40-mesh screen and 
extracted with chloroform/methanol (2: 1) in a 
Soxhlet apparatus for 24 hr. The solvent was 
removed under vacuum and the lipid material 
was saponified with a 20% solution of potas- 
sium hydroxide in 80% aqueous ethanol. The 
nonsaponifiable material was then extracted 
with ether for 12 hr in a liquid-liquid extraction 
apparatus (4), followed by the evaporation of 
the ether under nitrogen. The nonsaponifiable 
lipid was fractionated as described (5) on 
Woelm Neutral Alumina (Woelm, ICN Phar- 
maceuticals, Cleveland, OH), Activity Grade II. 
The sterols were eluted in the ether fraction. 

In certain cases, sterols were precipitated 
from the nonsaponifiable fraction with digit- 
onin, the digitonide was split with dimethyl 
sulfoxide and the sterols were extracted into 
n-hexane (6). 

Separation of Dimethyl, Methyl 
and Desmethyl Sterols 

To separate dimethyl, methyl and desmethyl 
sterols, the sterols were chromatographed on a 
column of neutral alumina, Activity Grade II, 
and eluted with increasing concentrations of 
ether in n-hexane (7). Fractions containing 0, 
10, 20, 30, 40, 50, 70 and 90% ether in n- 
hexane and 100% ether were collected. The 
20% ether, 30% ether and 90% ether in hexane 
yielded the dimethyl, methyl and desmethyl 
sterols, respectively (7). Fractions were ana- 
lyzed by TLC and GLC. 

Separation of Saturated and 
Unsaturated Steryl Acetates 

After acetylation (pyridine-acetic anhydride 
[3:1] overnight at 23 C), the steryl acetates 
were further separated according to the degree 
of unsaturation by chromatography (2) on a 
column of 20% silver nitrate-impregnated Unisil 
(100-200-mesh, Clarkson Chemical Co., Wil- 
liamsport, PA). Fractions containing 0, 10, 20 
and 50% benzene in hexane and 100% benzene 
were collected. More recently, we have chro- 
matographed the acetates on 20% silver nitrate- 
Unisil by eluting the column with increasing 
concentrations of 1, 2, 3, 4, 5, 6, 7 and 9% 
ether in hexane (8). The fractions were moni- 
tored by GLC and TLC (silver nitrate-silica gel). 
Purified sterols or their acetates were further 
analyzed by UV, IR, PMR and MS, including 
GC-MS analyses. 

INSECT STEROLS AND ECDYSTEROIDS 

Extraction and Isolation 
of Sterols from Insects 

Material was amassed by freezing insects at 
the egg, larval, prepupal, pupal or adult stages. 
The lipids were extracted with chloroform/ 
methanol (2:1) using a Virtis homogenizer and 
then fractionated on Unisil (20 ml lipid/g 
adsorbent) using a modification of the Good- 
man and Shiratori elution system (9). With a 
25-g column (2 x 14 cm), a typical elution 
scheme was as follows: 150 ml 10%, 175 ml 
21%, 375 ml 72% benzene in n-hexane, 75 ml 
benzene, 375 ml chloroform and 250 ml 
methanol. The fractions were monitored by 
TLC. In samples containing unstable sterols, 
such as those containing the 5,7-diene system, 
the extracts and column fractions were stored 
under refrigeration in an atmosphere of nitro- 
gen or in solutions of benzene-methanol, and 
fractions were protected from light during 
chromatography. 

The 21% benzene-in-hexane fraction c o n -  
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tained the steryl esters and the chloroform 
fraction contained the free sterols. The steryl 
esters were saponified in 4% methanolic potas- 
sium hydroxide for 2-4 hr at reflux temperature 
or at 65 C. The nonsaponifiable was chro- 
matographed as before, or on neutral alumina, 
Activity Grade II (5). The free sterols and 
sterols from steryl esters were then sufficiently 
pure for GLC analyses. 

For stable sterols, neutral alumina, activity 
Grade II, could be used in place of the Unisil 
column. In such cases, the lipids were chro- 
matographed in a ratio of 1 g/30 g of alumina 
on a 2-cm id column, eluted typically with 
200-ml fractions of each: hexane, hexane/ 
benzene (1:1), benzene and ether. The hexane/ 
benzene (1:1) fraction contained the steryl 
esters and the ether fraction contained the free 
sterol. 

Separation of Saturated and 
Unsaturated Sterol Acetates 

The insect sterols were acetylated and 
separated according to the degree of unsatu- 
ration on a 20% silver nitrate-Unisil column. 

Extraction, Isolation and Identification 
of Ecdysteroids from an Insect 

The extraction, isolation and identification 
of ecdysteroids from insects are generally very 
lengthy and tedious processes. A detailed 
procedure for the ecdysteroids in the tobacco 
hornworm (Manduca sexta L.) during pupal- 
adult development, 5 days after the peak titer 
of molting hormone activity can be found 
elsewhere (10). In this paper, we have con- 
densed the procedure to a flow diagram 
(Scheme I) and a table (Table I). The 1.5 g of 
material containing 93% of the total molting- 
hormone activity was chromatographed on 
silicic acid and the results are presented in 
Table I. The ecdysteroids eluted in fractions 3 
and 4 were further separated and purified by 
CCD, TLC and microcolumn chromatography, 
and identified as previously reported (10). 

DISCUSSION 

In certain instances, our methods may 
appear to be time-consuming and unnecessary 
and there may be instances where one could 
alter or improve certain steps without loss in 
material or efficiency. For example, we have 
not had any difficulty in conducting GLC or 
mass spectral analyses on the free sterols. The 
only sterol derivative we have used for our 
sterol analyses is the acetate, which is very 
stable and can be quantitatively prepared and 
determined, like the free sterol. We routinely 

subject all newly isolated sterols, as their 
acetates, to both argentation TLC and column 
chromatography for the separation of the 
saturated and unsaturated sterols having one, 2 
or 3 double bonds. A large number of sterols 
differing in degree of unsaturation or _E and 
_Z pairs cannot be readily distinguished from 
each other or separated well enough by GLC on 
an SE-30 column. For example, cholestanol and 
cholesterol, campesterol and 24-methylene- 
cholesterol, Z-22-dehydrocholesterol and 
_E-22-dehydrocholesterol, desmosterol and 7- 
dehydrocholesterol, coprostanol and 5/3-cholest- 
7-en-3/3-ol, and pollinastanol and 14a-methyl- 
50t-cholest-7-en-3~ol are pairs not readily 
separated by GLC on an SE-30 column, or for 
most practical purposes, on any of 4 different 
GLC systems (Table II). However, most of 
them are separable by argentation column 
chromatography and TLC. 

Because the various ecdysteroids have 
different partition coefficients, CCD has 
permitted the separation and almost total 
recovery of ecdysteroids of insects without 
destruction, and thus has served well in the 
partial purification of small or large quantities 
of these materials. A number of CCD solvent 
systems have been used for the separation of 

Frozen hornworms (10.5 kg) 
~ Thawed overnight in methanol (0.5 ml/g of tissue), 

homogenized, centrifuged, filtered, residue re- 
homogenized twice with 75% methanol (0.25 ml/g 
of tissue), filtered. 

Methanol and 75% methanol extracts 
I Concentrated under vacuum, residue precipitates, 
-~--precipitate rinse with 75% methanol. 

Oil that separates partitioned beteen 70% meth- 
-.~--anol/hexane 70% methanol phase. 

Methanol removed under vacuum. 
Residue 

Partitioned between butanol/water, butanol phase 
rinsed with 2% sodium carbonate solution, centri- 
fuged. Upper layer (butanol) retained and concen- 
trated. 

Active extract (butanol) 
I Partitioned between 70% methanol/hexane, lower 

layer (70% methanol) retained and concentrated 
t under vacuum. 

Active extract 
~ Dissolved in methanol, stored at -10 C, centrifuged, 

precipitate rinsed with methanol, precipitate 
discarded, methanol retained and concentrated. 

Active extract (3.7 g) 
Dissolved in methanol, filtered through 50 g 

Woelm Neutral Alumina (Activity Grade 
I + 20% water). 

~.~._800 of methanol followed by 800 ml ml collected, 
of 75% methanol. 

ethanol concentrated under vacuum. 
Active extract, 1.5 g 

SCHEME I. Flow diagram of the isolation of eedy- 
steroids from tobacco hornworms during pupal-adult 
development (10). 
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the ecdysteroids besides those we have em- 
ployed (I 1). 

Where sufficient quantities of steroids were 
available, we have made use of all available 
instruments in our laboratories for the identi- 
fication of new compounds so that a com- 
pendium of data is available to others for future 
positive identification. We can only give a few 
examples and demonstrate how GLC, UV, IR, 
NMR and MS analyses have served our labor- 
atories in the identification of  steroids from 
insects and algae. Each of these analytical tools 
will be discussed separately. 

Gas Liquid Chromatography 

Since the discovery in 1960 that steroids can 
be eluted from GLC columns with concen- 
trations of liquid stationary phases of  1% or less 
at temperatures below 250 C, GLC has become 
an important tool for their separation and 
identification (12). The use of retention times 
relative to an internal standard (RRT), such as 
cholestane, has made it possible to correlate 
data obtained in different laboratories. Chol- 
estane has been the internal standard most 
often used in analyses of sterols from insects 
because cholesterol is frequently the major 
sterol. However, in work on algae or plant 
sterols, cholesterol and cholesteryl acetate have 
been used as the internal standards for sterols 
and steryl acetates, respectively. Shortening the 
interval between the elution of the internal 
standard and the unknown makes the RRT 
more reproducible, especially in instruments 

with slight temperature fluctuations. In our 
laboratories, sterols are analyzed as free sterols 
and steryl acetates, because both forms give 
satisfactory results on all columns. Another 
practical reason for this is that sterols are 
normally either isolated or obtained from the 
unsaponifiable material in the free state. 

RRT relative to cholesteryl acetate have 
been obtained on 4 different columns for more 
than 90 sterols and related compounds (13). A 
number of these are listed in Table II. The 
results indicate that at least 3 columns are 
necessary for tentative identification of a sterol 
by GLC (13). Thus, we have always used at 
least 3 different columns for comparative 
studies and for structural determination. 

With few exceptions, the RRT of a sterol vs 
cholesterol is identical to that of the steryl 
acetate vs cholesteryl acetate. The exceptions 
are important in relation to their structures. 
For example, for free sterols with a methyl 
group at C-4, the RRT is 0.04-0.09 (ca. 3-4%) 
higher than the corresponding acetate values. 
Free sterols with 2 methyls at C-4 have RRT 
values 0.10-0.15 (ca. 6-8%) higher than the 
corresponding acetates. These data have been 
very helpful in the GLC identification of 
biosynthetic intermediates, many of which 
contain one or 2 methyls at C-4. The only free 
sterols lacking methyl groups at C-4 that do not 
have the same RRT as the acetates are sterols of  
the coprostane (5/3) series and 30t-hydroxy 
sterols. Each of these also has a higher RRT 
value as the free sterol than as the acetate. 

TABLE I 

Distribution o f  Mass and Biological Activity following Column Chromatography 
on Sflicic Acid a o f  the Methanol Eluate from Alumina 

Volume Mass Total biological Ecdysteroids 
Fraction (ml) (mg) activity (HFU) b eluted 

Benzene/methanol (95: 5) 
1 1200 438.6  _ 
2 400 21.7 1.2 X 104 

Benzene/methanol (90:10) 
3 800 177.0 6.0 X 10 s 

Benezene/methanol (75:25) 
4 400 206.5 7.0 • 104 

Methanol 
5 400 534.2 1.0 X 104 

3-epi-Ecdysone 
Ecdysone 
3-epi- 20-Hydroxyecdysone 
20-Hy droxyecdysone 

3-epi-20-Hydroxyecdysone 
20-Hydroxyecdysone 
3-epi-20,26-Dihydroxyecdysone 
20,26-Dihydroxyecdysone 

aColumn 4.4 cm (id) X 2.5 cm, 18 g of silicic acid. 
bHouse fly unit is equivalent to that quantity o f  pure hormone that causes 50-60% puparium formation in 

house fly larvae (for ecdysone 0.003/zg = 1 HFU). 

LIPIDS, VOL. 15, NO. 9 



STEROIDS IN INSECTS AND ALGAE 

TABLE II 

Relative Retention Times of Steryl Acetates a 
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Sterylacetate SE-30 b 

Gas chromatographic system 

QF-1 c Hi-Eft 8BP d PMPE e 

5/3-Ch olest-7-en-3/3-ol 0.86 (0.92) 0.88 0.76 0.77 
5/3-Cholestanol 0.86 (0.93) 0.90 0.76 0.74 
_Z-22-Dehydrocholesterol 0.87 0.88 0.88 0.87 
5c~-Cholestan-3a-ol 0.91 (0.99) 0.93 0.80 0.82 
_E-22-Dehydroeholesterol 0.91 0.89 0.91 0.92 
5, 22,24-Cholesta-trien-3/3-ol 0.94 0.91 1.35 1.37 
5, 7,22-Cholest a-trien- 3/3-ol 0.99 1.00 1.21 1.14 
Cholesterol 1.00 1.00 1.00 1.00 
5~-Cholestanol 1.03 1.05 1.00 1.02 
14c~-Methyl- 5a-cholest- 8(14)-en-3/3-ol 1.04 1.08 0.94 0.94 
5,25-Cholesta-dien-3/3-o1 1.07 1.12 1.31 1.27 
Desmostero l  1.09 1.12 1.29 �9 1.29 
5,7-Cholesta-dien-3/3-ol 1.09 1.12 1.29 1.09 
Brassicasterol 1.12 1 .09  1 .10 1 .09 
5~-Cholest-7-en-3/3-01 1.12 1.11 1.21 1.26 
Zymosterol 1.13 1.09 1.30 1.39 
Pollinastanol 1.16 1.23 1.16 1.17 
14a-Methyl- 5c~-cholest-7-en- 3/~-ol 1.17 1.21 1.17 1.16 
Ergosterol 1.22 1.22 1.44 1.33 
24-Meth ylenecholest erol 1.26 1.28 1.43 1.39 
Lophenol 1.27 (1.32) 1.25 1.32 1.32 
14cg-Methyl- 5c~-cholesta-7,22-dien-3~-ol 1.29 1.30 1.26 1.25 
Campesterol 1.30 1.29 1.32 1.29 
Campestanol 1.34 1.35 1.30 1.32 
5,7-Ergosta-dien-3/3-ol 1.42 1.45 1.69 1.60 
Stigmasterol 1.42 1 .32 1 .34  1.32 
24-Methylenepollinastanol 1.46 1 .58  1 .68  1 .63 
7-Ergost-en-3~-ol 1.46 1.42 1.59 1.63 
24- Met hylpollinastanol 1.51 1.61 1 .53 1.52 
14~-Methyl-5~-ergost-8-en-3/3-ol 1.52 1.53 1.52 1.49 
Lanosterol 1.54 (1.66) 1.62 1.47 1.41 
Spinasterol 1.58 1.46 1.61 1.65 
Cycloartanol 1.61 (1.71) 1.73 1.45 1.40 
Sitosterol 1.63 1.56 1.60 1.54 
Fucosterol 1.63 1.50 1.76 1.68 
Stigmasterol 1.67  1 .62 1 .58  1 .57 
28-Iso fucosterol 1.69 1.55 1.85 1.79 
Cycloartenol 1.75 (1.87) 1.85 1.88 1.81 
5,~-Stigmast-7-en-3#-ol 1.83 1.71 1.93 1.93 
24-Methylcycloartanol 2.06 (2.21) 2.24 1.89 1.79 

aRelative to cholesteryl acetate, values in parentheses are for free sterols relative 
value is given, it is the same as the acetate value. 

b3% SE-30 on Gas Chrom Q, 244 C, 20 psi, argon flow rate 150 ml/min. 
c1% QF-1 on Gas Chrom P, 231 C, 20 psi, argon flow rate 50 ml/min. 
d3% Hi-Eft 8BP on Gas Chrom Q, 238 C, 25 psi, argon flow rate 95 ml/min. 
e2% PMPE on Gas Chrom Q, 250 C, 20 psi, argon flow rate 95 ml/min. 

to free cholesterol. When no 

A partial  list ( fo r  a more  comple te  list, see 
Ref. 13) of  double  b o n d  and steric separa t ion 
factors  o f  sterols and the  separa t ion  factors  fo r  
various alkyl subs t i tuents  o f  the  s terol  molecule  
may  be found  in Tables III and IV, respectively.  
None  of  the  4 GLC sys tems gives comple t e  
separa t ion of  t he  AS-sterols f rom the  corres- 
pond ing  stanols,  bu t  they  can be easily distin- 
guished f rom each o ther ,  excep t  on  Hi-Elf  8BP. 
The agreement  in RRT de te rmined  in dupl icate  
exper iments ,  is usually wi th in  1%. All 4 GLC 
sys tems separa ted  AT-sterols f rom stanols and 

AS'7-sterols f rom stanol-5,  but  the  separa t ion is 
more  comple te  on  Hi -EFF 8BP and PMPE. The  
ef fec t  o f  the  A22-unsaturat ion in reducing the  
r e t en t ion  t ime o f  a s terol  is lessened in a sterol  
wi th  an 8-carbon side chain compared  to tha t  
o f  a s terol  wi th  a 9- or 10-carbon side chain.  
The ef fec t  o f  unsa tu ra t ion  at C-22 is cons is ten t  
for  a large n u m b e r  of  c o m p o u n d s  tes ted ,  
regardless o f  the  t ype  o f  co lumn.  Only com- 
pounds  conta in ing  a double  b o n d  at C-24 or 
C-25 in add i t ion  to  tha t  at C-22 show a change 
in the  separa t ion  fac tor  for  the  A 22 unsatu-  
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ration. 
The A2S-sterol is eluted faster than the 

corresponding saturated sterol on SE-30 and 
QF-1, but it is eluted more slowly on Hi-Eft 
8BP and PMPE. As with A22-sterols, the reten- 
tion characteristics of the A2S-sterol are af- 
fected by an alkyl group at C-24 and additional 
unsaturation in the side chain. Sterols with a 
double bond at C-24 are separated on QF-1 and 
SE-30, but are separated more completely on 
Hi-Elf 8BP and PMPE. Again, additional 
unsaturation in the side chain (e.g., at C-22) 
changes the retention characteristics of the 
A 24-sterol. 

The presence of the A24(28)-double bond has 
little effect on the retention time of a sterol on 
QF-1 or SE-30, but it significantly increases the 
retention time on Hi-Eft 8BP and PMPE. Only 
slight differences are noted between sterols 
with 9- or 10-carbon side chains. When the 
trans-A 24(zs) configuration is present, as in 
28-isofucosterol, the retention time in all GLC 
systems is slightly greater than when the 
cis-A ~(28) configuration is present, as in 

fucosterol. 
The effect of alkyl substituents in the side 

chain on GLC retention times is quite similar 
for both polar and nonpolar stationary phases. 
Regardless of  which GLC system is used, a C-24 
methyl substituent increases the retention time 
from 1.28 to 1.31 times (Table IV). Interaction 
between the unsaturation at C-22 and the alkyl 
substituent at C-24 results in a difference in 
separation factors between C-24 methyl sterols 
with and without a C-22 double bond. For 
example, on SE-30, the RRT of brassicasterol 
(ergosta-5,22-dien-3/3-ol) relative to that of 
E-22-dehydrocholesterol is 1.23 whereas the 
RRT of campesterol relative to that of chol- 
esterol is 1.30. The same effect is seen in the 
separation factors for the C-24 ethyl sterols. 

The presence of  a 40l-methyl group does not 
increase the retention time as much as a C-24 
methyl, possibly because of interaction be- 
tween the 4c~-methyl and the 3/3-hydroxyl or 
3~-acetoxy groups. This interaction is the basis 
for the GLC method (13) of distinguishing 
between 4,4-dimethyl, 4-methyl and" 4-des- 

T A B L E  III  

D o u b l e  B o n d  a n d  S te r ic  S e p a r a t i o n  F a c t o r s  o f  Sterols  

Subs t i tuent  
Stero l  

c o m p a r e d  
C a r b o n s  C a r b o n s  in  
in s t e ro l  s ide c h a i n  SE-30  

Gas  C h r o m a t o g r a p h i c  S y s t e m s  

QF-1 H i - E l f  8BP PMPE 

A s 

A T 

AS~7 

A z2 (Z) 
A22 (_E) 

AS(') 

AS0*) 
ASS 

A24 

A240s) 

A s'24(25) ( i so )  

A S / s t a n o l  (5c 0 

AT/ s t ano l  (5~) 
AT/ s t ano l  (5~)  

A s ' 7 / s t a n o l  (5~)  

27  
2 8  
2 9  
27  
27  
2 8  
29  
27 
2 8  
2 9  

AS '22 /As  27  
A s ,22/As 2 7  
As'7'22/A s'7 27  
As'2a'24 /A s'24 27  
A s ' 2 2 / A  s 28  
A S,%a2/AS ,7 2 8  
A T'22/A 7 5c~ 2 8  
A7 ' z2 /A7  5o~ 2 9  
AS '2a /As  29  

5 7 22 5~7 A ' '  /A  2 9  
A a ( 9 ) / s t a n o l  (Set) 2 7  

2 8  
A s 0 4 ) / s t a n o l  (5cr 29  
A s ' 2 s / A s  27 

S 25  S A '  / A  29  
As,24/AS 2 7  
A s ~ 2~,24/lt~ s,22 
A $,24 C28 ) /A S 27  

2 8  
A%a4(a~)/A~ (5~)  28  
A24(2.s)/~tanol (5c0 29  

S 24128)1AS A ' _ 29  A s,~4(2sy/^s 2 9  
X % " ( ' a ) i X s  29  

8 0 . 9 7  0 .95  1 .00  0 . 9 8  
9 0 .97  0 . 9 6  1 .01 0 . 9 8  

10 0 . 9 7  0 .96  1 .01 0 . 9 8  
8 1 .00  0 . 9 8  1 .00  1 .04  
8 1 .09  1 .06  1 .21 1 .23  
9 1 .09  1.05 1 .22  1 .23  

10 1 .09  1 .06  1 .22  1 .23  
8 1.06  1 .07  1 .29  1 .20  
9 1 .06  1 .07  1 .30  1 .21 

10 1 .06  1 .08  1 .30  1 .20  
8 0 .87  0 . 8 8  0 . 8 8  0 . 8 7  
8 0 .91 0 . 8 9  0 . 8 8  0 . 8 7  
8 0 .91  0 . 8 9  0 . 9 4  0 .93  
8 0 . 8 6  0 .83  1 .05  1 .06  
9 0 . 8 6  0 . 8 4  0 . 8 3  0 . 8 4  
9 0 . 8 6  0 . 8 4  0 .85  0 . 8 3  
9 0 . 8 6  0 . 8 4  0 . 8 3  0 . 8 4  

10 0 .85  0 .85  0 . 8 3  0 . 8 4  
10 0 .87  0 .85  0 . 8 4  0 .86  
10 0 . 8 7  0 . 8 4  0 . 8 4  0 . 8 6  

8 1 .02  0 . 9 6  1 .01 1 .05  
9 1 .02  0 .95  1 .02  1 .05  

10 0 . 9 6  0 .93  0 . 9 6  0 . 9 7  
8 1 .07  1 .12  1.31 1 .27  

10 0 .95  0 . 9 4  1 .05  1 .03  
8 1 .09  1 .09  1 .29  1 .29  
8 1 .03 1 .01 1 .48  1 .49  
9 0 .97  0 . 9 9  1 .08  1 .08  
9 0 . 9 7  0 .99  1 .09  1 .08  
9 0 .97  0 . 9 8  1 .10  1 .07  

10 1 .00  0 . 9 6  1 .10  1 .09  
10 1 .04  0 . 9 9  1 .16  1 .16  
10 1 .03  0 . 9 9  1 .15 1 .16  
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TABLE IV 

Alkyl Substituent Separation Factors of Sterols 
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Substituent 
Double Carbons 
bonds in sterols SE-30 

Gas Chromatographic Systems 

QF- 1 Hi-Eff 8BP PMPE 

24-Methyl A s,22 28/27 1.23 1.22 1.21 1.18 
AS'7'22 1.23 1.22 1.19 1.17 
A s 1.30 1.29 1.32 1.26 
A 7 1.30 1.28 1.31 1.29 
A s'7 1.30 1.29 1.31 1.30 
A 7 29/28 1.30 1.27 1.30 1.28 
stanol 28/27 1.30 1.29 1.30 1.29 

24-Ethyl A s'22 29/27 1.54 1.48 1.47 1.43 
A s 1.63 1.56 1.60 1.54 
A T 1.63 1.54 1.60 1.53 
A s'7 1.63 1.56 1.54 1.53 
A s(9) 1.63 1.54 1.58 1.54 

24-Ethyl/24-methyl A s,22 29/28 1.27 1.21 1.22 1.21 
A 7,22 1.26 1.22 1.22 1.21 
A s'7'~2 1.26 1.20 1.20 1.21 
A s 1.25 1.21 1.21 1.19 
A 7 1.25 1.20 1.21 1.18 
A s'7 1.25 1.21 1.21 1.18 
stanol 1.25 1.20 1.22 1.19 

4-Methyl stanol 29/28 1.16 1.14 1.09 1.04 
AT'24(2S) 1.13 1.12 1.09 1.04 
A 8(9) 1.14 1.13 1.08 1.02 
A T 28/27 1.14 1.11 1.09 1.05 

14-Methyl A ~(~) 29/28 0.99 1.07 0.93 0.88 
A T 28/27 1.04 1.09 0.97 0.92 
A 7(22) 29/28 1.03 1.08 0.95 0.91 

4,4' Dimethyl/ 
m ethyl stanol 30/29 1.19 1.24 1.14 1.15 

me thy l  sterols. Partial shielding by the  polar  
3/~-hydroxyl or 3/3-acetoxy may also explain 
why  the  4 -methy l  adds li t t le to  the  RRT on  the  
Hi-Eft  8BP and PMPE columns.  The presence  o f  
a second m e t h y l  at C-4 increases the r e t en t i on  
t ime o f  a s terol  more  on  a nonpo la r  than  on  a 
polar  liquid phase (19 and 24% for  SE-30 and 
QF-1, respectively,  vs 14 and 15% for  Hi-Eft  
8BP and PMPE, respectively) .  

The ef fec t  o f  a 140t-methyl group on RRT is 
unexpec ted .  On 3 columns,  the  presence  of  a 
14a-methyl  group in a As(9) - s te ro l  actually 
decreases the  r e t en t ion  t ime. It is apparen t  tha t  
the  loca t ion  o f  the  nuclear  double  bond  can 
alter the  con t r ibu t ion  o f  the  14a-methyl  group 
to  the  RRT of  the  sterol.  In A7-sterols,  the  
14a-methyl  group increases the  r e t en t ion  t ime 
on SE-30 as well as on QF-1. 

Addi t iona l  separat ion factors  can be calcu- 
lated for o the r  s t ructural  features,  using the  
data given in Table II. Using the  separa t ion 
fac tors  in Tables  III and IV, we  can calculate 
the  probable  RRT of  scores of  sterols which  
may  no t  have been  isolated or synthes ized  to  
date. Over 12 previously un iden t i f i ed  sterols,  
t hough t  to  be in te rmedia tes  in sterol  bio- 
synthesis  in Chlorella, have been  tenta t ively  

ident i f ied  in this way (14), even before  the  
usual m e t h o d s  of  ident i f ica t ion  had been 
used. 

Ultraviolet Spectra 

Ultraviolet  (UV) spec t roscopy  has long been  
recognized as a useful  tool  for the  de tec t ion  
and ident i f ica t ion  of  trace amo u n t s  of  com- 
pounds  having c h r o m o p h o r i c  systems.  Em- 
pirical corre la t ions  of  UV absorp t ion  wi th  
s t ructure  have a f fo rded  a power fu l  means  of  
s t ruc ture  e lucidat ion of  s teroids  (15,16).  UV 
spec t roscopy  was used for  the  early de tec t ion  
of  the  metabol ic  convers ion  of  choles terol  to 
7 -dehydrocholes te ro l  and the  isolat ion of  the  
7 -dehydrocho les te ro l  f rom the  German  cock- 
roach  (Blattella germaniea L.) as well as o ther  
insects  and cer tain specific t issues of  insects  
(17). The h o m o a n n u l a r  diene of  the  B-ring of  
7 -dehydrocholes te ro l  wi th  ~kmax at 272, 282 
and 294 nm and e of  10,450, 11,000 and 
6,200, respect ively,  readily ident i f ies  this  
system.  This absorp t ion  spec t rum also aided 
in the  isolat ion a n d i d e n t i f i c a t i o n  o f  ergosta-5,7- 
diene-3/3-ol and 24R-stigmasta-5,7,22-trien-3/~-ol 
f rom t r iparanol- inhibi ted  algae (18). 

The he te roannu la r  dienes have ex t inc t ion  
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coefficients that are usually higher and their 
~tmax are in the 220-250 nm range. From 
Cholorella sorokiniana, cultured in the presence 
of triparanol succinate, we have isolated and 
identified 5a-ergosta-8,14-dien-3/3-ol, Xmax 251, 
e 18,000. In elucidating the pathway for the 
conversion of stigmasterol to cholesterol in the 
tobacco hornworm, UV analyses readily indi- 
cated the presence of a conjugated diene system 
that exhibited a strong peak at 240 nm with 
shoulders at 234 and 247 nm. This led to the 
identification of  E-22-cholesta-5,22,24-trien-313- 
ol (19) as an intermediate in the conversion of 
stigmasterol to cholesterol in this insect. 

The UV spectra of the molting hormones of 
insects and ecdysteroids of plants are charac- 
terized by an intense UV absorption bond with 
a )tmax at ca. 240-245 nm (in methanol) and e 
11,000-14,000 (11). This is typical of a com- 
pound with a 7-en-6-one chromophore. Thus, 
UV analyses have been used to follow the 
process of purification and for determining the 
purity of ecdysteroids. Ecdysteroids can be 
readily analyzed by UV for the presence or 
absence of  the 14-hydroxyl group simply by 
heating the ecdysteroid with 0.5 N hydro- 
chloric acid solution. In the presence of acid, 
there is an elimination of  the 14-hydroxyl 
group, resulting in the formation of a conju- 
gated dienone (~rnax 293 nm) and a noncon- 
jugated ketone with a conjugated diene system, 
)tmax 244 nm (11). 

Infrared Spectra 

An infrared (IR) spectrum gives considerable 
information about a sterol and can be used to 
differentiate 2 sterols and to reveal the struc- 
ture of a new sterol. Thus, IR analyses are very 
useful in characterizing the oxygen-containing 
functional groups and establishing the presence, 
location and type of unsaturation in a sterol 
and also in determining the stereochemical 
configuration at certain positions. 

The IR spectra of cholestanol, cholesterol, 
desmosterol and lathosterol (5a-cholest-7-en-3~- 
ol) are shown in Figure 1. All 4 compounds can 
be distinguished from each other in their 
fingerprint region. The IR spectra of both 
cholestanol and lathosterol, which contain 
trans-A/B ring systems, differ from those of 
cholesterol and desmosterol in the 1000-1050 
cm -1 region. In the region where the trisubsti- 
tuted ethylene absorption band (800-850 cm -1 ) 
appears, cholestanol shows only weak absorp- 
tion whereas cholesterol, lathosterol and des- 
mosterol, all of which contain trisubstituted 
double bonds, show sharp peaks in the 800-850 
cm -1 region. Yet, the patterns of all 3 are 
different and can be differentiated from each 

FIG. 1. Infrared spectra of cholestanol, lathosterol, 
cholesterol and desmosterol from 1500-600 cm -1. 

other in this region. The presence of another 
trisubstituted double bond at C-24 in desmos- 
terol causes an increase in the absorption band 
at 828 cm -l and it is this peak in the IR spec- 
trum that readily differentiates desmosterol 
from cholesterol. 

The IR spectra of C2s- and C29- AS-sterols 
with saturated side chains (campesterol, sitos- 
terol and their C-24 isomers) do not distinguish 
these compounds from cholesterol or from one 
another. However, the combination of IR, PMR 
and GLC analyses leaves no doubt as to the 
identity of  these sterols. The same is true for 
C28- and C29- AT-sterols with saturated side 
chains. 

The IR spectrum of brassicasterol, stig- 
masterol, poriferasterol or any sterol with a 
A22-__E disubstituted ethylene shows a very 
strong peak in the 965 cm -1 region, whereas 
the IR spectra of  sterols with a A 24(2s)-mono- 
substituted ethylene (e.g., 24-methylenecholes- 
terol, 24-methylenepollinastanol show a strong 
peak in the 885-895 cm -1 region. The IR 
spectra of 25-dehydrosterols with monosubsti- 
tuted ethylenes also show IR absorption bands 
in this region. IR spectra, as first observed by 
Dusza (20), readily distinguish between the 
A24(2a)-trans configuration of  28-isofucosteryl 
acetate and the AZ4(2S)-cis configuration of 
fucosteryl acetate in the 800-850 cm -1 region. 
The IR spectra of the ecdysteroids show the 
characteristic aft-unsaturated ketone absorp- 
tion bands at 1640-1667 cm -] and hydroxyl 
absorptions at 3300-3600 cm -1 . 

Hence, IR spectroscopy is still of great 
importance for any laboratory concerned with 
the isolation, synthesis and structural identi- 
fication of steroids and related natural prod- 
ucts. We have only mentioned or discussed one 
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of the 2 types of noncarbonyl functional 
groups most commonly encountered in ste- 
roids, the ethylenic double bond, in order to 
illustrate the value of IR spectroscopy in steroid 
analyses. 

Theoretically, the IR spectrum of each 
steroid is unique and, if the compound under 
study has been synthesized previously, its 
identity can be largely established by com- 
parison with the spectrum of the authentic 
sample. Our laboratories have been involved in 
the isolation and identification of steroids over 
a period of years and have accumulated a large 
collection of steroid spectra which has en- 
hanced the identification and structural eluci- 
dation of new steroids. However, in the initial 
period of our research, atlases of IR absorption 
spectra of steroids (21,22) were of considerable 
value, and others may find this is true, as well. 
Sadtler Research Laboratories also supplies a 
collection of IR spectra of steroids. 

Mass Spectral Analyses of Sterols 

Mass spectrometry, in conjunction with gas 
chromatography (GC-MS) has played a vital 
role in the analysis and elucidation of the 
structures of minute samples of sterols that 
are separable only by GLC. However, in most 
of our studies we have used MS as a diagnostic 
tool in conjunction with other instruments in 
the verification of molecular weights and 
tentative structures. 

In elucidating the pathway in the conversion 
of aH-campesterol to cholesterol in the tobacco 
hornworm, we have isolated a radiolabeled 
steryl acetate with an IR spectrum showing 
strong bands at 1645 and 885 cm -1, typical of 
a gem-disubst i tuted ethylene, which was 
identical with that of 24-methylenecholesteryl 
acetate. The GS-MS of this steryl acetate and 
24-methylenecholesteryl acetate were identical. 
As is typical for A s-steryl acetates, the M + peak 
was absent from both spectra, and the highest 
mass peak appeared at m/e 380 (M-60). Also, 
the second most abundant peak in both spectra 
occurred at m/e 296 (M-60-84), indicating a 
loss of acetic acid and the expected side-chain 
cleavage of the 22-23 bond, accompanied by a 
hydrogen transfer, thus identifying this com- 
pound as 24-methylenecholesteryl acetate (23). 
Similarly, fucosterol was identified as a metab- 
olite in the conversion of sitosterol to chol- 
esterol in the tobacco hornworm. The base 
peak in the mass spectrum of fucosterol also 
occurred at m/e 296 (M-18-98), indicating a 
loss of water and the expected side-chain 
cleavage of the 22-23 bond, accompanied by a 
hydrogen transfer (24). 

In studies concerned with the conversion of 
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FIG. 2. Mass spectra of AS-sterols with saturated, 
mono- and diunsaturated side chains. 
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FIG. 3. Mass spectra of AS-steryl acetates with 

saturated, mono- and diunsaturated side chains. 

stigmasterol to cholesterol  in the tobacco  horn- 
worm, _E-22-cholesta-5,22,24-trien-3/3-ol was 
isolated and identified as an intermediate (19). 
In order to confirm that this compound was 
indeed metabol ized  to cholesterol  in the 
tobacco hornworm, it was necessary to syn- 
thesize _E-22-cholesta-5,22,24-trien-3/3-ol and 
the E_ and Z-22-dehydrocholesterols  that could 
also be intermediates  (25).  MS of  these sterols 
(Fig. 2) and their steryl acetates (Fig. 3) further 
demonstrate the usefulness of  MS. All o f  the 
free sterols show strong M + peaks, except in the 
spectra of  the sterols with a conjugated diene in 
the side chain. The A s-  and A s'22-sterol ace- 
tates parent ions were almost nonexistent. 
However, MS of  the A s-steryl acetates with the 
conjugated diene system in the side chain 
exhibited an M § and an M-60 peak that was 
only  10% of  the base peak at m/e  109 and m/e  
123 for the respective side chain, indicating 
that the conjugated double bond system 
stabilized the side chain m o i e t y  (25) .  Certainly, 
the fragmentation patterns give considerable 
information about the structure o f  these 
sterols. 

The mass spectrum of 24-methylpollinas- 
tanol isolated from cultures o f  C. sorokiniana is 
shown in Figure 4. Compounds that have 
a 14-methyl  group usual ly  show a very strong 
M-15 peak as indicated by the peak at m/e  399,  
and the spectrum agreed with that of  authentic 
24-methylpollinastanol. Using argentation chro- 
matography, GLC, GC-MS, derivatization and/ 
or synthesis we have identified a number of  
new sterols from algae for which we reported 
MS data (14,26).  There are also a number of  
papers that deal specifically with mass spectral 
analyses o f  sterols and their fragmentation 
processes (27 ,28) .  

The mass spectra of  the ecdysteroids are 
characterized by numerous ions, 18 mass units 
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FIG. 4. Mass spectrum of 24-methylpollinastanol 
from C. sorokiniana. 
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apart, that result from successive losses of 
molecules of water from the molecule. Even 
though it is often difficult to obtain the molec- 
ular ions, the mass spectra thus provide valuable 
information about the molecular weight and 
the number of hydroxyl groups present in the 
molecule. 

In an ecdysteroid such as 20-hydroxy- 
ecdysone that contains a 20,22-diol function, 
side-chain cleavage generally occurs at this 
location, as indicated in the spectrum by 
prominent peaks at m/e 363 (M-117) and 345 
(M-117-18). This side-chain fragment is further 
indicated by prominent major peaks at m/e 99 
and 81. Thus, mass spectral analyses can reveal 
considerable information about the ecdysteroid 
nucleus, side chain and molecular structure. 

Proton Magnetic Resonance Spectra 

The PMR spectra of steroids are generally 
complex because of the presence of a large 
number of aliphatic and alicyclic methylene 
groups. Nevertheless, studies of the PMR 
spectra of steroids have shown that the 3 proton 
signals of the methyl groups resulting from the 
equivalence of the protons were the most 
pronounced and sharpest peaks in the spectra, 
being above the background of methylene and 
methine protons in the region of 6 0.5-1.5 (29). 
Even in the spectra of steroids with methyl or 
ethyl groups in their side chain, it was possible 
to identify each methyl or ethyl substituent of 
the steroid (30). It was shown that substituents 
as well as stereochemical and conformational 
changes can have a pronounced effect on the 
chemical shifts of these methyl groups (30), 
thus demonstrating the practical application of 
PMR to structural problems of steroids. Tables 
of effects of substituents on the chemical shift 
of C-18 and C-19 protons have been compiled 
(31) and are most valuable for determining the 
position and orientation of functional groups in 
the steroid nucleus. 

Spectra of sterols accumulated in our 
laboratory and published PMR data have served 
to establish the identity of sterols. The location 
of the C-18 and C-19 methyl groups was shown 
to be highly sensitive to the stereochemistry of 
the steroid nucleus and to the nature and 
orientation of the functional groups in the 
steroid nucleus or side chain. The side-chain 
methyls were simiarly influenced by sub- 
stituents or functional groups in the side chain. 

PMR has served us well in the determination 
of configuration at C-24, and the position of 
hydroxyl groups of ecdysteroids. The PMR 
spectrum of the _Z-22-dehydrocholesterol shows 
that the C-18 methyl appears further downfield 
at ~ 0.733 than the E-isomer C-18 methyl 

(0.700), a discernable difference of only 2Hz 
(25). Nevertheless, that difference was enough 
for the detection of the presence of 5% of 
_E-isomer in the Z-compound and this can be 
used as a diagnostic tool to distinguish between 
the 2 C-22 isomers. Similar differences in the 
C-18 methyls were observed for the conjugated 
diene compounds, the structures of which are 
shown in Figure 2. 

Although the chemical shift of the C-18 
methyl does not distinguish the Z-A 22- from 
the _Z-A22'24-compound or the E-A 2z- from 
the _E-A22'24-compound, the far downfield shift 
for the C-26 and C-27 methyl signal at 5 1.74 
readily indicates a double bond at the C-24- 
position. For desmosterol, the C-26 and C-27 
methyls appear as a doublet, centered at 1.67, 
indicating nonequivalence of the methyls in 
desmosterol (25,32). 

A highly significant contribution of PMR to 
the identification of sterols was our finding that 
pairs of C-24 isomeric sterols could be distin- 
guished from each other by PMR spectroscopy 
(33). We have observed that campesterol 
(24a-methylcholesterol) and 22,23-dihydrobras- 
sicasterol (24/3-methylcholesterol) even showed 
a difference in their spectra when recorded at 
60 MHz, and the spectrum of the mixture 
definitely confirmed the difference (Fig. 5). 
For the sake of brevity, the spectra of the 3 
other pairs of C-24 isomeric sterols that were 
studied (sitosterol and 22,23-dihydroporiferas- 
terol, a-spinasterol and chondrillasterol, stig- 
masterol and poriferasterol) will not be pre- 
sented or discussed. 

The PMR spectra of campesterol and 22,23- 
dihydrobrassicasterol, recorded at 100 MHz, are 
quite different (Fig. 6). However, the spectrum 
of 22,23-dhydrobrassicasterot, prepared from 
ergoesterol (5), shows minor peaks in the region 
of 76.7 and 83.5 Hz, that appear in the spec- 
trum of campesterol. These peaks were absent 
from the spectrum of 22,23-dihydrobrassica- 
sterol, obtained from Chlorella ellipsoidea 
Gerneck (33), thus indicating that the syn- 
thetic 22,23-dihydrobrassicasterol contained 
some 24a-epimer. This finding suggested 
that during the hydrogenation of the A22-bond 
in the preparation of 22,23-dihydrobrassica- 
sterol (24/3-methyl) some 24a-epimer was 
formed. We thought this to be unlikely. The 
spectra of our synthetic 22,23-dihydrobrassica- 
sterol, campesterol and 22,23-dihydrobrassica- 
sterol, obtained from C. ellipsoidea and re- 
corded at 220 MHz, showed that our synthetic 
22,23-dihydrobrassicasterol did indeed contain 
ca. 25% of the 24a-isomer (Fig. 7). In view of 
the recent findings (34) that tracheophytes 
ranging through the evolutionary hierarchy 

LIPIDS, VOL. 15, NO. 9 



7 3 0  M.J. THOMPSON, G.W. PATTERSON, S.R. DUTKY, J.A. SVOBODA AND LN. KAPLANIS 

from ferns through gymnosperms and primitive 
angiosperms to climax angiosperms consistently 
yield mixtures of  24-methylcholesterols (deter- 
mined by PMR analyses), an alternative expla- 
nation for the origin o f  the 24~t-epimer is that 
the ergosterol used in the synthesis of  our 
22,23-dihydrobrassicasterol consisted of  a C-24 
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FIG. 5. Nuclear magnetic resonance spectra of 
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at 60 mHz. 
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epimeric mixture. Whether certain yeasts 
produce a C-24 epimeric mixture of ergosterol 
remains to be determined. 

An extension of our studies through the use 
of a 220-MHz NMR spectrometer has made it 
possible to determine the configuration at C-24 
of a large number of 24-methyl and 24-ethyl- 
cholesterols from tracheophytes (34). Thus, the 
sterols, 22,23-dihydroporiferasterol and sitos- 
terol, that could not be distinguished from each 
other through their spectra recorded at 100 
MHz, were readily distinguishable at 200 MHz. 
In fact, the presence of dihydrobrassicasterol, 
campesterol, or A 22-sterols as impurities can be 
detected in the spectra of either dihydro- 
poriferasterol or sitosterol. The use of 220-MHz 
NMR spectrometry has permitted not only the 
characterization of the C-24 epimeric sterols of 
scallops but also a semiquantitative estimate of 
the 24a- and 24/3-epimers present in the mix- 
tures (35). 

The PMR spectra of free ecdysteroids, 
usually obtained in deuteropyridine, are com- 
plex, but the resonance of the methyl groups of 
the ecdysteroids generally appear as sharp peaks 
in the spectra of these compounds and provide 
valuable information concerning their struc- 
tures, especially with respect to the position of 
the various hydroxyl groups. Since the ecdy- 
steroids of insects as well as many plant ecdy- 
steroids differ from one another only by 
number and/or position of hydroxyl groups, all 
of the insect ecdysteroids and a large number of 
plant ecdysteroid structures ( I1)  could be 
derived simply by MS analyses and a com- 
parative examination of their PMR spectra with 
that of ecdysone, the structure of which has 
been established by X-ray diffraction (36). 

The PMR spectral data recorded at 60 MHz 
for the ecdysteroids of the tobacco hornworm 

(Fig. 8) are presented in Table V. The spectrum 
of ecdysone shows a doublet for theC-2l 
methyl at 6 1.23 and 1.32 and peaks of equal 
intensity for the C-18 and C-19 methyls at 
6 0.74 and 1.06, respectively, whereas the 
methyls at C-26 and C-27 appear also as a 
singlet and the strongest peak in the spectrum 
at 6 1.39. Mass spectral data for an ecdysteroid 
that was slightly more polar than ecdysone 
indicated that it contained one hydroxyl group 
more than ecdysone. The PMR spectra showed 
that all the methyl signals appeared as singlets, 
3 of which were of equal intenstiy. There was 
no change in the position or degree of intensity 
for the C-19, C-26 and C-27 methyls, thus 
indicating that the environments for these 
methyls and for those in ecdysone are similar. 
The fact that the C-21 methyl appears as a 
singlet at 6 1.58 placed the additional hydroxyl 
group at C-20. This assignment was further 
supported by the shifting of the Co18 methyl 
downfield to 6 1.22. Thus, the ecdylsteroid was 
assigned the structure of 20-hydroxyecdysone. 

Similarly, the position for a hydroxyl group 
was arrived at for an insect ecdysteroid that was 
more polar than 20-hydroxyecdysone. Its mass 
spectrum indicated that it contained one more 
hydroxyl group than 20-hydroxyecdysone. Its 
PMR spectrum showed that the 4 methyl 
resonances were of equal intensity, with 3 of 
them occurring at identical positions as the 
C-18, C-19 and C-21 methyls of 20-hydroxy- 
ecdysone; the additional hydroxyl group was 
placed at C-26. This compound was identified 
as 20,26-dihydroxyecdysone (Table V). 

MS of the major ecdysteroid isolated from 
tobacco hornworm eggs indicated that its 
empirical formula was identical to that of 20- 
hydroxyecdysone. The PMR spectrum showed 
3 methyl resonance peaks of equal intensity, 
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FIG. 8. Structures of ecdysteroids of the tobacco hornworm. 
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TABLE V 

Nuclear Magnetic Resonances Absorption of Ecdysteroids 
Isolated from the Tobacco Hornworm 

Proton magnetic resonances/ 
methyl resonances 

(6) 

Ecdysteroids C- 18 C- 19 C-21 
C-26- and/ 

or C-27 

Ecdysone 0.74 1.06 1.23,1.32 1.39 
3-epi-Ecdysone 0.75 1.07 1.23,1.32 1.40 
20-Hydroxyecdysone 1.22 1.08 1.58 1.38 
3-epi-20-Hydroxyecdysone 1.22 1.07 1.58 1.38 
20,26-Dihydroxyecdysone 1.22 1.08 1.58 1.47 
3-epi-20,26-Dihydroxyecdysone 1.22 1.07 1.58 1.48 
26-Hydroxyecdysone 0.74 1.08 1.23,1.32 1.47 
3-epi-26-Hydroxyecdysone 0.73 1.06 1.23,1.31 1.49 

and  it  also showed  tha t  the  C-18, C-19 and  C-21 
me thy l s  occur  in  pos i t ions  ident ica l  to  those  in 
ecdysone  and  the  o t h e r  m e t h y l  is a t  t he  same 
pos i t ion  as t h a t  of  t he  C-27 m e t h y l  o f  20 ,26-  
d ihyd roxyecdysone .  This  ind ica ted  t ha t  this  
ecdys te ro id  was 26 - hyd r oxyecdys one .  

Fo r  each of  the  4 3/3-ecdysteroids of  the  
t o b a c c o  b o r n w o r m ,  we have isola ted a corres-  
pond ing ly  less polar  c o m p o u n d  (10,3  7). All t he  
less polar  ecdys te ro ids  exh ib i t ed  MS da ta  and  
m e t h y l  r e sonances  (Tab le  V) t h a t  were a lmos t  
ind is t inguishable  f rom t he  respect ive  more  
polar  ecdys tero id .  These  charac te r i s t ics  and  the  
fact  t h a t  t he re  was n o  no t i ceab l e  d o w n  field 
chemica l  shif t  in the  C-19 m e t h y l  suggested 
t h a t  these  less polar  ecdys te ro ids  were d i f fe ren t  
in  o r i e n t a t i o n  of  the  h y d r o x y l  group at C-3 
f rom the  respect ive  co r r e spond ing  more  po la r  
c o m p o u n d s .  When  these  ecdys te ro ids  were 
a l lowed to  react  w i th  ace tone ,  t hey  e i the r  
y ie lded no  ace ton ide  or  one  less ace ton ide  
t h a n  the  co r r e spond ing  3~-epimer.  Thus ,  t h e y  
were iden t i f i ed  as 3-epi -ecdysteroids  (Fig. 8). I t  
is possible  t ha t  PMR spect ra  of  the  3 ~  and  
3a-ecdys te ro ids  r ecorded  at 220 MHz m a y  
show suff ic ient  chemica l  shif t  d i f fe rences  in  
the i r  C-19 m e t h y l s  t h a t  would  d is t inguish  these  
c o m p o u n d s .  

CONCLUSIONS 

We have p resen ted  our  m e t h o d s  of  ext rac-  
t ion ,  sepa ra t ion  and  i so la t ion  of  s te ro ids  f rom 
insects  and  algae and  have t r ied  to show h o w  
the  i n t e g r a t i o n  of  var ious  ana ly t ica l  i n s t r u m e n t s  
wi th  p r o p e r  i so la t ion  t e c h n i q u e s  can  exped i t e  
the  i den t i f i c a t i on  o f  steroids.  No t  every investi-  
ga tor  m a y  have use  or  i m m e d i a t e  need  for  all of  
t he  too ls  we have e m p l o y e d  in ou r  s terol  
research,  b u t  s /he  should  be  cogn izan t  of  w h a t  
i n s t r u m e n t s  are avai lable and  h o w  s /he  can  bes t  

use t h e m  for  m a x i m a l  results.  Wha t  we have 
p resen ted  here  indica tes  on ly  a f rac t ion  o f  
p o t e n t i a l  uses o f  these  i n s t rumen t s .  Even w i th  
all o f  our  m o d e r n  i n s t rumen t s ,  for  the  chemist ,  
t h  f inal  p r o o f  of  s t ruc tu re  of  a c o m p o u n d  t h a t  
has no t  been  previously  iden t i f i ed  is i ts  syn- 
thesis. We have syn thes ized  a n u m b e r  of  ste- 
roids  t h a t  were isola ted in ou r  l a b o r a t o r y  as 
well as c o m p o u n d s  t h a t  m a y  serve as molecu la r  
mode l s  for  those  t h a t  are more  diff icul t  to  
achieve by  synthesis .  
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ABSTRACT 

The response of the electron-capture detector to organic compounds is poorly defined, and the 
steroids are no exception to this observation. For those steroids which are naturally electron-captur- 
ing, the structures of the electrophores will be defined. Other steroids can be made electron-capturing 
by the formation of appropriate derivatives. Some new or infrequently used reagents for this purpose 
(flophemesyl ethers, t-buflophemesyl ethers, pentafluorophenylhydrazone derivatives and halogen- 
substituted aromatic boronic acids) are described. 

I NTRODUCTION 

The impact of gas chraomtography (GLC) in 
the area of biochemical analysis has been 
enormous. This is no less true for steroid 
analysis, even though these substances are often 
thermally labile. A perusal through the early 
hterature of gas chromatography shows that 
many workers in the steroid field made signifi- 
cant contributions to the improvement of 
column technology, liquid phases, selective 
detectors and, particularly, to the technique of 
derivatization. As a consequence of this effort, 
the production of steroid profiles from com- 
plex biological fluids can be realized in many 
laboratories today. This has had impact on the 
recognition and diagnosis of disorders of the 
body associated with steroid hormonal dys- 
function. 

The electron-capture detector (ECD) is the 
most sensitive of the gas chromatography 
detectors in routine use. It is a selective de- 
tector with a very broad range of response 
(covering 7 orders of magnitude) for organic 
compounds, depending on their elemental 
composition and molecular structure. Because 
of its ability to detect picogram (10 -12 g) 
quantities of steroids under favorable condi- 
tions, it has been much used for this purpose-  
although few steroid chemists are familiar with 
its response/molecular structure relationship. 
As only a few steroids show a large response to 
the electron-capture detector, it would be of 
little interest to the steroid analyst if it were 
not for the technique of derivatization. Many 
steroids are thermally labile and must be 
derivatized prior to analysis to avoid decompo- 
sition of the compound and to improve its 

1Author to whom correspondence should be 
addressed. 

chromatographic performance. Derivatizing re- 
agents are available which contain an electron- 
capturing group and can be used to attack this 
tag to the steroid and at the same time meet 
the requirements of improving thermal stability 
and chromatographic performance. Using this 
technique, nearly any steroid can be made 
electron-capturing and some of the methods 
available will be described in this paper. 

EXPER IMENTAL 

The flophemesyl, t-buflophemesyl, 2,4- 
dichlorobenzeneboronic acid and 3,5-bis-(tri- 
fluoromethyl)benzeneboronic acid reagents were 
obtained from Lancaster Synthesis (St. Leonard 
Gate, Lancaster, Great Britain) and the Alfa 
Products Division, Ventron Corporation (Dan- 
vers, MA). Pentafluorophenylhydrazine was 
obtained from Aldrich Chemical Company 
(Milwaukee, WI) and was purified as follows: 
the crude sample was treated with charcoal and 
recrystaUized 3 times from light petroleum 
(bp 100-120 C), followed by chromatography 
on Davison silica gel eluted with chloroform. 
The reagent was further purified by conversion 
to its hydrochloride, followed by recrystal- 
lization from ether/ethanol and subhmation to 
constant mp 239-242 C. 

RESULTS AND DISCUSSION 

A discussion of the physical basis of the 
operation of the electron-capture detector is 
beyond the scope of this paper and has been 
reviewed previously (1-4). In this paper, w e  
will concentrate on a discussion of structure- 
response relationships of steroids and their 
derivatives with thermal electrons produced 
in the ECD. 
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STEROIDS BY GLC-ECD 

TABLE I 

The Relative Molar Response of Some Representative Steroids toward the ECD 

735 

Steroid Relative Molar Response 

Androstane 1 
Cholestane 1 
Cholesterol 3 
25-Keto-nor-cholesterol 3 
4,4'-Dimethyl- 5-cholest-ene-3-one 3 
Estrone 3 
Androstane- 3,17-dione 10 
1-Androst-ene-3,17-dione 21 
Allopregnane-3,11,20-trione 50 
1,4-Androst-ene-3,17-dione 450 
i-Cholestan-6-one 580 
Testosterone 840 
173-Hydroxy-1,4,6-androst-triene-3-one 850 
19-Nort estost erone 910 
4-Cholest-en-3-one 1130 
4-Androst-ene-3,17-dione 1920 
Progesterone 2220 
4-Androst-ene- 3,16-dione 2350 
1 l/~-Hydroxy-4-androst-ene-3,17-dione 7600 
3,5-Cholest-diene-7-one 9650 
6-Ketoprogesterone 14300 
1,4,6-Androst-triene-3,17-dione 16700 
4-Androst-ene-3,11,17-trione 24800 
4-Pregn-ene-3,11,20-trione 25000 
1,4-Androst-diene-3,11,17-trione 53500 

Steroids with Natural Electrophores 

Organic  c o m p o u n d s  in general  show a very  
wide range of  response  to  t he  ECD. T he  ste- 
roids  as a class of  organic  c o m p o u n d s  are no  
excep t ion  to  this  observa t ion .  The  relat ive 
mola r  response  o f  some rep resen ta t ive  s te ro ids  
is shown  in Table  I (5). The  s teroid  hydro -  
ca rbons  and  s teroids  c o n t a i n i n g  var ious  num-  
bers of  h y d r o x y l  groups  are v i r tua l ly  t rans-  
pa ren t  to  t h e r m a l  e lec t rons  and  c a n n o t  be 
d e t e r m i n e d  at low c o n c e n t r a t i o n s  wi th  this  
de tec tor .  On  t h e  o t h e r  h a n d ,  s te ro ids  con ta in -  
ing ct,/3-unsaturated k e t o n e  groups  p roduce  
a h igh response ,  the  m a g n i t u d e  of  wh ich  is 
i n f luenced  by  the  su bs t i t uen t s  a t t a ched  to the  
doub le  b o n d  of  the  u n s a t u r a t e d  k e t o n e  group.  
The  h ighes t  response  is o b t a i n e d  wi th  s te ro ids  
having  subs t i t uen t s  capable  of  assisting in 
s tabi l iz ing or  delocal iz ing the  cap tu red  e lec t ron .  
The  in t e rac t ions  b e t w e e n  the  u n s a t u r a t e d  
k e t o n e  group and  the  s u b s t i t u e n t  groups  m ay  
be qui te  subt le  and  can take  place across or  
t h r o u g h  several sa tu ra ted  ca r bon - t o - ca r bon  
bonds .  G e o m e t r i c  pos i t ion  would  seem to be  
a very i m p o r t a n t  pa ramete r .  Fo r  example ,  
4 -andros t -ene-3 ,17-d ione  is ca. 100 t imes  more  
sensit ive t h a n  1-andros t -ene-3 ,17-d ione .  Like- 
wise, for  those  s teroids  wi th  a 4-en-3-one  
group,  the  d e t e c t o r  response  is l i t t le  a f fec ted  
by  the  pos i t ion  of  the  k e t o n e  group  in t he  D 
ring bu t  t he  i n t r o d u c t i o n  o f  a k e t o n e  group  at 

the  C-11 pos i t ion  can increase the  de t ec to r  
sensi t ivi ty  by  more  t h a n  3 orders  of  magn i tude .  

I so la ted  k e t o n e  g roups  in a sa tu ra ted  s te ro id  
f r a m e w o r k  confe r  l i t t le  e l ec t ron -cap tu r ing  
abi l i ty  on  the  molecu le  unless  con juga ted  wi th  
a doub le  bond .  All the  very s t rongly  e lec t ron-  
cap tu r ing  s te ro ids  iden t i f i ed  to  date  con t a in  
a m i n i m u m  of  an cL~unsa tu r a t ed  k e t o n e  group,  
con juga ted  in some way wi th  o t h e r  func t iona l  
g roups  in the  s tero id  f ramework .  

Advan tage  can be t aken  of  the  na tu ra l  
e l ec t ron -cap tu r ing  p roper t i e s  of  s te ro ids  to  
enable  t h e m  to be d e t e r m i n e d  at t race  levels. 
When  n o  h y d r o x y l i c  g roups  are p resen t  and t he  
s teroids  are t he rma l ly  stable,  de r iva t i za t ion  
pr ior  to  analysis  is n o t  required .  A n  example  
of  th is  is the  d e t e r m i n a t i o n  of  me lenges t ro l  
ace ta te ,  wh ich  can be d e t e r m i n e d  in t issue 
ex t rac t s  at  the  par t s  per  bi l l ion (ppb )  level 
( d e t e c t i o n  l imi t  2-25 ppb )  (6-8). 

Melengestrol Acetate 

Melenges t ro l  ace ta te  (MGA,  170t-acetoxy-6- 
m e t h y l  - 16 - m e t h y l e n e  - 4, 6 -p regna -  d iene-  3,20-  
d ione ,  S c h e m e  I) is i n c o r p o r a t e d  i n to  an imal  
feed as an oral  p roges t a t iona l  agen t  to  inh ib i t  
ovu la t ion  and  suppress  estrus.  It  is also effect ive 
as a g r o w t h - p r o m o t i n g  agent ,  giving a h igher  
convers ion  of  feed to meat .  Because of  the  
s t rong  physiological  effect  of  th i s  h o r m o n e  
similar to  t h a t  o f  the  con t r acep t ive  h o r m o n e s ,  
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residues o f  this steroid in meat  must  be low at 
the t ime of  marketing.  

CH 3 
I 

CH 3 

SCHEME I. Melengestrol acetate. 

Koshy (9) has studied a series of  steroids 
related to melengestrol  acetate  to be t ter  iden- 
t ify the molecular  features impor tan t  for  a 
high ECD response. The relative molar  response 
of  the mode l  steroids towards the ECD are 
summarized in Table II. F r o m  their data, the  
fol lowing conclusions can be drawn: (a) the 
17~-acetate subst i tuent  is an impor tan t  part  of  
the e lect rophore ,  as progesterone itself had 
only a low response to the ECD;  (b) the 17~- 
propionate  had a similar response to that  o f  the  
acetate;  (c) methy l  subst i tuents  in rings A or 
B at C-2, C-6, or C-7 did no t  effect  the de tec tor  
response;  (d) for the unsaturated ke tone  
systems, the order  of  sensitivity was 4,6-dien- 
3-one > 1,4-dien-3-one > 4,9(1 1)-dien-3-one > 
4-en-3-one; (e) a me thy l  or  me thy lene  sub- 
s t i tuent  at C-16 gives an increase in de tec tor  

C.F. POOLE, A. ZLATKIS, W.-F. SYE, S. SINGHAWANGCHA AND E.D. MORGAN 

response, a me thy lene  subst i tuent  being more  
effect ive than a me thy l  subst i tuent ;  (f) a large 
increase in de tec tor  response for  the  4-en-3-one 
system was obtained by in t roducing a ke tone  
group at C-6. 

Thus, in the case of  melengest rol  acetate,  the  
impor tan t  componen t s  of  the  e lec t rophore  can 
be ident i f ied as the  4-en-3-one system of  ring 
A, the 6-double bond of  ring B, the  C-16 
methy lene  unit  a t tached to ring D and the  
17~-acetoxy group at tached to ring D. The  
on-co lumn detec t ion  l imit  for this c o m p o u n d  
was ca. 10-20 picograms. 

Ecdysones 

Some steroids containing a natural  electro-  
phore are thermal ly  labile and as such can no t  
be determined wi thou t  derivatization.  In this 
case, the derivat izat ion react ion does no t  
enhance detect ion,  but  is used simply to 
improve  the thermal  or chromatographic  
propert ies  of  the steroid. Such a s i tuat ion is 
found among the ecdysteroids  (Scheme II), 
the  insect-molt ing hormones.  

The  relative molar  response of  the ECD 
towards  some ecdysone  t r imethyls i lyl  (TMS) 
derivatives and related steroids is given in Table 
III (10). The ke tones  5a-cholestan-6-one and 
5c~-cholest-7-en-6-one, show no special selec- 
t ivi ty toward the  ECD. The in t roduc t ion  of  a 
subst i tuent  at C-14 leads to a marked increase 
in sensitivity (ca. 1,300-fold in the  case of  the 
C-14 TMS ether).  The  C-14 TMS ether  is 21 
t imes more sensitive than the  free hydroxy l  
group in the mode l  steroid 2~,3/~,14~-trihy- 

TABLE II 

Relative Molar Response of the ECD to Some Model Steroids 
Related toMelengestrol Acetate 

Steroid Relative molar response 

2a-Methyl-17c~-acetoxyprogest crone 
17a-Acetoxyprogesterone 
6c~-Methyb 17c~-propoxyprogesterone 
17~-Propoxyprogest  crone 
6c~-Methyl- 17c~-acetoxy progesterone 
2c~-Methyl-17c~-acetoxy-4,9-pregn-diene-3,20-dione 
6c~-Methyl-I 7~-acetoxy-4,9-pregn-diene-3,20-dione 
17c~-Acetoxy- 1,4-pregn-diene-3,20-dione 
6c~-Methyl-17c~-acetoxy-1,4-pregn-diene-3,20-dione 
17~-Acetoxy-4,6-pregn-diene-3,20-dione 
17c~-Acet oxy-4,6-pregn-diene-3,20-dione 
6fl-Methybl 7~-acetoxy-4,6-pregn-diene-3,20-dione 
6c~,7c~-Dimethyl- 16-methylene-17~-acetoxy-4-pregn-ene-3,20-dione 
16-Methylene- 17c~-acetoxy-4-pregn-ene- 3,20-dione 
6c~-Methyl-16-methylene-I 7c~-acetoxy-4-pregn-ene-3,20-dione 
1,4-Androst-diene-3,11,1%trione 
6/3,16c~-Dimethyl- 17c~-acet oxy-4-pr egn-ene-3,20-dione 
17c~-Acetoxy-4-pregn-ene-3,6-20-trione 
6~-Methyl- 16-methylene-17~-acetoxy-4,6-pregn-diene- 3,20-dione 

0.94 
1.00 
1.10 
1.14 
1.30 
1.40 
1.40 
1.90 
1.90 
5.60 
7.30 
7.30 

12.90 
13.50 
14.80 
16.90 
22.90 
25.00 
45.80 
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SCHEME II. (A) Ecdysone, (B) ecdysterone. 

droxy-5a-cholest-7-en-6-one. However, silyla- 
tion of the C-14 hydroxyl  group can affect the 
response of the ECD in an unpredictable 
manner (Table IV). The 2fl,3~-bis-TMS-5ct(fl)- 
cholest-7-en-6-ones are 40 times more sensitive 
than the unsaturated ketone, although the 2 
TMS groups are remote from this center. As 
both the Set- and 5/3-epimers are equally sensi- 
tive, the geometry of the A, B ring junction is 
not important. The 2~,3~,14a-tris-TMS-5a(~)- 
cholest-7-en-6-ones are some 6 times more 
sensitive to detection than the 14a-TMS-5a- 
cholest-7-en-6-one and, thus, the remote 
2/3,3/~-TMS groups make a small contribution 

to the electrophore. The electrophore in the 
ecdysteroids can be identified as consisting of 
the 7-en-6-one group and the substituent 
attached to C-2 and C-3. The TMS derivative 
of the ecdysones can be detected with an ECD 
at low picogram levels in insect and crustacean 
samples (1 1-13). 

Derivatization As a Technique of 
Introducing an Electrophore into Steroids 

For the detection of  steroids with little or 
no native electron-capturing properties, an 
electrophore can be introduced by the tech- 
nique of  derivatization. Steroids with polar 
functional groups such as hydroxyl,  phenolic, 
or carboxyl groups, often require prior deriva- 
tization to improve their thermal stability and 
chromatographic performance. In such cases, 
derivatization is not an extra chemical step but 
an integral part of the analytical scheme. A 
reagent is selected which contains a strongly 
electron-capturing group and this is made to 
react with the polar functional group of  the 
steroid to produce a derivative which is volatile, 
thermally stable and, of  course, sensitive to the 
ECD. As the molecular weight of steroids is 
quite high (as far as GLC is concerned), the 
reagents employed for their derivatization have 
either a low molecular weight or good volatility 
characteristics (e.g., polyfluorinated com- 
pounds), so as not to have an adverse effect on 
the volatility of  the steroid. As for reagents for 
use with the ECD, the halocarbonacylating 
compounds (e.g., heptafluorobutyryl,  penta- 
fluoropropyl, chlorodifluoroacyl) are the most 
widely used derivatives. It would be inappro- 
priate in this paper to attempt a detailed review 
of the available literature in this area. The 

TABLE III 

Relative Molar Response of Some TMS Derivatives of Ecdysone and Related Steroids 

Minimum detectable 
Steroid quantity (X 10 -9 g) Relative molar response 

TMS-Cholesterol 
5a-Cholestan-6-one 
5a-Cholest-7-en-6-one 
17/~-TMS-I 7ct-Methyltest osterone 
4- Cholest.ene-3,6-dione 
2/~, 3/3-Di-TMS- 5tx-cholest- 7-en-6-one 
5tx-Acet oxy-7-cholest-en-6-one 
14t~-Hydroxy-5a-cholest-7-en.6-one 
2/3, 3#-Di-TMS- 14tx-hy droxy- 5a-cholest-7-en-6-one 
14r 5a-cholest- 7-en-6-one 
2/3, 3~, 14tx-Tri-TMS- 5/3-pregn-7-ene-6,2 0-dione 
2fl, 3~, 14t~-Tri-TMS-5cz-cholest -7-en- 6-one 
penta-TMS-ecdysone 
hexa-TMS-ecdysterone 
hexa-TMS-ino kosterone 
penta-TMS-cyasterone 

200 1.0 
40.0 5.0 
40.0 5.0 

5.0 40.0 
5.0 40.0 
1.0 200 
0.25 800 
0.07 2857 
0.005 4000 
0.03 6667 
0.005 40,000 
0.005 40,000 
0.005 40,000 
0.005 40,000 
0.005 40,000 
0.005 40,000 
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TABLE IV 

Relative Molar Response of the ECD to Ecdysone Analogs 
with and without Silyation at C-14 

Steroid Response ratio 14tx-TMS/14c~-OH 

Ecdysone 0.3 
Ecdysterone 0.9 
2-Deoxy-20-hydroxyecdysone 1.1 
Inokosterone 0.5 
Poststerone 0.3 
2#, 3/~, 14r 5t~(fl)-ch olest -7-en-6-one 12.0 

m e t h o d s  for  f o r m a t i o n  a n d  p rope r t i e s  o f  near ly  
all t h e  der ivat ives  of  the  m o s t  s tud ied  s te ro ids  
can be  f o u n d  in 2 r ecen t ly  pub l i shed  h a n d -  
b o o k s  o n  de r iva t i za t ion  ( 14,15).  

In th is  pape r  we will review some of  t he  
r ecen t  work  in progress  in our  l abora to r i e s  and  
h o w  it re lates  to  the  f o r m a t i o n  of  s teroid  
der ivat ives  for  use  w i th  t h e  e l ec t ron -cap tu re  
de tec tor .  

Steroid Flophemesyl Derivatives 

Perhaps  the  mos t  c o m m o n  and  universal  
de r iva t i za t ion  r eac t ion  for  use in GLC is t he  
f o r m a t i o n  of  t he  TMS e the r s  and  esters  (16) .  
This  is the  m o s t  f r e q u e n t l y  used r eac t ion  for  
fo rming  s teroid  derivatives,  bu t  as i t  n e i t he r  
i n t roduces  an  e l ec t ron -cap tu r ing  group  i n to  t he  
s tero id  n o r  improves  de t ec t i on ,  unless  a si l icon- 
specific d e t e c t o r  is available,  th i s  r eac t i on  is 
n o t  especial ly useful  for  t race  analysis. T he  
r e p l a c e m e n t  of  one  of  t he  m e t h y l  u n i t s  o f  t he  
TMS group  b y  a h a l o c a r b o n  s u b s t i t u e n t  shou ld  
m a i n t a i n  t he  useful  vola t i l i ty  and  reac t iv i ty  
of  the  TMS reagents  whi le  p rov id ing  h igh  
sensi t iv i ty  to  t he  ECD. A c o m p r o m i s e  has  to  
be s t ruck  b e t w e e n  t he  vola t i l i ty  of  t he  deriva- 
t ives and  the i r  ECD sensi t ivi ty.  This  is a p p a r e n t  

f r o m  the  da ta  given in Table  V for  some  halo-  
ca rbons i ly l  e the r  der ivat ives  of  choles terol .  
In  t e r m s  of  ECD sensi t iv i ty ,  t he  o rder  of  
response  is I > Br > C I > >  F, wh ich  is the  
reverse o rde r  o f  the  vola t i l i ty  o f  t he  der ivat ives  
in  GLC. Thus,  a l t h o u g h  iod ine  and  b r o m i n e  are 
more  sensi t ive to  the  ECD t h a n  f luor ine ,  t he i r  
g rea te r  mass  p roduces  less volat i le  derivat ives,  
wh ich  l imi ts  the i r  use in s tero id  analysis.  
Closely b o u n d  f luor ine  a t o m s  in an  alkyl  or  
aryl  c o m p o u n d  are r e m a r k a b l e  in  t h a t  t h e y  
show very  l i t t le  increase  in bo i l ing -po in t  com- 
pared  to  h y d r o c a r b o n s  con ta in ing  a s imilar  
n u m b e r  o f  c a r b o n  a t o m s  ( t he  increase in 
mo lecu l a r  weight  be ing  of fse t  b y  a decrease  in 
i n t e rmo lecu l a r  b o n d i n g  forces  in the  f luoro-  
carbon) .  It  was for  th is  r eason  t h a t  f luoro-  
c a r b o n  subs t i t uen t s  were selected to  make  new  
der iva t iz ing  reagents  for  s te ro id  analysis  (17,  
18). The  high vola t i l i ty  o f  f luo r ine  c o m p o u n d s  
enables  mul t ip le  s u b s t i t u t i o n  of  f luor ine  in to  
t he  reagen t  w i t h o u t  a large change  in vola t i l i ty  
(Tab le  V)  and  also favors an  increase in ECD 
sensi t ivi ty ,  especial ly i f  t he  cap tu red  e l ec t ron  
can be s tabi l ized by  de loca l iza t ion .  The  hep ta -  
f l u o r o b u t y r y l  es ter  der ivat ives  owe m u c h  of  
t he i r  popu la r i t y  in s tero id  analysis  to  t he  

TABLE V 

Relative Volatility and ECD Sensitivity of a Series of 
RR 1Si(CH 3 )-Cholesterol Ethers 

Minimum detectable 
R R t Relative retention time a quantity (X 10 -9) 

CH a CH a 1.0 
CFa(CH2) 2 CH a 1.26 1,500 
CFa (CF2)2(CH2 )2 CH3 1.37 11 S 
C1CH2 CH3 2.10 75 
C 6 Fs CHa 3.14 4 
C6Fs(CH2) 2 CH a 200 
CHaBr CH a 5.13 0.5 
C6 F s CHaCI 6.26 
Ca Fs C(CHa )3 6.30 
CH2I CH 3 12.82 0.005 

aColumn of 1% OV-101 on Gas Chrom Q 100-120 mesh;nitrogen flow rate, 75 ml m i n  - t  . 
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volatility conferred by the perfluorocarbon 
group and the presence of the conjugated 
carbonyl group, which helps to stabilize the 
captured electron. The perfluoroalkane groups 
used here do not  have any possibility to stabil- 
ize the negative charge formed upon electron 
capture (dissociation of  the CF bond is unlikely 
on thermodynamic grounds), and this results in 
a rapid elimination of the captured electron. 
The perfluoroalkane-containing silyl ethers lack 
the required ECD sensitivity for trace analysis. 
On the other hand, the pentafluorophenyl-  
dimethylsilyl  (flophemesyl) ethers show re- 
markable ECD sensitivity, being 20 times more 
sensitive than the chloromethyldimethylsi lyl  
ether. It is interesting that the pentafluoro- 
phenyl group, when separated from silicon by 

F 
an alkyl chain as in the 2-pentaf luorophenyl-  
ethyldimethylsi lyl  ether, is 50 times less sensi- 
tive to the ECD than the flophemesyl deriva- 
tive. A possible explanation for this is that  in 
the flophemesyl ether the captured electron 
is buried in the ~r-orbitals of the phenyl  ring, 
which is further stabilized by (p ~ d) n-bonding 
with the low-energy d-orbitals of  silicon. In 
the case of the pentafluorophenylethyldi-  
methylsilyl  ether, back-bonding of the type  
just described does not  occur. 

For  the analysis of  steroids at low levels, 
in which both volatili ty and sensitivity to the 
ECD are important ,  the f lophemesyl derivatives 
are the most useful (17-19). In pyridine solvent, 
the reactivity of the flophemesyl reagents 
toward steroid hydroxyl  groups is: flophe- 
mesylamine > flophemesyl chloride > flophe- 
mesyldiethylamine > flophemesyldisilazane >>  
flophemesylimidazole. The uncatalyzed reac- 
tions of flophemesyldisilazane and flophemesyl- 
diethylamine with cholesterol parallel those of 
the tr imethylsi lyl  reagents, giving 85% conver- 
sion in 24 hr at room temperature.  Increasing 
the reaction temperature does not  improve the 
yield. Flophemesyl  chloride in chloroform 
reacts with cholesterol to form ca. 80% of  the 
flophemesyl derivative after heating at 60 C 
for 16 hr, whereas in pyridine the reaction goes 
to completion in 2-3 hr. In the absence of  an 
acid acceptor  like pyridine, f lophemesyl chlor- 
ide is not  a strong flophemesylating reagent. 
Flophemesylamine reacts quantitatively with 
cholesterol and  other steroids with unhindered 
secondary hydroxyl  groups in a variety of 
solvents at room temperature.  It does not  react 
with tert iary hydroxyl  groups, such as the 
17~-OH in 17a-methyl-17~-hydroxy-4-androst- 
en-3-one or with hindered secondary hydroxyl  
groups such as the l lfl-OH in l l/~-hydroxy- 
4-androst-ene-3,20-dione. As an added advan- 
tage, it does not  promote the formation of  

flophemesyl enol ethers from unprotected 
ketone groups. Flophmesylamine at ambient 
and elevated temperatures does not react with 
ketone groups at C-3, C-6, C-11, C-17, and 
4-en-6-one or 7-en-6-one groups. It is thus the 
reagent of  choice for the formation of  flophe- 
mesyl ethers of unhindered secondary hydroxyl  
groups. I t  also enables a distinction to be made 
between normal secondary hydroxyl  groups 
and hindered and tert iary hydroxyl  groups, 
with which it is total ly unreactive. 

The addit ion of an acid catalyst to a flo- 
phemesyl reagent increases its reactivity, 
reducing the time required for complete reac- 
t ion and causing hindered hydroxyl  groups 
to react as well. This is not  particularly marked 
with the flophemesylamine reagent, and since 
other flophemesyl reagents show a marked 
increase in activity with acid catalysis, the 
amine is more useful as an uncatalyzed, selec- 
tive protecting reagent. 

All the Lewis-type acid catalysts tried have 
catalytic properties, but the most efficient 
catalyst is f lophemesyl chloride or f lophemesyl 
bromide. Boron trifluoride and p-toluene- 
sulfonyl chloride or acid have a advantages in 
being soluble in organic solvents, but small 
amounts of secondary peaks from decompo- 
sition of the steroid are observed. Aluminum 
chloride is exceptional in producing a large 
number  of secondary peaks. Ammonium 
sulfate is inefficient, probably because of  its 
low solubility in the reaction mixture.  

Using flophemesyl chloride as catalyst, the 
reactivity of the flophemesyldisilazane and 
particularly the f lophemesyldiethylamine in- 
creases markedly. The catalyzed flophemesyl- 
disilazane gives a quantitative yield of flo- 
phemesyl cholesterol in 3 hr at 65 C and the 
f lophemesyldiethylamine in less than 15 min at 
room temperature. The flophemesyldisilazane 
does not  react with hindered secondary hy- 
droxyl  groups, even with a catalyst. 

Flophemesyldiethylamine,  when catalyzed 
by flophemesyl chloride in pyridine as solvent, 
was the strongest flophemesylating reagent 
mixture found. The reactivity of the reagent 
combination depends on the amount  of  catalyst 
employed.  A 10:1 mixture of flophemesyl- 
diethylamine and flophemesyl chloride reacts 
quantitatively with unhindered secondary hy- 
droxyl  groups of the cholesterol type and also 
tert iary hydroxyl  groups, such as the 17~-OH of 
17a-methyl- 17~-hydroxy-4-androst-ene-3-one. It 
does not react with the hindered 11/~-OH in 
11/~-hydroxy-4-androst-ene-3,17-dione. Unpro- 
tected ketone groups are not  enolized by 
this reagent combination. A 1:1 mixture 
of  f lophemesyldiethylamine and flophemesyl 
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TABLE VII 

Reactivity of Flophemesyl Reagents 

741 

Reagent Hydroxyl group environment 

Flophemesyl chloride in pyridine 

Flophemesylamine 

FIn phemesyldiet hylamine 
flophemesyl chloride (10:1) 

Flophemesyldiethylamine 
flophemesyl chloride (1:1) 

Unhindered secondary hydroxyl groups a when 
ketones are first protected. 

Selectively reacts with unhindered secondary 
hydroxyl groups b in the presence of ketone 
groups. Does not react with tertiary or hindered 
secondary hydroxyl groups. 

Unhindered secondary hydroxyl groups and 
exposed tertiary hydroxyl groups c in the pres- 
ence of ketones. 

Unhindered and hindered secondary, and ex- 
posed tertiary hydroxyl groups. Very hindered 
tertiary hydroxyl groups d do not react complete- 
ly. Ketone groups must be protected. 

aThe 3~3-OH of cholesterol is taken to be a typical unhindered secondary hydroxyl 
group. 

bThe II~-OH of ll~3-hydroxy-4-androst-ene-3,17-dione is taken to be a typical hindered 
secondary hydroxyl group. 

CThe 17/3-OH of 17a-methyl-17/3-hydroxy-4-androst-en-3-one is taken to be a typical 
exposed tertiary hydroxyl group. 

tiThe 17a-OH of 17a, ll/3,21-trihydroxy-4-pregn-ene-3,20-dione is taken to be a typical 
very hindered tertiary hydroxyl group. 

chlor ide  reacts  readi ly  wi th  k e t o n e  groups,  
necess i ta t ing  the i r  p r o t ec t i on ,  usual ly  as the  
m e t h o x i m e  derivat ive,  be fo re  r eac t ion  of  
the  h y d r o x y l  groups.  In pyr id ine ,  th is  reagent  
c o m b i n a t i o n  c o m p l e t e l y  conver t s  t he  11/3-OH 
of  11 /3 -hydroxy-4-andros t -3 ,17-d imethox ime  to 
its f l ophemesy l  e the r  in 3 h r  at 60 C and  
the  170t-OH of  17a-hydroxy-4-pregn-ene-3 ,20-  
d i m e t h o x i m e  to the  f l ophemesy l  e the r  in 6 h r  
at 85 C or  1 h r  at  150 C. The  14a-OH of  
2t3,313,14a-trihydroxy-5/3-cholest-7-en-6-methox- 
ime is una f f ec t ed  by  these  reagents .  T he  reac- 
t ivi ty  of  the  f l ophem es y l  reagents  wi th  var ious  
s teroids  is summar ized  in Tables  VI and  VII.  

The  p e n t a f l u o r o p h e n y l  r ing is a s t rongly  
e l ec t ron-a t t r ac t ing  group which  is able to  
in f luence  the  m o d e  o f  f r a g m e n t a t i o n  of  s tero id  

der ivat ives  u n d e r  e lec t ron  impac t  in a way 
which  leads to  d iagnost ic  mass spect ra  o f t e n  
showing  m a r k e d  d i f ferences  f r o m  those  of t he  
TMS ethers .  The  f lophemesy l  derivat ives 
general ly  show a s t rong  molecu la r  ion wi th  
e n h a n c e d  s tero id  h y d r o c a r b o n  f ragments  as less 
of  the  to ta l  ion cu r r en t  is carried by  the  silicon- 
con ta in ing  f r a g m e n t s  (e.g., the  mass  spect ra  of  
the  TMS [Figure 1] c o m p a r e d  t o  t he  f lophe-  
mesy l  der ivat ive [Figure  2] of  17a-methyl-17/~- 
hydroxy-4-andros t -ene -3 -one) .  The  f l ophemesy l  
der ivat ive  provides  m u c h  more  deta i led  diag- 
nos t ic  i n f o r m a t i o n  a b o u t  the  s t ruc tu re  o f  the  
pa ren t  s teroid  t h a n  does  the  TMS derivative.  

In an a t t e m p t  to  p repare  a reagent  wi th  
similar ECD proper t i e s  bu t  grea ter  h y d r o l y t i c  
s tabi l i ty  t h a n  the  f l ophemesy l  reagents ,  we have  

' 1 ~  . . . .  1 5 0 h 4 0  . . . .  3 ~  . . . .  3 s O  ' h 

FIG. 1. Electron-impact mass spectrum at 70 eV 
of 17a-methyl-17#-4-hydroxyandrost-en-3-one TMS 
ether. 

M+ 

I rl 1 l 

7 0  100  150  2 0 0  ' ' ' 2 5 0  . . . .  3 0 0  ' 

FIG. 2. Electron-impact mass spectrum at 70 eV of 
17a-methyl- 17#-4-hydroxyandrost-en-3-one flophe- 
mesyl ether. 
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prepared t-butylpentafluorophenylmethylchlor- 
osilane (t-buflophemesyl chloride) and used this 
for the trace level analysis of alcohols (20). This 
reagent, in the presence of diethylamine as 
catalyst, reacted quantitatively at room tem- 
perature with unhindered secondary hydroxyl 
groups and with the tertiary 17/3-OH group in 
17or-methyl-17/3-hydroxy-5ot-androstane-3-one at 
60 C for 3 hr. It did not react with the 11/3-OH 

group in 11/3-hydroxy-4-androst-ene-3,17-dione 
dimethoxime or with any more hindered 
hydroxyl groups. 

Selective Chemical Reactions for the 
Introduction of Electrophores into Steroids 

Selective chemical reactions are useful when 
it is required to obtain some precise quanti- 
tative data of relatively few components in a 
complex mixture. If one can combine the 
chemical specificity of the derivatization 
reaction with a detector which is both selective 
for the reagent and has a high response to the 
derivative, then a simple form of analysis 
without excessive preliminary chromatographic 
isolation and concentration becomes possible. 
For this purpose we have investigated 2 reac- 
tions with the ECD (a) the formation of penta- 
fluorophenylhydrazones of steroid ketone 
groups: 

C ~ O  + H2NNHC6F s ~ C~---NNHCeF s , 

and (b) the formation of electron-capturing 
boronates of diol groups: 

~H20H HO k ffH~O, x 
0 = ?  + ? - - R  ~ O = C  B - - R  

. / ~ . , ~ - -  OH HO ~ J  

R = 2,4-Dichlorobenzene 
= 3 , 5 - b i s ( t r i f l u o r o m e t h y l ) b e n z e n e  

Pentafluorophenylhydrazones have been pre- 
pared and used in the analysis of estrone and 
estradiol (after oxidation) by GLC-ECD at 
levels down to 0.08 ng (21,22). The reagent for 
derivatizing the estrogens consisted of a solu- 
tion of pentafluorophenylhydrazine in meth- 
anol/acetic acid (9:1). This reagent did not give 
a quantitative reaction with 5r 
5ot-cholestan-6-one and 4-cholest-ene-3,6-dione, 
as witnessed by unreacted steroid, which was 
identified in all cases. The optimal conditions 
for the formation of 2,4-dinitrophenylhydra- 
zone derivatives of steroids have been identified 
as acid catalysis in polar solvents (23,24). Using 
ethanol as solvent, hydrochloric acid is the best 
catalyst as indicated by complete reaction of 
5cz-cholestan-3-one, determined by GLC and 

TLC. The reaction with acetic acid, phosphoric 
acid and oxalic acid in ethanol, dimethyl 
sulfoxide, dimethylformamide, tetrahydrofuran 
and dioxane was not quantitative, as witnessed 
by a peak for the ketone in GLC. 

The product of the reaction between 5a- 
cholestan-3-one and pentafluorophenylhydra- 
zine contained a minimum of 4 components as 
shown by GLC with poor volatility on a column 
of 1% OV-101. The products formed by GLC 
did not arise by thermal decomposition, as 
separation of the reaction mixture by TLC on 
silica gel with 30% ethyl acetate/chloroform as 
the mobile phase showed a minimum of 4 
components. After spraying with an acid solu- 
tion of stannous chloride and heating at 110 C 
for 15 rain. Spotting with authentic 5a-chol- 
estan-3-one and developing with 1% methanol/ 
chloroform at right angles to the first direction 
indicated the presence of the keto steroid in 2 
of the original 4 spots. The pentafluorophenyl- 
hydrazine was suspected as being impure and 
was purified and converted to the hydro- 
chloride. 

The pentafluorophenylhydrazine hydrochlor- 
ide was a useful reagent allowing quantitative 
reaction with 5a-cholestan-3-one in ethanol for 
2 hr at 55 C. The reagent also was more stable 
as its hydrochloride and did not discolor with 
time. It also obviates the necessity of adding 
mineral acid to the reaction mixture, which 
would be an advantage when working with 
acid-labile material. 

The formation of cholestan-3-one penta- 
fluorophenylhydrazone on a preparative scale 
yielded an orange oil which failed to crystallize 
after removal of solvent. Chromatography of 
the oil on bentonite/Kieselguhr (4:1) or silica 
gel showed decomposition of the derivative, 
and all fractions that contained the derivative 
were contaminated with the keto steroid. On 
preparative layer plates, 2 closely migrating 
bands were removed. The crude material from 
each band had a similar mass spectrum and an 
ion expected for the molecular weight of the 
keto derivative. It is likely that these 2 com- 
ponents are syn- and anti-isomers of the keto 
derivative. If the derivatives were allowed to 
stand for some time at room temperature, their 
color darkened noticeably and GLC produced 
complex chromatograms. Overall, the poor 
volatility of the pentafluorophenylhydrazone 
derivatives on GLC, their limited hydrolytic 
stability and potential instability when ex- 
posed to the atmosphere and direct light do not 
make these very useful steroid derivatives. 
Koshy et al. (25) have prepared 0-(2,3,4,5,6- 
penta fluorobenzyl)oxime derivatives which 
have chromatographic and ECD properties 
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TABLE VIII 

Relative Retention Time of the Boronate Derivatives 
of Cortisone and Prednisone a 

743 

3,5-bis(Trifluoromethyl)- 4-Bromobenzene- 
Steroid benzeneboronate Benzeneboronate boronate 

Cortisone 0.28 1.0 b 2.35 
Prednisone 0.29 1.0 c 2.33 

acolumn, 3 ft. x 1/8" nickel, 1% OV-17 on Gas Chrom Q (100-120 mesh); temp, 
280 C; flow rate, 60 ml min -1 , nitrogen. 

bRetention time = 7.9 min. 
CRetention time = 8.0 rain. 

superior  to the  p e n t a f l u o r o p h e n y l h y d r a z o n e  
derivatives of  steroids.  

Alkyl  and arylboronic  acids have o f t en  
been  used to  stabilize s teroid diol groups  
toward  GLC (26). Boronic  acids wi th  elec- 
t ron-captur ing  groups recent ly  have been  
in t roduced  and used for  the  trace level analysis 
o f  a variety of  volatile b i func t iona l  c o m p o u n d s  
(27-30).  The derivatives of  cor t i sone  and pred-  
nisone fo rmed  with  3,5-bis(trifluoromethyl)- 
benzenebo ron i c  acid, b e n z e n e b o r o n i c  acid, and 
4 - b r o m o b e n z e n e b o r o n i c  acid are fo rmed  read- 
fly at r o o m  t empera tu re  and are thermal ly  
stable at the  high t empera tu re s  necessary for  
GLC (Table VIII).  Notable  is the  high volati l i ty 
of  the  3,5-bis(trifluoromethyl)benzeneboronate 
derivatives, which  are significantly more  volatile 
than  the  benzeneborona tes .  Other  related 
b i func t iona l  steroids,  hyd roco r t i sone ,  aldos- 
te rone ,  11-dehydrocor t i cos te rone  and 3~,170t,- 
20~- t r ihydroxy-5-pregn-ene  e i ther  p roduce  mul- 
t iple peaks or give no p roduc t s  by  GLC when  
al lowed to  react  wi th  the  boron ic  acids. When 
silylation by  e i ther  TMSI or BSTFA o f  any 
u n p r o t e c t e d  h y d r o x y l  groups was a t t e m p t e d ,  
there  was evidence tha t  part ial  cleavage o f  the  
bo rona te  ester also occurred.  

CONCLUSIONS 

The e lec t ron-capture  de t ec to r  is an excel lent  
de t ec to r  for  the  trace level analysis o f  steroids.  
Some steroids are natural ly  e lec t ron-captur ing  
and can be de te rmined  at low levels w i thou t  
modi f i ca t ion  provided they  are thermal ly  
stable. For  those  s teroids  which  are no t  elec- 
t ron-captur ing,  the  t echn ique  o f  der ivat iza t ion 
can be used to  in t roduce  an e l ec t rophore  in to  
the  s teroid  s t ructure ,  bringing t h e m  wi th in  t he  
scope o f  the  ECD. 
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Selective Reactions in the Analysis and Characterization 
of Steroids by Gas Chromatography-Mass Spectrometry 
C.J.W. BROOKS, W.,I. COLE and H.B. MelNTYRE, Department of Chemistry, University of Glasgow, 
Glasgow G12 8QQ, and A.G. SMITH, M.R.C. Toxicology Unit, Carshalton, Surrey SM5 4EF, U.K. 

ABSTRACT 

Gas chromatography-mass spectrometry (GC-MS) is a technique especially suitable for the analysis 
and characterization of steroids, and its power has been extensively demonstrated. The efficacy of 
GC-MS is limited, nevertheless, by the fact that steroid mixtures - whether of natural origin only, or 
augmented by synthetic analogs - often contain similar components that are poorly distinguished. 
The fortuitous overlap of gas chromatographic peaks from disparate compounds also impairs the defin- 
ition of retention data. Controlled modification of the sample by means of selective reactions is there- 
fore a valuable adjunct to the application of GC-MS. Two examples are discussed: (a) the enzyme cho- 
lesterol oxidase, isolated from various microorganisms, catalyzes the oxidation of many 3/~-hydroxy- 
5-enes (with concomitant isomerization) to 4-en-3-ones; 3#-hydroxy-5~-steroids are also oxidized to 
the corresponding 3-ones, but other steroids (3~-hydroxy- or 5~-isomers, etc.) are unaffected. The 
mild conditions required (pH 7, 30 C) are advantageous for the analysis of sensitive steroids, and the 
retention index increments, as well as the mass spectra of the ketones, are characteristic. The enzyme 
accepts as substrates a wide range of 3#-hydroxysteroids, tolerating oxygenation in ring B and even 
catalyzing the oxidation of 2-oxacholesterol to the expected laetone; and (b) Steroids possessing 1,2- 
diol or 1,3-diol groupings include estriols, 2-hydroxyestrone, 20,22-dihydroxycholesterols, ecdysones, 
brassinolide and many cortieosteroids. The selective formation of cyclic derivatives can provide 
several analytically useful features, such as convenient retention times, moderate mass increments (24 
ainu for a methaneboronate), distinctive mass spectra and usually abundant molecular ions. These are 
exemplified for 5-pregnene-3a,20,21-triols and for 20,22-dihydroxycholesterol as well as its enzymic 
oxidation product. 

INTRODUCTION 

Gas chromatography-mass spectrometry (GC- 
MS) has proved to be an especially apt techni- 
que for the analysis and characterization of 
steroids (1,2). One major reason for this lies in 
the substantial uniformity of the nuclear 
carbon skeleton, which leads to informative 
regularities in retention data for the various 
homologous and functionalized steroids encoun- 
tered in nature or as synthetic products. The 
constitutional features typical of steroids - 
a relatively stable nucleus, side chains of 
distinctive types and different patterns of 
oxygenation and unsaturation - also, by their 
nature, afford useful mass spectrometric data 
(3,4). Separations and identifications of ste- 
roids by GC-MS can be further improved by 
exploiting the properties of suitable derivatives 
(1,2,5-8). Two useful monographs on deriva- 
tives of organic compounds for chromato- 
graphy have been published (9,10). 

It is frequently necessary to distinguish 
between steroids that differ only in the config- 
uration of hydroxyl groups and/or of ring 
junctions. For the pure compounds, retention 
data may be definitive, but the complexity of 
natural steroid mixtures can render measure- 
ments quite uncertain. In such instances, a 
valuable adjunct to GC-MS is provided by the 
controlled modification of portions of the 

sample by means of selective reactions. Two 
examples are represented in this report: the 
application of enzyme-catalyzed oxidation to 
3/3-hydroxysteroids and the formation of cyclic 
boronate esters from steroidal a-glycols. 

The enzyme cholesterol oxidase (11), 
derived from various bacterial or fungal species, 
catalyzes the oxidation of many 3~hydroxy- 
5-enes (with concomitant isomerization) to 
4-en-3-ones, and also of 3/3-hydroxy-5a-steroids 
to the corresponding ketones (12,13). Isomers 
such as 3a-hydroxy or 5/3-steroids remain 
unoxidized, as do hydroxyl groups elsewhere in 
the molecule, in general. The mild conditions of 
oxidation (pH 7, 30 C) facilitate studies of 
sensitive steroids, whereas the retention changes 
and the mass spectra of the products are highly 
characteristic of substrate type (14-17). These 
properties are of value, e.g., in the analysis of 
sponge sterols (18). 

Many biologically active steroids and their 
metabolites contain 1,2-diol or 1,3-diol group- 
hags in a variety of positions: e.g., estriol, 
2-hydroxyesterone, 5/3-p regnane-3ot- 17a,20a-tri- 
ol, cortisol and 20,22-dihydroxycholesterols, 
whereas certain ecdysones (19) and the recently 
discovered plant hormone brassinolide (20) 
each contain one nuclear and one side-chain 
or-glycol group. For steroids of these classes, the 
selective formation of cyclic derivatives of the 
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diol components  can provide several analy- 
tically powerful features. Special interest 
attaches to alkane- and arene-boronic acids, 
which readily react with 1,2-diols under mild, 
neutral conditions to form cyclic esters. As in 
the analogous formation of borates, the esterifi- 
cations require very little activation energy and 
in many instances are readily reversible. Accord- 
ingly, quantitative analyses based on cyclic 
boronates are practicable only in favorable 
cases, but the derivatives are very suitable for 
qualitative studies. Cyclic methaneboronates 
(21) are particularly useful in affording conve- 
nient retention times, a modest  mass increment 
of 24 amu/diol,  and mass spectra that  are 
usually characterized by well-defined molecular 
ions, as well as fragment ions exhibiting the 
distinctive 10 B: n B isotope ratio (22-25). 

EXPERIMENTAL PROCEDURES 

Materials 

Steroids were obtained from commercial 
sources except for the following: 24-methylene-' 
cholesterol (as propionate) from Dr. M. Barbier 
(Gif-sur-Yvette); 5-ergosten-3/3-ol, 5a-stigmast-8 
(14)-en-3/3-ol and 5-pregnene-3/3,20,21-triols 
(20or and 20/~) from the Medical Research 
Council Steroid Reference Collection; and 
2-oxacholesterol from the G.D. Searle Co. 

Methaneboronic acid was obtained from 
Alfa Inorganics Inc. and the trimethylsilylating 
reagents, N,O-bis(trimethylisilyl) trifluoroaceta- 
mide (BSTFA), N,O-bis(trimethylsilyl)acetamide 
(BSA), hexamethyldisilazane (HMDS) and 

trimethylchlorosilane (TMCS), from Pierce 
Chemical Co. Ethyl acetate (EtOAc) was of 
Nanograde quality (Mallinckrodt), and isopro- 
panol was of AnalaR grade (British Drug 
House). Acetic anhydride (AnalaR grade) was 
redistiUed before use. Pyridine (AnalaR) was 
redistilled over potassium hydroxide pellets. 
N,N-Dimethylformamide (BDH AnalaR) was 
redistilled before use. Cholesterol oxidase 
(cholesterol 02 oxidoreductase:  EC 1.1.3.6), 
derived from Nocardia erythropolis, was 
obtained from the Boehringer Corporat ion Ltd. 
as a solution (1 mg/ml) in aqueous ammonium 
sulfate, representing 25 enzyme units/mg. 

Gas chromatographic packings and station- 
ary phases were obtained from Applied Science 
Laboratories and from Supelco Inc. Reactivials 
were from Pierce Chemical Co. 

Methods: GLC and GC-MS 

Gas liquid chromatography (GLC) was 
carried out  with a Perkin-Elmer F-11 chroma- 
tograph (used for the boronate studies) and a 
Pye 104 instrument (used for cholesterol 

oxidase studies). Silanized glass columns (2 m x 
4 mm id) were packed with 1% OV-1 or 1% 
OV-17 on Gas Chrom Q, 100-120 mesh; the 
flow rate of nitrogen carrier gas was 40 ml/min. 
Both instruments employed hydrogen flame 
ionization detectors. Open-tubular GLC was 
carried out with a Pye 104 chromatograph; the  
25 m x 0.5 mm column was coated with OV-1 
phase by the Silanox procedure (26); the 
flow rate of helium carrier gas was 2 ml/min; a 
falling-needle injection system was used (27). 

Combined gas chromatography-mass spec- 
t rometry  (GC-MS) was effected mainly on an 
LKB9000 instrument fi t ted with a silanized 
glass column (2 m x 4 mm id) of 1% OV-1 on 
Gas Chrom Q, 100-120 mesh; the helium carrier 
gas flow was 30 ml/min. Mass spectra were 
measured under electron-impact conditions: 
ionizing energy 20 eV (except  that 2-oxacho- 
lesterol derivatives were run at 70 eV), acceler- 
ating voltage 3.5 kV and source temperature 
260 C. Chemical ionization mass spectra were 
recorded on a Dupont  21-490F instrument as 
previously described (28). 

Preparation of Derivatives 

Trimethylsilyl ethers. For  nonhindered hy- 
droxyl groups, the steroid (100/.tg) was treated 
either with BSA alone (for simple 3/3-hydroxy- 
steroids) or with a mixture of BSA/HMDS/ 
TMCS (10:10:5/as  and kept  at 60 C for 30-60 
rain. Excess reagents were removed in a stream 
of nitrogen and the residue was taken up in 
EtOAc (100 /.tJ2). For  hindered hydroxyl  
groups, the steroid was heated with BSA/HMDS/ 
TMCS (60:60:10/as  in a Reactivial at 140 C 
for 48 hr; the solution was diluted with EtOAc 
(30/as for GLC. 

Boronate esters. Methaneboronic acid (1 tool 
proport ion)  in dry pyridine was added to the 
steroid diol (100/ag) and the mixture was kept  
at 60 C for 30 min. After  removal of solvent 
under nitrogen, the residue was taken up in 
EtOAc (100 #~). 

Trimethylsilylation in the presence o f  cyclic 
methaneboronate groupings. Method A: the 
steroid boronate,  prepared as already described, 
was treated with BSTFA (5/as and heated at 
60 C for 2 min. After  evaporation to dryness, 
the residue was taken up in EtOAc (30 /a~). 
Method B: the steroid boronate was heated 
with BSTFA in dimethylformamide (1:3 v/v, 
total  vol 20/as at 60 C for 5 min; the solution 
was evaporated to dryness and the residue 
taken up in EtOAc (30/as 

Acetates. The steroid (100 /ag) was heated 
with acetic anhydride (15 /as and pyridine at 
C for 30 min. After  evaporation to dryness, the 
product  was redissolved in EtOAc (100 bts 
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Enzymic Oxidations 

A solution (1 /.tg/AtJ~) of the sterol (50-250 
/~g) in isopropanol was diluted with 50 mM 
Nail2 POa-Na2 HPO4 buffer (pH 7.0) (3 ml). In 
some cases, Triton X-100 (1 mg/ml) was 
incorporated. After addition of cholesterol 
oxidase (2-10/J~), the mixture was incubated 
for 18 hr at 30 or 37 C. The products were 
extracted with EtOAc (4 x 1.5 ml), dried over 
anhydrous Na 2 SO4 and evaporated to dryness. 

For 2-oxacholesterol, the rate of hydrogen 
peroxide production accompanying enzymic 
oxidation was monitored by the coupled 
oxidation method employing phenol, peroxi- 
dase and 4-aminoantipyrine, as previously 
described (15). The rate of oxidation was 
15-20% of that for cholesterol under the same 
conditions. Preparative incubation was effected 
with 200 / lg  of 2-oxacholesterol and 20/~l~ of 
enzyme overnight. When the product was 
extracted with diethyl ether and examined by 
thin layer chromatography (TLC), it showed a 
single spot, less polar than the substrate. 
Isomerization to the a~-unsaturated lactone 
was indicated by a strong ultraviolet absorp- 
t ion band at 225 nm in ethanol. The product 
was unaltered by trimethylsilylating reagents as 
indicated by the identity of the GLC behavior 
(I = 3235) before and after treatment. 

RESULTS AND DISCUSSION 

Selective Oxidations with Cholesterol Oxidase 

Retention data associated with the applica- 

tion of cholesterol oxidase to a variety of 
sterols are ~iven in Table I. Sterols 1-7, com- 
prising 3 A ~ a n d  4 5a-sterols, further illustrate 
the types of regularity that have been observed 
for a large number of previous examples (14- 
18). Retention index increments on the poly- 
methylsiloxane phase OV-1 are ca. +120 for the 
conversion of 3/3-hydroxy-5-enes to 4-en-3-ones, 
but only ca. +40 for the oxidation of 3~hy- 
droxy-5a-steroids. The corresponding incre- 
ments from the trimethylsilyl ethers are ca. +45 
(for A s ) and -40 (for 5a). These large differences 
are especially helpful in separating A s from 
corresponding 5r As would be expected, 
however, the precise retention increments are 
not entirely unaffected by other structural 
features. We have previously noted that 5a -  
cholest-7-en-3~-ol and 5a-ergost-E22-en-3fl-ol, 
unresolved on OV-1 as their trimethylsilyl 
ethers, are oxidized to readily separable ketones 
(AI = 15) (18). Similar small but significant 
variations in AI values are illustrated in Figure 
1: the separation between the trimethylsilyl 
ethers of a-spinasterol and stigmastanol (AI = 
12) is inferior to that for the corresponding 
ketones (AI = 27). Figure 1 also shows the 
convenience of the ketones as derivatives having 
retention times on OV-1 a httle lower (or, 
with the 4-en-3-ones, a little higher) than those 
of the sterol trimethylsflyl ethers. 

When additional hydroxyl functions are 
present in a 3~-hydroxysteroid, the unique 
selectivity of cholesterol oxidase is of even 
greater value. Successful oxidations at C-3 have 

TABLE I 

Retention Data for Sterols, Their Trimethylsflyl Ethers and Ketones 
Formed by Oxidation with Cholesterol Oxidase 

Retention data 
rOyal 

2 6 5  AI 
(i) a (ii) b (iii) b (i) ~ (iii) (ii) ~ (iii) 

Sterol 3-OH 3-OTMS Ketone 

1 5 c~-Cholest-7-en- 3~-ol 3115 3195 3150 +35 -45 
2 Brassicasterol 3115 3185 3235  + 120 + 50 
3 24-Methylenecholesterol 3155 3230 3270 +115 +40 
4 5-Ergosten-3~-ol 3165 3240  3290  + 125 + 50 
5 ce-Spinasterol 3245 3325 3280 +35 -45 
6 5 ~-Stigmast -8 (14)-en-3fl-ol 3250 3320 3285 +35 -35 
7 5t~-Stigmastan-3~-ol 3260 3335 3300 +40 -35 
8 6-Ketocholestanol 3340 3370 3345 +30 +5 
9 22-Ketocholesterol  3255 3290 3380 +125 +90 

10 2-Oxacholesterol - 3070 c 3235c, d - +165 

apacked column, 6 ft, 1% OV-1. 
bOpen tubular column, 25 m. 
CDetermined at 238  C. 
dLactone. 
Systematic names: brassicasterol, 5,22-ergostadien-3/~-ol; 24-methylene-cholesterol ,  5 ,24(28)-ergostadien-  

35-ol; ~-spinasterol, 5a-stigmasta-7,E22-dien-3~-ol; 6-ketocholestanol,  3~-hydroxy-5~-cholestan-6-one; 22-  
ketocholesterol,  3/3-hydroxy-5-cholesten-22-one; 2-oxacholesterol,  2-oxa-5-cholesten-3/~-ol. 
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OV-1 

HO" V H V  ( 5 ) 

H (7 )  

5-A 3252 1 
?-B 3272 3-OH 
5-C 3278 } 
7-D 3305 3-KETO 

5-E 3325 1 
7-F 3337 ~ 3"O$iMe3 

ABC D E F  

1"0 2'0 30 rain 
FIG. 1. GC separations of ~-spinasterol and stigmastan-3~-ol, their corresponding ketones from Nocardia 

erythropolis enzyme oxidation and trimethylsilyl ethers on an open tubular column (25 m) coated with OV-1 
at 265 C with a helium flow rate of 2 ml/min. 

been demonstrated in the presence of as many 
as 3 other oxidizable hydroxyl groups (17), and 
also of the allylic 16-en-20a-ol (15) and 5-en-7a- 
ol (29) systems. This last example reflects 

another feature of the enzyme, i.e., its toler- 
ance of certain substituents in ring B. A further 
illustration of this is provided by the ready 
conversion of 3t3-hydroxy-5a-cholestan-6-one 
(Table I, no. 8) into 5a-cholestane-3,6-dione. 
(The regularity of the retention increment is 
fortuitous, having regard to the expected vicinal 
effect of the 6-keto group). 

Mass spectra of 3/3-hydroxy-50t-cholestan-6- 
one (no. 8) and of 22-ketocholesterol (no. 9) 
are compared with those of their respective 
oxidation products in Figures 2 and 3. The 
main fragmentations of the 313-hydroxy-6- 
ketone and the 3,6-dione (Fig. 2) are similar, 
with the exception of the ion at m/z 331 
(M-C4HTO) which is prominent only in the 3-ol 
spectrum and which represents the loss of 
C-1/C-4 with one hydrogen transfer, as eluci- 
dated for 5a-cholestan-6-one by Djerassi et al. 
(30). In the case of 22-ketocholesterol, the 
oxidation product affords a more distinctive 
mass spectrum; the base peak of m/z 124 is well 
correlated with the 4-en-3-one group (31,32). 
The peak at m/z 99, indicative of the position 
of the keto group at C-22, is prominent in both 
spectra shown in Figure 3 while the nuclear 
stabilization conferred by the enone group 
enhances the abundance of the complementary 

ion (M-99). 
As a consequence of the fact that cholesterol 

oxidase oxidations at C-3 proceed in the 
presence of other hydroxylic or ketonic groups, 
the enzyme facilitates the preparation of 
steroidal 4-en-3-ones, labeled elsewhere with 
isotopes. [4-14 C]-Ta-Hydroxy-4- cholesten-3-one 
(29), [ 20-1aO ]-2Oa/fl-hydroxy-4-pregnen-3-one 
(33), and [t6,16-~H2]-and [I6,16,17-2Ha] - 
testosterone (34) have thus been obtained via 
labeled 5-en-3/3-ol precursors. 

Finally, a striking demonstration of the 
extent of application of cholesterol oxidase is 
given by the successful oxidation of 2-oxacho- 
lesterol (10) to the lactone, 2-oxa-4-cholesten- 
3-one. Free 2-oxacholesterol (a hemiacetal) was 
decomposed by GLC, but the trimethylsilyl 
ether was stable and was examined by GC-MS. 
Under electron impact, the 3 major ions (Fig. 
4) were at m/z 342 (C2sHa2§ resulting from 
loss of Me3SiO'CHO from ring A), m/z 370 
(loss of Me3SiOH) and m/z 229 (base peak: loss 
of side chain and of MeaSiO'CHO). The much 
simpler chemical ionization mass spectrum, 
measured with isobutane as reactant gas (Fig. 
5), showed analogous fragmentations, (MH- 
Me3SiOH) providing the base peak at m/z 371, 
with an increased abundance of the molecular 
ion in its protonated form at m/z 461. The 
mass spectra of the oxidation product, shown 
in Figure 6, reflect the greater stability ex- 
pected of the molecular ion from a lactone 
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FIG. 2. Mass spectra (20 eV) or 3#-hydroxy-5c+-cholestan-6-one (top) and 5c+-cholestane-3,6-dione (bottom). 
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FIG. 3. Mass spectra (20 eV) of 22-ketocholesterol (top) and 22-keto-4-cholesten-3-one (bottom). 
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(m/z 386, 69% of base peak). Prominent ions in 
the electron impact spectrum, analogous to 
those of 4-en-3-ones, included m/z 342 (loss of 
CO2, analogous to loss of ketene) and m/z 126 
(Ion i), corresponding to m/z 124 (31,32), 
already mentioned. The identity of the base 
peak (m/z 93) has not yet been established. The 
isobutane chemical ionization spectrum of 
2-oxacholestenone consisted essentially of the 
protonated molecular ion alone (m/z 387). 

These examples give some indication of the 
versatility of cholesterol oxidase as a selective 
reagent for 3/3-hydroxy steroids. It should be 
noted that the substrate selectivities of enzymes 
from different sources are not the same: in 
particular, the Nocardia enzyme has little effect 
on steroids of the androstane class, and its good 
substrates possess side chains of 2 or more 
carbon atoms. The enzyme from Brevibacte- 
rium sterolicum (35), on the other hand, 

;05 

% 

50- 

El 70 r 

73 

If,, 
r 

229 ~ 1 ~  

T M S O ~  142- 

2/,8 327 
274 

J, I + + +  hJ +' '"+-~  

,6o ' 200 , J , o '  

FIG. 4. Mass spectrum (70 eV) of 2-oxacholesterol trimethylsilyl ether. 

% 

50 

CI ISOBUTANE / 137! 

M*I 

342 461 

327 445 

I00 200 300 400 
m/z 

FIG. 5. Chemical ionization mass spectrum of 2-oxacholesterol trimethylsilyl ether, using isobutane as 
reactant gas. 
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catalyzes the oxidation of 5-androsten-3/3-ols 
and 5ct-androstan-3~-ols (17,36) and is thus 
applicable, e.g., to metaboli tes of androgenic 
steroids (17,36,37). 

i m / z  126 

Selective Formation of 
Cyclic Boronates of Diols 

The role of cyclic boronates in relationship 
to other derivatives is illustrated here with 
reference to a few typical steroids having a-diol 
groups in the side-chain. 

Gas chromatographic data for various deriva- 
tives of 5-pregnene-3/~,20a,21-triol (Structure 
11) and its 20/~-epimer (Structure 12) are given 
in Table II for OV-1 and OV-17 columns. The 
most striking feature is the marked reduction of 
retention time on OV-1 accompanying methane- 
boronate formation: the elution of this deriva- 
tive some 250 retention index units lower than 
the tri-trimethylsilyl ether is illustrated in 
Figure 7. A closely similar decrement (/kl = 
-245) was observed earlier for the derivatives of 
20/~,2 l-dihydroxy-4-pregnen-3-one (23). The 
20,21-methaneboronate 3-trimethylsilyl ether, 
also included in the chromatogram in Figure 7, 
is obtainable by gentle trimethylsilylation, but  

,I,L ,26 

El 70eV 

1 8 7  

2"13 

261 

385 

100 200 300 ~/~ 

% 

50 

C l -  ISOBUTANE 

273 341 
�9 ~ ,, ,. , .  , .  . q i . , . ! 

I t 30  200 300 

M.I 
3 8 7  

FIG. 6. Mass spectra of 2-oxa-4-cholesten-3-one 
recorded at 70 eV using electron impact (top) and 
isobutane chemical ionization (bottom). 

OSiMe 3 

M e 3 S ~  i i  m / z  289 

ME 

m l z  169 

ION STRUCTURES 

in the presence of excess reagent the boronate 
ring is ul t imately replaced by trimethylsilyl 
groups. With regard to the separation of 200~/~ 
epimers, most of the derivatives are effective. 

Corresponding mass spectrometric results are 
shown in Table III. It  is evident that the meth- 
aneboronates combine the advantage of low 
molecular weight with the property of yielding 
relatively abundant  molecular ions. Molecular 
ions were undetectable for the acetates and 
trimethylsilyl ethers, but were prominent  in the 
spectra of the free triols and methaneboronates. 

In the mass spectra of the free triols, the 
most notable ions were at m/z 249 and 223, 
doubtless representing the (M-85) and (M-111) 
ions which result from cleavages of ring B and 
are typical of 5-en-3fl-ols (38,39,40). Wyllie et 
al. (39) have observed these ions from 5-pregn- 
ene-3fl,20/3-diol. The data cited in Table III also 
disclose abundant ions at m/z 231 and 213, 
at tr ibutable to successive losses of H20 from 
the fragment of m/z 249. In the spectra of the 
trimethylsilyl ethers, the base peaks resulted 
from elimination of all 3 silyl groups together 
with C-21, whereas other ions, particularly 
those at m/z 129 and (M-129) typifying the 

(JH 
OH 

0 

11 ( 2 0 ~ )  1 2 ( 2 0 ~ )  
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TABLE II 

Retention Indices a (I) and Increments (AI) for Derivatives of 
5-Pregnene- 3~3,20,21-triols 

11 (20a-triol) 12 (2 03-triol) 

OV-1,240 C I 41 I A1 

Triol 2960 -- 2950 - 
Triacetate 3230 +270 3225 +275 
Tri-TMS ether 3090 +130 3110 +160 
Me boronate 2835 - 125 2810 - 140 
Me boronate/TMS 2895 - 65 2870 - 80 

OV-17,240 C 

Triol 3410 - 3400 - 
Triacetate 3640 +230 3660 +260 
TMS ether 3140 - 270 3165 - 235 
Me boronate 3190 - 220 3155 - 245 
Me boronate/TMS 3095 - 315 3080 - 320 

aValues cited to the nearest 5 units. 

5-en-3-01 pa ren t  s teroid,  were of low in tens i ty .  
In contras t ,  the m e t h a n e b o r o n a t e  3-trirnethyl- 
silyl e thers  a f fo rded  a character is t ic  balance of  
f r agmenta t ion  modes ,  yielding m/z  129 as base 

1"1. OV-1, 6ft  

OH 

H 

Me BORONATE ( I = 2 8 3 5 )  

Me BORONATE 3 -TMS ( 1 = 2 S 9 5 )  

r i -  TMS (1= 3090)  

@ i'o ,'5 rain 

FIG. 7. GC separations of the methaneboronate, 
methaneboronate 3-trimethylsilyl ether and tri- 
trimethylsilyl ether derivatives of 5-pregnene-33,20a,- 
21-triol on a packed column (2 m x 4 mm id) con- 
taining 1% OV-1 on Gas Chrom Q (100-120 mesh) 
at 240 C with a nitrogen flow rate of 40 ml/min. 

peaks, toge the r  wi th  abundan t  ions at m/z  301 
(M-129). The m e t h a n e b o r o n a t e s  with free 
3/3-hydroxyls a f fo rded  base peaks by loss of  
H 2 0  f rom the molecular  ion, in accordance  
wi th  many  earlier ins tances  of  s tero id  borona tes  
having a free 3a- or 33-hydroxyl  group (22, 
23,25).  

One of  the  mos t  i m p o r t a n t  steroidal  a- 
glycols is [20R,22R]  20 ,22-d ihydroxycholes -  
terol  (S t ruc ture  13), a major  in te rmedia te  in 
the biogenesis o f  the s teroid h o r m o n e s  f rom 
cholesterol .  The t r i - t r imethyls i lyl  e ther  was 
effect ively applied by Burste in  et  al. (41) for  
GC-MS to de te rmine  the m o d e  of  enzymic  
incorpora t ion  of  oxygen  at C-20 and C-22. 
Fo l lowing  incuba t ion  in the presence  of  1602 
and l s o 2 ,  the ions of  type  ii p ro d u ced  by 
C-17/C-20 a-cleavage were m o n i t o r e d  for 
relative abundance  of  the  3 possible isotopic  
forms. Figure 8 shows salient fea tures  o f  the  20 
eV mass spectra,  r ecorded  by GC-MS, of  the 
t r i - t r imethylsi lyl  e ther  (IOVol = 3490) and the  
20 ,22 -me thaneborona t e  3- tr imethylsi lyl  e ther  
(IOV~ 1 = 3295). Unde r  these condi t ions ,  ions 
o f  type  ii f rom the tr i - t r imethylsf lyl  e ther  
a m o u n t e d  to  ca. 4% of  total  ion iza t ion  (above 
m/z  70). The p r e p o n d e r a n t  cleavage was, as 

OH 
OHI 

13 
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_.m/z ~ Type 
Me3SiO ' ?SiMe3 

Me3SiO i ~  

M e 3 S i ~  

634 0.05 M ~ 
461 100 e (M-173) ~ 
289 10 side chain 

514 15 M*" 

169 100" side chain 

*each approx. 40" / ,  of s  

FIG. 8. Characteristic mass spectral ions (20 eV) for the tri-trimethylsilyl ether and methaneboronate 3- 
trimethylsflyl ether derivatives of [20R,22R] 20,22-dihydroxycholesterol. 

expected, between the 2 etherified positions 
(42). The methaneboronate trimethylsilyl ether, 
besides yielding a much more abundant  mole- 
cular ion (lower in mass by 120 amu), afforded 
as base peak (40% of ZT0) the boronate moiety 
(Ion iii) from C-17/C-20 side-chain cleavage. 

The well established advantage of cyclic 
boronates for the enhancement of molecular 
ion abundance (21-25) has been further ex- 
ploited by Lisboa et al. (43,44) in studies of 
[24R] -24,25-dihydroxycholecalciferol. (Such 
seco-steroids are thermally cyclized during GLC 
to the stable and separable pyro- and isopyro- 
isomers [45]). Both the 3-trimethylsilyl and 
the 3-t-butyl-dimethylsilyl ether of the 24,25- 
cyclic methaneboronate yielded abundant  
molecular ions in their 22.5 eV mass spectra. 
The fact that the boronate ring was adjacent to 
a secondary rather than a tertiary position no 
doubt accounts for the lack of any substantial 
a-cleavage to yield a boronate fragment ana- 
logous to Ion iii. 

Finally, it is pert inent to mention the poten- 
tial value of combining the use of cholesterol 
oxidase oxidation and of boronate ester forma- 
tion. In a substrate such as 20,22-dihydroxy- 
cholesterol, addition of 1 mol proportion of 
methaneboronic acid affords a cyclic ester 
stable towards GLC (IOVol = 3245), but if 
excess reagent is added, esterification at the 
isolated hydroxyl group can interfere with 
satisfactory GLC (21). The problem usually can 
be overcome by trimethylsilylation or acylation 
of the isolated hydroxyl group, which under 
mild conditions displaces the acyclic boronate 

group but not the cyclic group. In the case of 
3/~-hydroxysteroids with a-diol systems else- 
where in the molecule, prior selective oxidation 
to the 4-en-3-one is an alternative procedure, 
e.g., 20,22-dihydroxycholestenone (Structure 
14, Fig. 9) was readily formed by enzymic oxi- 
dation of 13, and the 20,22-methaneboronate 
(Structure 15) (IOVol = 3380) yielded Ion iii 
(m/z 169: Fig. 9) as base peak. The quasi-com- 
plementary nuclear fragment at m/z 272 
(M-169 + H) and the characteristic 4-en-3-one 
ion at m/z 124 were also abundant. 

It has been possible, within the compass of 
this report, only to sketch a few of the modes 
of application of selective reactions in the 
analytical characterization of steroids. In 
conclusion, it may be pertinent to note that 
sample transformations by selective reagents are 
generally by far the simplest and most econo- 
mical means of amplifying the evidence obtain- 
able by GC-MS. 

H 3C\ 

P-o 

14 15 

FIG. 9. Structures of [20R,22R] 20,22-dihydroxy- 
4-cholesten-3-one and its corresponding methane- 
boronate illustrating side-chain and nuclear fragmen- 
tation processes. 
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Identification of Steroids 
by Chemical Ionization Mass Spectrometry 
YONG Y. LIN, Department of Human Biological Chemistry and Genetics, 
University of Texas Medical Branch, Galveston, TX 77550 

ABSTRACT 

Chemical ionization (CI) mass spectra of various natural and synthetic steroids have been studied 
using methane, isobutane, ammonia, trideuterioammonia and hydroxy anion as reagent gases. The 
CI spectra of steroids give simple and well characterized ions, which provide information about mole- 
cular weight as well as functionalities in the molecules. Trideuterioammonia exchanges rapidly with ac- 
tive hydrogens (e.g., OH, SH, COOH, NH 2) in steroid molecules in the CI reaction and thus provides a 
convenient means of active hydrogen determination by mass spectrometry. Application of various CI 
processes to the analysis of steroids and conjugates have been made. Low levels of hydroxycholesterols 
in biological samples and in cholesterol autoxidation products were identified by the 4 ion patterns, 
[M+NH 4 ] *, [M-OH+NH 3 ]*, [M-OH/* and [M-H 2 O-OH/§ in ammonia CI. The position of hydroxy 
functions in the cholesterol side chain can be identified from the methane CI of hydroxycholesterol 
trimethylsilyl (TMS) derivatives. Sterol carboxylic esters can be identified as the ammonium adduct 
ion of the intact molecule, [M+NH4]* , in ammonia CI. Isobutane and hydroxy anion CI spectra of 
the steroid esters give abundant ion fragments of both steroids and carboxylic acid moieties. Identifi- 
cation of free bile acids and steroid glycosides without derivatization is also feasible with the CI pro- 
cess when ammonia is used as reagent gas. 

INTRODUCTION 

Mass spectrometry (MS) qualifies especially 
for analytical applications because of its very 
high sensitivity and because of the wealth of in- 
formation afforded, quite unattainable by any 
other routine method of instrumental analysis 
for minute sample size. Its application to the 
analysis of traces is almost indispensable, espe- 
cially in environmental, biological and medical 
sciences. 

Identification, proof of structure and eluci- 
dation of fragmentation processes of steroids 
by electron impact (EI) MS is well established 
(1-3). In contrast, MS conducted by the rela- 
tively more gentle process of chemical ioniza- 
tion (CI) is much less described. The CI-MS 
offers several advantages which provide struc- 
tural information unattainable by the E1 pro- 
cess. In conventional ionization by EI, limita- 
tions or difficulties may arise because the sam- 
ple yields molecular ions, M +, insufficiently 
stable to permit detection, or because insuffi- 
ciently volatile or thermally labile compounds 
may pyrolyze or isomerize before ionization. 
The EI process often results in complex ion 
spectra which, on one hand, may provide abun- 
dant information for molecular structure but, 
on the other hand, may result in an equivocal 
interpretation, especially in the presence of ions 
from impurities. 

In CI, a reagent gas, e.g., methane, isobu- 
tane, or ammonia, is first ionized by electron 
impact. The ions formed in ion-molecule reac- 
tions, e.g., CHs +, C2Hs + for methane, C4H9 + 

for isobutane, and NH4 + for ammonia, then 
react chemically with the substrate, M, in fast 
acid/base-type reactions, and/or subsequently 
fragment to various extents. In comparison to 
the EI, the spectra obtained by the relatively 
more gentle CI process are simple and contain 
ions of molecular entirety. Therefore, the CI 
spectra are easy to interpret and the substrate 
molecules are often easily characterized from 
intense quasi-molecular ions such as the pro- 
tonated ion [M+H] § hydride abstraction ion 
[M-H/§ or adduct ion M+NH4 +. In addition, 
the amount of CI fragmentation can be control- 
led within a wide range, where the proportion 
of information about molecular weight on the 
one hand and structure on the other hand can 
be adjusted to requirements, almost at will by 
varying the experimental conditions, such as 
changing reagent gases or ion source tempera- 
tures. Thus, the CI process often provides a 
versatile alternative to EI ionization (4-6). 

The possibility of making the ion-molecule 
reaction between reagent gas and individual 
functional group of a compound selective is a 
promising aspect of  CI operation. We have pre- 
viously reported that selective ion-molecule 
reactions between the reagent gas and indivi- 
dual functional groups of various biochemical 
molecules can be achieved, and functional 
groups in the molecule can be recognized from 
the CI spectra (7). The method was further ex- 
tended to an effective determination of active 
hydrogen in biochemical molecules by using 
trideuterioammonia as reagent gas (8). An 
investigation of the hydroxyl ion negative CI 
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mass spectra of C~7 steroids having various 
functiorialities has indicated that the'sensitivity 
could be enhanced for some steroids (9). In 
this report, I will discuss the application of 
various CI processes to the identification of 
steroids and their conjugates. 

EXPERIMENTAL 

Materials 

Steroids examined were either commercial 
samples from Steraloids Inc., Wilton, NH, or 
Research Plus Laboratories Inc., Denville, N J, 
or they were prepared in our laboratories. All 
samples were analyzed by thin layer chromato- 
graphy (TLC) and gas chromatography (GC) 
before use, and in those cases where purity was 
in doubt the samples were purified by high 
pressure liquid chromatography (HPLC) using 
Waters Associates Inc. (Milford, MA) equip- 
ment with 2/a-Porasil columns (4 mm x 30 cm) 
connected in series and hexane-2-propanol 
(24:1) as the mobile phase. 

Perdeuterated ammonia (99% deuterium) 
was obtained from Merck, Sharp and Dohme 
Canada Ltd., Montreal. 

Mass Spectrometry 

Mass spectra were obtained with a Finnigan 
Corp. Model 3200 quadrupole mass spectro- 
meter equipped with EI and CI capabilities. 
Samples (0.2-1.0 pg) in a 1-cm capillary were 
introduced by direct, solid probe into the ioni- 
zation chamber, with gradual heating from 
ambient temperature to 200 C to vaporize the 
sample. Ammonia and trideuterioammonia CI 
mass spectra were obtained using an ion-source 
temperature of ca. I00 C (uncorrected meter 
reading 70 C) and gas pressures between 0.3 
and 0.5 Torr, adjusted to maximize the intensi- 
ty of the [NH4] § (m/e 18) ion. Higher pres- 
sures (up to0.9 Torr) gave diminished intensity 
of the [NH4] § ion but increased intensities of 
the [N2HT] + (m/e 35) and [NaH10] + (m/e 52) 
ions. Some spectra were also recorded with an 
ion source of 195 C (uncorrected reading 150 
C). Methane and isobutane CI mass spectra 
were obtained with an ion-source temperature 
of ca. 100 C and gas pressure of 0.4 Torr, ad- 
justed to maximize the intensities of the 
[CHs ]+ (m/e 17) and [C4H9] + (m/e 57) ions, 
respectively. 

R ESU LTS 

Recognition of Functional Groups 
by CI Mass Spectra 

Spectra derived from the use of methane or 
isobutane as reagent gas, commonly used in CI- 

MS, contain 3 major ion types: the protonated 
molecular ion [M+H]+, the hydride abstraction 
ion [M-HI + and the elimination ion [M-X] + 
(Table I). 

Steroid olefins Ib and Ic gave both [M+H] § 
and [M-H] + ions, but the saturated hydrocar- 
bon Ia gave only [M-HI § ions. Steroid ketones 
gave the [M+H] + ion predominantly. The ratio 
of the ion abundances [M+H]+/[M-H] + is de- 
pendent on the proton affinity of a given func- 
tional group and on the relative stability of the 
ion species. Thus, the higher proton affinity of 
the diene (Ic) compared to the olefin Ib is re- 
flected in the much higher [M+H]§ + 
ratio of Ic. Monofunctional alcohols gave 3 
ions: [M+H] § [M-H] § and [M-OH]§ as a 
general matter. The elimination ion [M-OH] + 
was the principal ion, except for Ii which gave 
the most abundant [M-H] § The exception- 
ally high abundance of the abstraction ion 
[M-H] § for Ii must result from the formation of 
a thermodynamically stable protonated ion of 
an a,/~-unsaturated ketone; the [M-H] + is equiv- 
alent to the stable [M+H] § of Ie. The bifunc- 
tional diol Ij gave an additional double elimina- 
tion ion [M-H 2 O-OH] +, indicating the presence 
of 2 hydroxyl functions. Cholesteryl esters, Ik 
and I1, gave neither [M+H] § nor [M-H] § ions, 
presumably because of facile elimination of the 
homoallylic hydroxyl ester function, but gave 
elimination [ M-X] § as principal ions. 

Ammonia CI spectra of steroids are 
most instructive, generally yielding abundant 
ions of 4 types: an ammonium adduct [M+ 
NH4] +, an ammonia displacement ion [M-X+ 
NH3] +, a protonated molecular ion [M+H] § 
and an elimination ion [M-X] § (Table I). 
Ammonia gas, with its high proton affinity 
(207 Kcal/mol [10]) and low level of energy 
transfer in ion-molecule reactions, forms abun- 
dant ammonium adducts [M+NH4 ]+ with many 
electronegative functional groups or it forms 
protonated molecular ions [M+H] § which are 
instructive for molecular weight determination 
and characterization of functional groups. 
Steroid olefins Ib and Ic display ions [M+ 
NH4 ]§ and [M+H] § separated by 17 amu; the 
monoolefin Ib, having [M+NH4] +, and the 
conjugated diene Ic, having [M+H] § as principal 
ions. Likewise, steroidal ketone Id-If have these 
same 2 ions. The conjugated ketones Ie and If 
gave abundant [M+H] § ions, whereas the 
saturated ketone Id gave t h e  ammonium 
adduct [M+NH4 ]§ as principal ion. Distinguish- 
ing 4-cholest-ene-3-one from its unconjugated 
isomer 5-cholest-ene-3-one by a similar CI 
technique was also reported previously (11). 
Steroidal alcohols Ih and Ii are characterized by 
3 prominent  high-mass ions, the highest being 
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the even-mass ammonium adduct [M+NH4] § 
separated from the second even-mass [M-OH+ 
NH3] § by 18 amu, separated in turn from the 
lowest odd-mass ion [M-OH] § by 17 amu. The 
spectra of the saturated alcohol Ig at a temper- 
ature of 100 C, as shown in Table I, gave only 2 
ions, [M+NH4 ]+ and [M-OH+NH 3 ]+~ however, 
with a higher source temperature of 195 C, the 
third ion, the elimination ion [M-OH] + , was 
observed. With diol Ij, double elimination 
occurred and a fourth ion [M-HzO-OH] + 
appeared in the spectrum. 

Cholesteryl carboxylic acid esters Ik and I1, 
for which molecular or protonated molecular 
ions are absent in El or methane and isobutane 
CI processes, are clearly characterized by the 3 
diagnostic ions [M+NH4 ] +, [M-X+NH3 ] + and 
[M-X] +. Recognition of  functionali ty in non- 
steroid compounds by these means also appears 
to be possible (7). 

Determination of Active Hydrogen by el-MS 

Active hydrogen determinations by CI-MS 
with deuterium-labeled reagent gases have been 
recorded (12-14). We have studied CI spectra of 
active hydrogen-containing molecules in more 
detail using ammonia and tr ideuterioammonia 
(ND3) as reagent gases (8). Ammonia  CI mass 
spectra of steroids, as mentioned in the preced- 
bag sections, are dominated by 4 types of ions: 
[M+NH4] § IN+H] +, [M-X+NH3] +, and [M-X] § 
Analogous ions were found when ND3 was used 
as reagent gas, but  in analytes containing active 
hydrogen there was a rapid exchange of hydro-  
gen for deuterium of the isotopic reagent gas 
ND3 as well. Comparison of ions in NH3 and 
ND3 CI spectra yields a direct measure of the 
number of active hydrogens in a molecule. A 
typical example of an active hydrogen determin- 
ation is given by the NH3 and ND3 CI of 
cortisol, as shown in Figure 1. 

Comparison of the ammonium adduct m/e 
380 and the protonated molecular ion m/e 363 
in the NH3 CI spectrum with that of m/e 387 
and m/e 367 in the ND3 CI spectrum quickly 
reveals the presence of 3 active hydrogens in 
cortisol. The ions m/e 320 and 303 in the NH 3 
CI spectrum resulting from cleavage at the 
C17-C20 bond of cortisol had been shifted to 
m/e 325 and 305, respectively, which further 
confirms the ion species of the fragment ions. 
Thus, the ND3 CI spectra appear to provide 
information for the assignment of ion fragmen- 
tat ion processes as well. 

All active hydrogens bonded to heteroatoms 
in aliphatic alcohols, phenols, carboxylic acids, 
amines, amides and mercaptans undergo com- 
plete exchange with deuterium in NH3 CI 
spectra (8). 

NI~CI C~qTI SOL I~ 
f 

\ 3fiZ : M+D§ 0 

363 

FIG. 1. NH 3 and ND 3 CI spectra of coritsol. 

Identification of Hydroxycholesterols 

Hydroxylat ions are important  steps in 
cholesterol metabolism. In connection with our 
interests in the biological significance of hy- 
droxycholesterols,  it is important  to develop an 
efficient technique to detect  and identify them 
at low levels in complex biological samples. In 
this connection, we have developed methods 
for the separation and identification of hy- 
droxycholesterols that combine HPLC and MS. 

Hydroxycholesterols  can be conveniently 
identified by CI-MS using methane, isobutane 
or ammonia as the reagent gas. Methane or 
isobutane CI spectra show 4 characteristic ions: 
the protonated molecular ion [M+H] +, the 
hydride abstraction ion [M-HI +, the single 
elimination ion [M-OH] + and the double 
elimination ion [M-H2 O-OH] +. However, little 
information with regard to the posit ion or 
nature of hydroxy function can be deduced 
from the methane or isobutane CI spectra. 

Ammonia  CI spectra of  hydroxycholesterols,  
which are shown in Table II, are characterized 
by 4 prominent  high-mass ions (at m/e 420,402, 
385 and 367), the highest being the even-mass 
ammonium adduct [M+NH4] +, separated from 
the second even-mass [M-OH+NH3] + by 18 
amu, which is separated in turn from 2 odd- 
mass ions [M-OH] + and [M-H20-OH] § by 17 
ainu and 18 amu, respectively. These 4 ions 
characterize the molecular weight as well as the 
presence of 2 hydroxyl  functions in the hy-  
droxycholesterols.  
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TABLE II 

NH a CI of Hydroxycholesterols 

[M+NH4] + 

m/e ( % )  

[ M-OH+NH3 l* [M-OHI + [M-H 20-OHI* 

lt~-Hydroxl r-5-cholest-en -3/3-ol 
1/3 
4# 
7~ 
7/3 
12r 
16 
17t~ 
19 
20~ 
21 
22 
23 
24 
25 
26 
5~-Hydrox-eholest -6-en -3/3-ol 

42_.__0(1o0) 402(7) 385(5) 367(2) 
420(200) 402(7) 385(12) 367(4) 
420(100) 402(43) 385(3) 367(4) 
420(3) 402(20) 385(25) 367(100) 
420(2) 402(5) 785(9) 36.__.._7(100) 
420(100) 402(27) 385(33) 367(10) 
420(100) 402(11) 385(18) 367(4) 
420(9) 402(66) 38.._..55 (100) 367(18) 
42.._.._0(100) 402(11) 385(12) 367(3) 
420(5) 402(93) 38_._..55(100) 367(16) 
420(100) 402(15) 385(19) 367(3) 
42_.._0(100) 402(20) 385(23) 367(4) 
420(100) 402(32) 385(37) 367(3) 
42--~(100) 402(21) 385(17) 367(5) 
420(100) 402(36) 385(27) 367(7) 
420(100) 402(83) 385(75) 367(11) 
420(1) 4 0 2 ( 4 )  385(76) 36._.._7(100) 

The relative abundance of the 4 ions in NH3 
CI spectra provides some information with 
regard to the nature of the hydroxyl functions 
in the molecules. The presence of an allylic 
hydroxyl function, as in 7a- and 7/~-hydroxy-5- 
cholest-ene-3/3-ol and 5a-hydroxy-6-cholest-ene- 
3~ol, results in the production of abundant  
double-elimination ions [M-H20-OH] + at the 
m/e 367. The presence of a nonallylic tertiary 
hydroxyl function, as in 17a- and 20~-hydrox- 
ycholesterol, results in the production of an 
abundant single-elimination ion [M-OH] + at 
m/e 386. However, little information with 
regard to the position of hydroxy functions in 
the other hydroxycholesterols could be pro- 
vided from the CI spectra. 

The effect of the position of the hydroxy 
group on the fragmentation pathway of steroid 
alcohols under El conditions has been thorough- 
ly studied on the model of hydroxy derivatives 
of progesterone (15,16). The EI spectra of 
hydroxycholesterols studied in our laboratory 
show that the fragmentation ions of most 
hydroxycholesterols provide either weak or 
insignificant ions, which could be used to 
characterize the position of hydroxy functions. 

TMS ethers have been extensively used for 
the characterization of sterols by GC-MS. The 
identification of the position of hydroxy 
functions of some sterols by E1 spectra of the 
sterol TMS derivatives was possible because 
favorable cleavages occurred at the a-carbon of 
the TMS ether functions (17-19). 

The methane CI spectra of hydroxycho- 
lesterol TMS ethers, shown in Figure 2, are 
much simpler than the reported EI-MS of some 

sterol TMS derivatives (17-19), where extensive 
fragmentations were recorded. Each hydroxy- 
cholesterol shown in Figure 2 exhibits a charac- 
teristic base peak resulting from a simple 

! o  r ( ss r176 ) 
20,i - HYDROX YCHOLESTEROL 
3,20,~ - d~ TMS 

I00 4 0 0  500 

j 173(S 6 clee~oqe ) 22{ R) - HYDROX ~rEHOLESTE ROL 

I 3 , 2 2  * dl TMS 

547~ M§ 
. . . . . . .  [, ,~ . . . .  ,~, . . . .  p r l l  . . . . . . .  ' ,;T--, �9 

I00 200 400 ~)0 

L~ ; (S" 3 r ) 23(R} - NYDROXYCHOLESTE ROL 

3, 23 - al TMS 

~ ,  M+I 
II i 

~ . . . . .  260 . . . . .  % ~ '  ' ' ' "  . . . .  5oo' ' 

I 145 (S 4 C eOvO~ ) 
24(S) HYDROXYCHOLESTEROL 
3, 24 di TMS 

~ 1 1 3 1 { 5 3 c l e ~  25- HY1~0~YCHOLESTEROL3,25_di TMS 

547, M§ 

I00 200 400 500 

26 - HYOROXYCHOLESTEROL 
5,26 - di TMS 

, T -  ...... ,F- ' l  
,oo . . . . . .  200 % o ' ' '  J . . . . .  ~o ' i .  

FIG. 2. CH 4 CI spectra ofhydroxycholesterol TMS 
derivatives. 
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0t-cleavage of the TMS ether groups. Thus, 
spectra of 20a-hydroxycholesterol  gave the 
principal ion m/e 201 ([CH3] 3 SiOC[CH3] 
CH2CHECHzCH[CH3]z § C8-cleavage) result- 
ing from the cleavage at C17-C20 bond; 22- 
hydroxylcholesterol  gave m/e 173 (C6-cleavage); 
23-hydroxycholesterol  m/3 159 (Cs-cleavage); 

24-hydroxycholesterol  m/e 145 (S4-cleavage); 
25-hydroxycholesterol  m/e 131 (S3-cleavage; 
and 26-hydroxycholesterol gave m/e 103 (S1- 
cleavage). Thus, the posit ion of hydroxy 
functions in the side chain of cholesterol can be 
identified unambiguously. 

Identif ication of hydroxysterols  by the CI 
techniques already discussed are being used 
frequently in our laboratory for the detect ion 
of low levels of hydroxycholesterols  in complex 
plasma lipids and other biological samples or in 
complex mixtures of cholesterol autoxidat ion 
products. 

CI Mass Spectra of Sterol 
Carboxylic Acid Esters 

Sterol carboxylic acid esters are generally 
identified, after hydrolysis, by their individual 
free sterols and carboxylic acids. With the 
improvement in HPLC separation and successful 
ionization by CI-MS, it is feasible to identify 
intact sterol carboxylic acid esters. MS of 
cholesteryl oleate in both E1 and CI modes 
are shown in Figure 3. 

The EI spectra of cholesteryl oleate show 
the dehydrated cholesterol peak m/e 368 
(M-C17HaaCOOH) as the highest detectable 
mass ion, accompanied by abundant fragmenta- 
tion ions in the low mass region. In contrast, 
the mild CI process using isobutane as reagent 
gas shows only 2 ions: m/e 369, the elimination 
ion [M-C17H33COO] +, and m/e 283, the 
protonated carboxylic acid ion [C17I-I33 COOH+ 
H] § No mass ion of unfragmented cholesteryl 
oleate could be observed even at the mild CI 
process with isobutane. However, the 2 simple 
and unique ions in isobutane CI are character- 
istic for both cholesterol and oleic acid in the 
molecule of cholesteryl oleate. Since the 
carboxylic acid moiety of  cholesteryl ester can 
be conveniently identified by a single proton-  
ated mass ion in isobutane CI, different carbox- 
ylic acid moieties in a mixture of cholesteryl 
esters can be identified simultaneously. Such 
an approach has been used successfully by 
Murata et al. (20) in the identification of 
cholesteryl esters in blood serum and egg yolk.  

When the mildest chemical ionization gas, 
ammonia, was used, the mass spectrum of 
cholesteryl oleate gave the molecular am- 
monium adduct ion [M+NH4] § m/e 668, 

C17H3~C02~ 
/ /  

a5.._~.3, M - C Z 7 " ~ C O z "  - C %  

I - - g  , 

36J 

i 
28__2 

3 6 9 :  M - C17H33C00 

283 : CtTH33C~H ~ H* 

CI : 6j..~8 : M + ~ 4 "  668 / 

1 
3 8 6  : M - C17H33COO + ~ 3  

3 6 9  : H - r  

369 

FIG. 3. E1 (70 eV) and CI (i-C4Ht0 and NH 3) 
spectra of cholesteryl oleate. 

as the principal ion. Thus, the molecular weight 
of the ester can be characterized. Two addi- 
tional ions, m/e 386 and 369, are the sub- 
st i tut ion ion [M-CI7HaaCOO+NHa] + and the 
elimination ion [ M-Ct~ H33 COO ] +, respectively. 

In contrast to isobutane CI, ions resulting 
from the carboxylic acid moieties of steroid 
esters in ammonia CI spectra were either weak 
or absent. Both isobutane and ammonia CI 
spectra are being used to complement each 
other for characterization of various sterol 
carboxylic acid esters (Lin et al., unpublished 
results). 

Identif ication of sterol carboxylic esters may 
be carried out more favorably by negative 
chemical ion (NCI) MS. The OH-NCI spectrum 
of cholesteryl oleate gave m/e 649 (100%) 
[M-H]' ,  m/e 281 (45%), [C17H33COO]-, m/e 
263 (6%) and m/e 367 (8%). The sensitivity of 
cholesteryl esters in OH-NCI spectra is ca. 7 
times higher than that  in CH4 CI spectra (9). 
The more sensitive nature of NCI-MS of steroid 
esters may be at tr ibuted to the fact that car- 
boxylic acid and ester functions are more 
susceptible to the formation of stable negative 
ions than of  positive ions. 

CI-MS of Bile Acids 

Analysis of bile acids by CI with methane or 
isobutane as reagent gas has been carried out  
with derivatize~ bile acids methyl esters and 
methyl ester acetates (21,22). However, identi- 
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FIG. 4. NH 3 CI spectra of 3#-hydroxy-5-cholenic 
acid and 31~-hydroxybisnor-5-cholenic acid. 

fication of bile acids without derivatization 
should be feasible using a combination of HPLC 
separation and CI-MS. Ammonia CI of 3/3-hy- 
droxy-5-cholenic acid and 3/3-hydroxybisnor- 
5-cholenic acid are shown in Figure 4. 

Three types of ions were observed in the 
ammonia CI spectra: the molecular ammonium 
adduct ion [M+NH4] § the substitution ion of 
hydroxy function [M-OH+NH3] § and the 
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FIG. 5, CH 4 CI of  steroid glycoside permethyl  
ethers. 

LIN 

elimination ion of hydroxy function [M-OH] +. 
The 3/~-hydroxybisnor-5-cholenic acid (Fig. 4) 
has been found among the autoxidation pro- 
ducts of cholesterol by HPLC separation and 
subsequent identification by the NH 3 CI (Ansari 
et al., unpublished results). 

C I - M S  of  Steroid Glycosides 

Steroid glycosides are quite nonvolatile and 
therefore derivatization is almost mandatory 
for successful mass spectrometric studies, 
except when relying on field desorption (FD) 
or plasma desorption-absorption techniques. In 
conventional El-MS, ion fragmentation, even 
with derivatized steroid glycosides, is so exten- 
sive (23,24) that, e.g., the EI spectra of estra- 
diol-3-glucoronide permethyl ether provide a 
very small molecular ion (25). We have recorded 
the CI spectra of some estradiol and estriol 
glycosides permethyl ethers using methane and 
ammonia as reagent gases. The results are given 
in Figures 5 and 6. 

The methane CI spectra of the steroid glyco- 
sides (Fig. 5) show fairly abundant quasi-mole- 
cular ions [M+H] § or [M-H] +. It should be noted 
that discrimination between the aromatic alco- 
hol glycosides (the 3-glycosides) and the alipha- 
tic alcohol glycosides (the 16- or 17-glycosides) is 
quickly accomplished by methane CI spectra. 
The 3-glycosidesgive only the hydride abstrac- 
tion molecular ion [M-H] § whereas the 16- or 
17-glycosides give only the protonated mole- 
cular ion [M+H] § The ammonia CI spectra 
of steroid glycosides (Fig. 6) gave most abun- 
dant molecular ammonium adducts [M+NH4]+ 
as the result of a mild ionization process. 

t~ 218 
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i t i I 236 

ioi 236 

OI 232 

,k  IJ  
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FIG. 6. NH 3 CI of steroid glycoside permethyl 
ethers. 
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Detec t ion  of  abundan t  M+NH4 + ions by am- 
monia  CI appears  to  be promising for the 
de tec t ion  of  low levels o f  s teroid glycosides in 
biological samples.  

CI spectra  of,  e.g., cardiac glycosides,  
digi toxin and digoxin,  have been ob ta ined  
wi thou t  derivat izat ion using ammonia  as 
reagent  gas (26). I t  is apparen t  tha t  the CI pro-  
cess has its meri ts  in the analysis o f  polar 
s teroids or s teroid conjugates.  Ion iza t ion  
e n h a n c e m e n t  of  polar  molecules  by exposure  of  
samples to the ion plasma in the CI process  has 
been descr ibed (27). The exper ience  in our 
labora tory  with the  CI-MS of  various b iochem-  
ical molecules  has also indica ted  tha t  the  CI 
process  usually gives be t t e r  ioniza t ion  enhance-  
m e n t  than  the  E1 process.  
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Identification of Sterols and Bile Acids 
by Computerized Gas Chromatography-Mass Spectrometry 
WILLIAM H. ELLIOTT, Edward A. Doisy Department of Biochemistry, 
St. Louis University School of Medicine, St. Louis, MO 63104 

ABSTRACT 

In mass spectrometry, sterols and bile acids form fragment ions characteristic of certain steroid 
structures. After separation of derivatized sterols or bile acids by the gas chromatograph and fragmen- 
tation in the mass spectrometer, data collected by the computer can be collated to provide a recon- 
structed gas chromatogram and a series of fragment ion current chromatograms in which the relative 
abundances of characteristic fragment ions are plotted vs time or scan number. Intensities of these 
fragment ions will be greatest and hence coincide with peak elution of unidentified sterols or bile 
acids. The use of known amounts of labeled appropriate sterols or bile acids permits quantitation of 
the identified sterol or bile acid. 

The successful combination of gas chromato- 
graphy with mass spectrometry (1,2) has 
provided in one instrument an ability to separ- 
ate the components of a mixture via the gas 
chromatograph (GC) and to identify these 
components by their characteristic fragmen- 
tation patterns produced by the mass spectro- 
meter (MS). The tedium of developing useful 
mass spectral data, as carried out in the mid- 
1960s, has been replaced with real-time imagery 
of mass spectra obtained during the course of 
acquisition of the data, resulting entirely from 
the successful interfacing of a minicomputer 
with the GC-MS system. The application of a 
combined data acquisition system-gas chroma- 
tograph-mass spectrometer (GC-MS-COM) to 
the identification of sterols and bile acids and 
their derivatives is the subject of this paper. 

A study of the mass spectral fragmentation 
patterns of sterols and bile acids, generally as 
their derivatives, shows that 2 fundamental 
patterns exist: (a) characteristic fragmentation 
resulting from substitution in the side chain, 
and (b) a similar characteristic loss of substi- 
tuents of the steroid nucleus prior to fragmen- 
tation of the ring system. Hydroxyl or oxo 
groups are frequently the substituents of the 
nucleus or the side chain, and in MS these 
groups or their derivatives are generally lost 
with formation of fragment ions of major or 
modest abundance (3-10). 

In Figure 1, the mass spectra (4) of the 
epimeric sterols, dihydrocholesterol (5a-cho- 
lestan-3~-ol) (A) and epicoprostanol (5~-cho- 
lestan-3a-ol) (B) are compared. Each exhibits 
an abundant  molecular ion (m/e 388) and a 
large ion at m/e 370 (M-18) representing the 
loss of water; note the ions M-72 (m/e 316), 
m/e 257, 233 and 215. These ions represent, 
respectively, fragments after loss of ring A, loss 
of the side chain plus the nuclear hydroxyl 

group, loss of the side chain plus carbons 15, 16 
and 17 of ring D, and loss of the nuclear 
hydroxyl group, side chain and carbons 15, 16 
and 17 of ring D. These spectra were deter- 
mined before the coupling of the GC to an MS; 
many of the proposed structures of f ragment  
ions are from early studies by Friedland et al. 
(3). Ryhage and Stenhagen (4) noted that the 
ion m/e 257 was base peak (100%) in the 
spectrum of methyl 12a-hydroxy-5/~-cholanate. 
Figure 2 shows the presence of the ion m/e 255 
in the spectrum of 3/3,26-diacetoxy-50t-cho- 
lestan-7a-ol, a sterol with a nuclear hydroxyl 
and a nuclear acetoxyl group. Similarly, Ryhage 
and Stenhagen (4) observed that the spectrum 
of methyl trihydroxycoprostanate showed a 
prominent ion at m/e 253. Thus, a prominent 
ion at m/e 257 can be anticipated from any 
monohydroxy steroid or its derivative, an ion at 
m/e 255 suggests the presence of 2 such hy- 
droxyl groups or their derivatives and an ion at 
m/e 253 suggests the presence of 3 such groups. 
Experience has shown that these conclusions 
are generally valid if the hydroxyl groups are 
removed by several carbon atoms from each 
other (e.g., not vicinal). 

The rat and mouse produce trihydroxy bile 
acids without substitution in ring C, namely, 
/~-muricholic acid (3a,6~,7/~-trihydroxy-5/3-cho- 
lanic acid) (/3-MC) and a-muricholic acid (3a, 
6/3,7a-trihydroxy-5fl-cholanic acid) (a-MC). When 
analyzed by GC-MS as the methyl ester tris 

trimethylsilyl (TMS) ethers, these substances 
provide substantially different fragmentation 
patterns. Depending on the temperature of the 
ion source, the base peak in the spectrum of 
derivatized/3-muricholate is the ion m/e 285 or 
m/e 195 (7,8) (Fig. 3). The composition of the 
ions was confirmed by high-resolution MS (8). 
One of these ions is also base peak in the 
spectrum of an isomer of/~-MC, i.e., co-muricho- 
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FIG. 1. Mass spectrum of (A) dihydrocholesterol and (B) epicoprostanol (4). 

late, (3a,6a,7~-trihydroxy-5~-cholanic acid). 
However, neither of these ions is base peak in 
the spectrum of the TMS ether of a-MC. 

Table I lists important ions and their relative 
abundances for 6 common bile acids derivatized 
as the methyl ester TMS ethers. The abundance 
of the base peak is underlined in each case. 
Note that base peak for cholate (C) is m/e 253, 
butthis  ion has only an abundance of 5% in the 
spectrum of a-MC, and is of no consequence in 
the spectrum of/~-MC. Similarly, the dihydroxy 
acids, chenodeoxycholate (CDC) and deoxy- 
cholate (DC), which are positional isomers and 
are notoriously difficult to separate, provide 
the ions m/e 255 and 370, but with relative 
abundances of 16 and 100% and of 100 and 
25%, respectively. The ion m/e 243 provided by 
CDC (7) is not normally seen in the spectrum 
of DC; it is found in the spectrum of C, but C 
and CDC derivatives are eluted form the GC 
column at different times. Base peak for the 
derivative of lithocholate (LC) is the ion m/e 
372 (M-90). 

After analysis of a mixture, the data in Table 
I can be used to ask the computer for informa- 
tion that is very useful in identifying particular 
molecules. Since the computer has acquired 
data from repeated scans over a mass range of 
the order of m/e 10-800 at a fixed rate (15-50 
KHz or 3-8 see/scan), a properly programmed 
system can be requested to provide a plot of 
the total ion current (TIC) vs relative intensity 
(or response). The result will be a reconstructed 
gas chromatogram equivalent to that obtained 
by the strip chart recorder. In addition, the 
operator can request that the system also plot 
fragment ion current (FIC) chromatograms 
(11), i.e., plots of the relative abundances of 
given fragment ions in each of the scans record- 
ed. Figure 4 shows such a plot from scans 
numbered 110 through 170 of the abundances 
of all ions (the TIC) and the ions m/e 253,368 
and 458. The uppermost curve (TIC), a portion 
of the reconstructed gas chromatogram, shows 
3 peaks. Coincident with the first small peak at 
the left, only the ion m/e 458 appeared. Coin- 
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cident with the large peak in the TIC plot  are 
peaks for the 3 ions m/e 253, 368 and 458. 
None of these ions appeared with the third 
peak in the TIC plot. The size of  the peak for 
ion m/e 458 under the second TIC peak com- 
pared to that  under the first TIC peak suggests 
a greater abundance of this ion under the first 
TIC peak. In fact, the material eluted in the 
first TIC peak is/3-MC, the second is C and the 
third is CDC. The identities of all peaks could 
be supported by replotting additional fragment 
ions. If necessary, a review of the full mass 
spectrum and comparison with that of an 
authentic sample, along with comparison of 
observed and authenticated retention times 
could be used to establish the identi ty.  

An example from Sjisvall's laboratory (12) 
of the application of this procedure to a more 
complex mixture is given in Figure 5. This is a 
plot  of scan number vs 19 FIC chromatograms 
of important  fragment ions of d ihydroxy bile 
acids as their methyl  ester TMS ethers, obtained 
after solvolysis of the monosulfate fraction 
from the urine of a pat ient  with intrahepatic 

~ - "  - COICHa ~ ~ H  

(Cl'l~)~'~O~~i(C H*~ CHs)* ~ ,  (CH~SiO~ *OSi(CH.)s 
m/e 638 ~ "  cMcd. role 285.1727 

/ found enle 285.1706 

~ O, CH, .~-,r 

( C l ' l e ~ i O ~ k ~  J 'OSi (C Ha)~ i(CH,), 

OSi(CHs)s ,~dcd. role 195. 1183 
~ e 6 3 S  foundmle 195. 1174 

FIG. 3. Fragment ions m/e 285 and 195, derived 
from the TMS ether-methyl ester of #-muricholate and 
w-murieholate. 

cholestasis. A total  of 14 different ions corre- 
sponds to elution of CDC. Seven bile acids were 
identified, some with small peak heights, 
suggesting low concentrations. Clearly, an FIC 
plot  of many fragment ions characteristic of 
each substance can be very useful. 

Two of the bile acids identified, allodeoxy- 
cholic (al lodeoxy) and its 3~-isomer (allo-3fl, 
12a), (Fig. 5) are members of the 5a-series. 
Figure 6 shows the coplanar nucleus of a 5a- or 
allo bile acid, allocholic acid, compared to the 
structure of the more widely distributed 
5/~-analog, cholic acid. In GC (13), some such 
derivatized 3a-hydroxy allo bile acids are eluted 
before the corresponding 5/3-analogs. Fragmen- 
tation patterns in MS are similar (7-9), but 
occasionally the relative abundance of certain 
ions is quite helpful for identification. For  
example, the fragment ion m/e 261 (Fig. 7) is 
more abundant in the spectrum of the TMS 
ether o f  methyl allocholate than that of the 
5~isomer;  base peak for the former is the ion 
m/e 343 [M-( l15+2x90)] ,  but is the ion 
m/e 253 [M-( l lS+3x90) ] ,  for the 5/~-analog. 
Identification of  the methyl  ester-TMS ether of 
3cx,7~,12cz-trihydroxy-5ot-cholantate was based 
(12) on the ions at m/e 458, 343 and 253. 

Miyazaki et al. (14) have modified in 2 
respects this GC-MS-COM procedure for deter- 
mination of human biliary cholesterol and bile 
acids. Bile acids were converted to their ethyl 
esters with 5% hydrogen chloride in ethanol, 
and the resulting esters were treated with 
dimethylethylsi lyl  imidazole to afford the 
dimethylethylsi lyl  (DMES) ethers. The pro- 
ducts were separated on a column packed with 
a 1% mixture of the phases OV-101 and Dexsil 
300GC (1:1) on Gas Chrom Q at 280 C (Fig. 
8). Mass spectra showed a characteristic abun- 
dant ion (M-29) for the DMES derivatives of 
cholesterol and of  each of  5 bile acids. That this 
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TABLE I 

Fragment Ions of Bile Acid (BA) Methyl Ester 
TMS Ethers, Useful for Identification 

by GC-MS-COM 

BA m/e (Relative abundances) 

C a 129(11), 243(12), 2 5 3 ( ~ ,  368(93), 
458(72). 

a - M C  129(5), 195(15), 253(5), 368(8), 443(9), 
458(ioo). 

/J-MC 195(83), 285(100), 458(11), 548(11). 
CDC 129(9), 243(9), 255(16), 355(19), 

370(10_Qg_). 
DC 129(6), 255(100), 345(18), 370 (26), 

S3S(12). 
LC 129(10), 257(25), 357(27), 372(100). 

ac = cholate; c~-MC = 3cz,63,7ct-trihydroxy-53- 
cholanate; ~-MC = 3c~,63,73-trihydroxy-5/Ycholanate; 
CDC = ehenodeoxyeholate; DC = deoxycholate; 
LC = iithocholate. 

fragment ion was derived from loss of mass 29 
from the DMES ether and not the ethyl ester 
was confirmed by examination of the spectrum 
of the his DMES ether of [2Hs ]-ethyl DC. All 
fragment ions which retained the ester group 
were 5 mass units larger than those of the 
undeuterated material. 

Table II contains important fragment ions 
and their relative abundances for DMES deriva- 
tives used in these analyses. Base peak for the 
derivative of cholesterol and each of the bile 
acid ethyl esters except for CDC is the fragment 
ion M-29; for CDC, the base peak is the ion m/e 
385 [M-(104+103)], where dimethylethyl- 
silanol has a mass of 104. The fragment ion m/e 
253 for C and m/e 255 for CDC and DC repre- 
sent the unsaturated steroid nucleus, whereas 
the ion m/e 215 for LC represents the fragment 
containing the elements of  rings A, B and C. 
The ion m/e 329 (M-143) from cholesterol repre- 
sents the loss of the DMES moiety and of 
carbons 1, 2 and 3 of ring A. The fragment ion 
(M-104) is used to identify the derivatives of 
cholesterol (m/e 368), UDC (m/e 488) and LC 
(m/e 386). The ion [M-(I04+29)] is used for 
CDC (m/e 459); the ion [M-(2x104)], m/e 384, 
is used for UDC and DC, and the ion m/e 383 

8C,~N NO. 

FIG. 4. Fragment ion current (FIC) chromato- 
gram: Total Ion Current (TIC) and the ions m/e 253, 
368 and 458. 
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FIG. 5. Fragment ion current chromatogram of 
TMS ether-methyl esters of dihydroxy urinary bile 
adds. Fragment ions are shown (right) vs scan number 
(12). 
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TABLE II 

Fragment Ions of DMES Ethers of Steroids, Useful 
for Identification by GC-MS-COM 

Steroid m/e (Relative abundances) 

FIG. 6. Structures of allocholic and cholic acids. 
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Cho]. a 
C 
UDC 
CDC 
DC 
LC 

329(66.4), 368(33.0), 443(100.0) 
253(2S.9), 383(32.7), 66S(100.0) 
384(20.0), 488(19.6), 563(100.0) 
255(20.2), 385(100.O),459(74.0) 
255(65.5), 384(7.8), 563(100.0) 
215(52.8), 386(S7.3), 461(100.0) 

aChol. = cholesterol; C = cholate; UDC = ursode- 
oxyeholate; CDC = chenodeoxycholate; DC = deoxy- 
cholate; LC = lithocholate. Data from ref. 14. 

FIG. 7. Fragment ion m/e 261 derived from TMS 
ether-methyl ester of allocholate. 

[M-(2x104+103)] is used for C. The ion m/e 
143 was, in fact, base peak in the spectrum of 
cholesterol DMES, and is the DMES analog of  
the ion m/e 129 (Table I) derived from the 
TMS ether. 

Miyazaki et al. plotted FIC chromatograms 
(14) with these ions (Fig. 9) and confirmed the 
identity of the compounds reported in Figure 
8. The identity could be established by a 
"Computer  Controlled Intensity Matching 
Technique" in which the size of each FIC peak 

DMES ETHER-ETHYL ESTER 
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2. LC 

3. DC 
4. C~ 

5. UDC 

6. C 

o io io 
g e ~ t ~ m  t i  ( ~ )  

FIG. 8. Gas chromatogram of a mixture of di- 
methylethylsflyl ether of cholesterol (1, Chol.), the 
dimethylethylsflyl ether-ethyl esters of lithocholate 
(2,LC), deoxycholate (3, DC), chenodeoxycholate (4, 
CDC), ursodeoxycholate (5, UDC) and cholate (6, 
C) (14). 

was multiplied by a factor derived from the 
ratio of the relative abundance (%) of base 
peak, divided by the relative abundance of the 
specified fragment ion. Ideally, all 3 such 
fragment ions should then appear as one coin- 
cident peak. For  those who prefer to carry out 
GC of the bile acids as the acetate-methyl 
esters, Szczepanik et al. (10) have published an 
atlas of fragment ions derived by electron 
impact or by chemical ionization mass spec- 
trometry (CI-MS) of these derivatives from 
48 bile acids. 

Exposure of  a sterol to a hepatic microsomal 
preparation for some period of  time provides a 
succession of derivatives hydroxylated in the 
side chain as determined by GC-MS. Thus, the 
products of rabbit hepatic microsomal hydro- 
xylation of 50~-cholestane-3o%7a-diol were found 
to include not only the 12a-ol (15), but also the 
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FIG. 9. Fragment ion current chromatogram of the 
dimethylethylsilyl ethers of the derivatives shown in 
Fig. 8. (14). 
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25-H0 56~ (V) 
24-H0 17~ (III & IV) 
23-H0 26~ (II) 159 

~. ~ 131 
fl ~TMSi  

TMSIO'~",OTM$i 

FIG. 10. Fragmentation of  the side chain of the 
trimethylsilyl ether of 5a-cholestane-3a,7a,12a-triol, 
substituted at C-25 (m/e 131), C-24 (m/e 145) and 
C-23 (m/e 159). 

tetrols with side chain hydroxylat ions at C-25, 
C-24 and C-23 (Fig. 10). Fragmentat ion of the 
tetra-TMS ethers of these derivatives provide 
abundant ions at m/e 131, 145 and 159. The 
GC record showed that both the 2 4 R - a n d  
24S-isomers were formed (15). Similar studies 
have been published for the TMS ethers of 
[26 -2 H3 ] -5fl-cholestane-3a,7a, 12a-triol and [24- 
2H2]cholestane-3c%7tx,12a-triol (16), the 23, 
24 and 25-hydroxy derivatives of 5/~-cholestane- 
3ot,7a,12a-triol (17) and a series of pentols, 
such as 5/3-cholestane-3a,7a,12a-24~,26-pentol 
(18). 

By the addit ion of known amounts of bile 
acids or sterols with stable isotopes, quantita- 
tive work can be undertaken with assurance 
that the computer  will provide an assay of the 
desired fragment ions when operated in the 
selected ion mode (19,20) (multiple ion detec- 
t ion or mass fragmentography). A number of 
laboratories (21-25) have used deuterated bile 
acids such as [ 11,12 -2 H2 ]-CDC as the internal 
standard and the fragment ion m/e 372 for 
reference. Ahlberg et al. (24) assayed serum bile 
acids with added amounts of [2,2,3,4,4 -2Hs ]-C 
and [11,11,12-2H3]-DC with the fragment ions 
m/e 368, 370 and 373 for the TMS ethers- 
methyl esters corresponding, respectively, to 
M-(3x90) of C, M-(2x90) of DC and CDC, 
M-(3x90) of [2H s ]-C and M-(2x90) of [2H a ]- 
DC. Recently, Karlaganis et al. (25) used 
[ 11,12 -2H2 ]-CDC to determine 5 serum bile 
acids with a glass capillary column coated with 
barium carbonate-polyethylene glycol 20,000 
(0.2%), interfaced withl an MS. Extension of 
these studies to a larger number of epimeric bile 
acids and other glass capillary column installed 
in an LKB 9000 MS, is currently underway 
in our laboratory.  
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Analysis and Structure Determination 
of Unsaturated 5/~-Cholanoic Acids 
A. KUKSIS and P. CHILD, Department of Biochemistry and Banting and Best 
Department of Medical Research, University of Toronto, Toronto, Canada 

ABSTRACT 

Unsaturated cholanoic acids are known to arise as artifacts of chemical transformation processes 
and during storage and high-temperature gas liquid chromatography (GLC) of various derivatives of 
saturated bile acids. Nevertheless, there is evidence for their natural occurrence and isolation under 
conditions where artifactual formation of unsaturated bile acids would be unlikely. Since structural 
identification of such compounds is often complicated by a lack of knowledge of their analytical 
properties, a representative series of monounsaturated cholanoic acids with double bonds in rings A, 
B and C were prepared by POCI 3 and ZnC12 dehydration of saturated bile acids with selectively 
blocked hydroxyl functions. The cholenoic acids were indistinguishable from their saturated analogs 
by thin layer chromatography (TLC) on plain silica gel, but those compounds with sterically exposed 
double bonds were resolved by AgNO~-TLC, using chloroform/methanol solvent systems. The syn- 
thetic 5&cholenoic acids obeyed the general rules of GLC mobility based on the overall shape of the 
molecule and the number and configuration of the functional groups. Constant retention factors 
attributable to the double bond were observed for all of the double bond types on several GLC phases, 
and theoretical retention times could be calculated for combinations of double bonds and functional 
groups not specifically represented among the synthetic standards. With gas chromatography-mass 
spectrometry (GC-MS), the unsaturated bile acids gave several characteristic fragments, which, in 
conjunction with the chromatographic properties of the parent compounds, permitted an unam- 
biguous distinction among different unsaturated acids, and between unsaturated and saturated bile 
acids of the same number and configuration of functional groups. For complete structural identi- 
fication of saturated and unsaturated bile acids, capillary GC-MS represents the ideal state of the art, 
but the less expensive combination of AgNO 3-TLC and GLC also can yield much useful information 
concerning the structure of natural and synthetic 5t3-cholenoic acids. This study emphasizes the need 
for special precautions in the isolation and derivatization of bile acids intended for studies of un- 
saturated components. 

INTRODUCTION 

Unsaturated bile acids are known  to occur  in 
a wide variety o f  biological and exper imenta l  
settings. The most  c o m m o n l y  repor ted  natural  
unsaturated bile acids are those retaining the 
3~hydroxy-AS-conf igura t ion  of  the precursor  
cholesterol.  Thus, the 3/3-hydroxy-AS-cholenoic 
acid is the  major  bile acid in the urine of  
heal thy adults (1), and it has been suggested 
that  it is an in termedia te  in a minor  pa thway of  
cholesterol  metabol ism.  The 3 ~ h y d r o x y - A  s- 
cholenoic  acid has also been found in the  ur ine  
of  children with extrahepat ic  bile duct  atresia 
(2) and in adults with cholestat ic  liver disease 
(3). It has been suggested that  this acid arises 
via a simple side-chain ox ida t ion  of  cholesterol  
in response to low ATP levels in liver disease 
(4). The  presence of  3/3-hydroxy-AS-cholenoic 
acid in human mecon ium (5) and in the bile 
and feces of  newborn  and fetal  guinea pigs (6) 
has led to speculat ion that  this minor  pa thway 
of  cholesterol  metabol i sm may  p redomina te  in 
the  early life of  man and the  guinea pig. It  
also has been shown that  the  3/3-hydroxy-A s- 
cholenoate  is an in termedia te  in the conversion 
of  choles terol  to l i thochola te  and chenodeoxy-  

cholate in both  rat liver mi tochondr i a  and in 
the intact  animal (7). Likewise, the 3/3,70~- 
d ihydroxy-AS-cholenoic  acid has been found 
to be an in termedia te  in the fo rmat ion  of  
chenodeoxycho l i c  acid f rom 7~-cholesterol  in 
rat liver mi tochondr ia  (8) and in intact  rats 
(9). Evidence for an analogous pa thway in the  
hen (10,11) and the  carp (12)  has also been 
obtained.  

Fur thermore ,  unsaturated bile acids are 
known  to be involved as in termediates  in the  
bioconvers ion of  primary to secondary bile 
acids. This has been convincingly demonst ra ted  
in the  rat and the  rabbit ,  using doubly  labeled 
cholic acid. F r o m  the  label remaining in the  
recovered deoxychol ic  acid, it was deduced that  
the intestinal degradat ion of  cholic acid in- 
volved a dehydra t ion  at the 7a-posit ion,  giving 
rise to a 3a ,12a-d ihydroxy-A6-choleno ic  acid 
in termedia te  (13). It  was subsequent ly  shown 
that  a synthet ic  radioactive 3a, 12a-dihydroxy-  
A6-cholenoic  acid was conver ted to deoxy-  
cholic acid in the  rat intest ine (14). Likewise, a 
human fecal bacter ium has been found to 
dehydrate  cholic acid at the 7c~-position and to 
reduce synthet ic  3~, 120t-dihydroxy -A6-chol- 
enoic acid to deoxychol ic  acid (15). A major  
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pathway in the bacterial modification of bile 
acids leading to unsaturation of tho steroid 
nucleus involves a prior oxidation of the 
hydroxyl  group to a keto group. Escherichia 
coli from human feces have been found to 
convert cholic, chenodeoxycholic,  deoxycholic  
and lithocholic acids to the 1,4-dien-3-one 
derivatives with a variety of degraded side 
chains (16). Similarly, a set of  4 unsaturated 
intermediates, leading to the aromatization of 
rings A and B, have been described using human 
gut bacteria (17-19). Finally, incubation of  
lithocholate-3-sulfate with fecal microorganisms 
was found to give rise to A 2- and Aa-cholenoic 
acids (20,21). Thus, natural samples of bile 
acids can contain small amounts of unsaturated 
homologs (1,22), while unsaturated bile acids in 
relatively large amounts have been found in the 
hepato-biliary extracts of a 3200-year-old 
Egyptian mummy (23). 

Unsaturated bile acids, corresponding to the 
loss of  one or more hydroxyl  groups at C3, C6, 
C7 and Cz2 are known to arise as artifacts of 
dehydrat ion of saturated bile acids during 
chemical derivatization (24,25) and during 
storage and high-temperature gas liquid chro- 
matography (GLC) of the tr if luoroacetyl  
(26,27) and possibly tr imethylsi lyl  (28,29) 
derivatives. In addition, saponification of the 
3-, 7- and 12-sulfate esters of saturated bile 
acids leads to formation of corresponding 
unsaturated bile acids (20,25,30,31). 

In the past, the identification of both 
chemical and biochemical desaturation prod- 
ucts of bile acids has been complicated by a 
lack of knowledge of  their analytical properties 
and the unavailability of reference standards. 
We have recently prepared a representative 
series of monounsaturated,  mono- and di- 
substituted cholanoic acids and have examined 
their chromatographic and gas chromatographic- 
mass spectrometric (GC-MS) properties (32,33). 
In this communication,  we have reviewed this 
work along with the evidence for the artifactual 
formation of unsaturated bile acids during 
common analytical transformations. 

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

The monounsaturated 5~-cholanoic acids 
with double bonds in rings A, B and C (Fig. 1) 
were prepared by POCla and ZnCI~ dehydra- 
t ion of saturated bile acids with selectively 
blocked hydroxyl  functions, as previously 
described (32). The unsaturated ketocholanoic 
acids were gifts from Drs. B.A. Gordon and 
P. Ziegler. The 3a.12a-diacetoxy -A9(n) -  and 
30t,12/~-diacetoxy -AgO1)-cholenoic acids were 
obtained from Steraloids Co., Pawling, NY. 

LOSS OF HYDROXYL' GAIN OF DOUBLE BOND, 
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FIG. 1. Structure and nomenclature of the un- 
saturated bile acids prepared in the laboratory. 

The acids were converted into the methyl  esters 
by reaction with dimethoxypropane-HC1 (34) 
and were acetylated by acetic anhydride/  
perchloric acid (35). The trifluoroacetates of 
saturated bile acid methyl  esters were prepared 
at 40 C (40 min) in the presence of trifluoro- 
acetic anhydride, as previously described (36). 

For  thin layer chromatography (TLC) on 
plain silica gel, SIL-G-25 (0.25 mm) plates 
(Brinkmann Industries, Westbury, NY) were 
used. AgNO3-TLC was performed on Uniplates 
(20% AgNO3, 0.25 mm layer), coated with 
Silica Gel G (Analtech, Newark, DE). The 
plates were activated for 1 hr at 125 C prior to 
spotting and were developed in chloroform/ 
methanol  (200:1) (33). The separated com- 

I F . 

pounds were visualized by a 2 ,7 -d lch loro-  
fluorescein spray. The compounds were re- 
covered from the silica gel by elution with 
chloroform/methanol  (2:1 ). 

GLC separations of bile acid methyl  ester 
acetates were carried out isothermally on glass 
columns (90-180 cm • 0.3 cm id), using 1-3% 
OV-225 (cyanopropylphenylsi loxane),  SE-30 
(methylsiloxane) and Poly S-179 (polyphenyl  
ether sulfone) on 100-120-mesh Gas Chrom Q 
as the column packings (Applied Science 
Laboratories, State College, PA). The columns 
were installed in either an F&M Biomedical 
Gas Chromatograph (F&M Scientific Corp., 
Avondale, PA) or in a Varian 2400 Gas Chro- 
matograph (Varian Associates, Palo Alto, CA), 
equipped with flame-ionization detectors. The 
carrier gas was nitrogen at a flow rate of 20 ml/ 
min. Detailed operating conditions are given in 
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the legends to the appropriate figures. 
Combined GC-MS of the bile acid methyl 

ester acetates or trifluoroacetates was per- 
formed as previously described (32), using a 
Varian MAT CH-5 single-focusing instrument, 
coupled to a Varian Model 2400 gas chromato- 
graph. The acetates were analyzed on a 1% SE- 
30 column (90 cm x 0.3 cm id), whereas 
a 1% OV-210 (a fluoroalkylsiloxane) column 
was used for the trifluoroacetates. In both 
instances, helium was the carrier gas. Detailed 
analytical conditions are given in the legends 
to the appropriate figures. A limited number of 
analyses with the methyl ester acetates were 
made by capillary GC-MS using the Hewlett- 
Packard 5985A automated instrument, 
equipped with a 10-m flexible fused silica 
capillary column, coated with a Carbowax- 
OV-1 film. The samples were introduced by 
direct injections, using helium as the carrier gas. 
The capillary column was temperature-pro- 
grammed in the range 250-300 C. 

Rf 40  

;~ o '~ , , ,=~ 0',o,.,=o, r 

RESULTS AND DISCUSSION 

A reliable identification of unsaturated bile 
acids in natural extracts depends on a successful 
separation of the saturated and unsaturated 
components�9 Since certain saturated and 
unsaturated bile acids may overlap in any one 
chromatographic system or may yield compar- 
able spectra in the mass spectrometer, usually 
2 or more analytical systems may need to be 
combined to obtain an unambiguous result. 

Analysis and Structure 
of Synthetic Standards 

Of the micropreparative methods of poten- 
tial interest to the isolation of unsaturated bile 
acids, TLC, GLC and LLC (liquid-liquid chro- 
matography) may be considered. There have 
been no reports of the application of LLC to 
the separation of saturated and unsaturated 
bile acids. 

TLC 

An effective technique for the resolution of 
saturated and unsaturated steroids is AgNO3- 
TLC (37,38). The location of  the olefinic site 
in the ring system greatly influences the polar- 
ity of  the double bond and its ability to form 
n-complexes with the silver cations in the 
silica gel. Only a few applications of this 
technique have been made to bile acids (39,40). 
Figure 2 summarizes our results on the TLC 
behavior of the saturated and monounsaturated 
bile acid methyl  ester acetates on silver nitrate- 
treated silica gel. The chloroform/methanol  
solvent system was found to separate the bile 

07* 

0,20.d 
0,2 ,.,,,o.~.' [ ]  a * a ~  E1 ~ o - z Y  ~j 

[] 3o7o 

[] ~ , a , . a  ~ [] ~ - g '  
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[ ]  3s~o To~o 
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FIG. 2. Schematic survey of the Rf values of 
saturated and unsaturated bile acids on AgNO s-TLC. 
Adsorbent: 20% AgNO3-Silica Gel G, 0.25-mm layer 
(Uniplates, Analtech); solvent system: chloroform/ 
methanol (200:l);development time: 30 rain. 

acid methyl ester acetates according to the 
number and position of  the acetoxy or ketone 
groups. Tables of detailed numerical Rf values 
have been published elsewhere (34,41). The 
methyl ester acetates of the unsaturated bile 
acids migrate with their saturated counterparts 
on plain silica gel, but on the AgNO3-treated 
gel. the migration of the A 2-, A 3-, A6 and 
An-cholenoates  is found to be retarded in 
relation to that of  their saturated analogs. The 
highest degree of interaction with the silver ions 
is noted for the ring A unsaturated diacetoxy 

�9 1 1  
cholenoates and with the monoacetoxy-A - 
cholenoate, which is completely resolved from 
the isomeric A6-cholenoate. Separation of  the 
monoacetoxy-&6-5/3-cholenoate from the cor- 
responding saturated analog has been reported 
for the free acids (39). Only the AU-mono - 
hydroxy and -dihydroxy bile acids have been 
previously resolved from their saturated analogs 
as the methyl ester acetates (40). The resolu- 
tion is probably based on the disubstituted 
nature of these double bonds (no interaction 
with ring junctions) and their occurrence in 
exposed positions on the steroid ring system 
allowing rr-bonding with the silver ions in the 
silica gel. Similar effects of double bond loca- 
tion have been noted for the unsaturated 
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sterols, where the importance of masking of  
nuclear (37) and side-chain (38) double bonds 
by an adjacent alkyl group was also evident. We 
have already pointed out (33) that the relative 
ease  o f  complexing of the bile acid double 
bonds complexing with the silver ions, as 
e v i d e n c e d  b y  t h e  relative migration rates, paral- 
lels the susceptibility of the bile acids to 
h y d r o g e n a t i o n  by methods dependent on 
n-complex formation. 

Similar separations of bile acid methyl  ester 
acetates have been obtained with a benzene/ 
ethyl acetate solvent system (23). However, 
the toxicity of benzene and its capacity to 
quench the fluorescence of 2 ,7-dlchloro-  
fluorescein during visualization of the TLC 
plates has made it desirable to replace the 
benzene-containing solvents by chloroform/ 
methanol. However, the separation of isomeric 
unsaturated bile acids within a class of func- 
tional groups with either of  the solvent systems 
is limited and other methods must be found for 
preparation of  pure isomers. 

GI.C 

The bile acid methyl ester acetates which 
overlap or remain poorly resolved on AgNOa- 
TLC may be further separated by GLC to give 
essentially complete resolution of all common 
saturated and unsaturated 5/3-cholanoic acids. 

Table I gives the relative retention times of  the 
various 5~-cholenoic acids on 3 liquid phases 
selected for their high resolution (42) of 
configurational isomers (OV-225) and for their 
general applicability to GC-MS (43) of the bile 
acid methyl ester acetates (SE-30 and Poly 
S-179). From the relative retention times, it is 
seen that separation of the configurationat 
isomers of the 5/3-cholenoic acids with 1-2 
acetoxy groups is achieved in a manner similar 
to that obtained for the corresponding satu- 
rated acids (41-43). A useful measure of the 
extent of  the resolution is provided by the ratio 
of the relative retention times of the unsatu- 
rated compound and its saturated analog. A 
value differing by more than 0.10 from unity 
generally indicates a baseline resolution of any 
2 components (33,41). 

The predominant factor contributing to the 
differences in the GLC behavior of the unsatu- 
rated bile acids appears to be the ability of  the 
double bond to alter the orientation of  the 
acetoxy group at Ca through the interaction 
with the A/B ring junction. This is best seen in 
the behavior of the 3 30t-acetoxy-5fl-cholenoic 
acids with double bonds in ring B (Fig. 3). The 
AS-bond flattens the molecule at the A/B ring 
junction causing an increase in the interaction 
with the liquid phase and (or) support, leading 
to an increase in relative retention time similar 

TABLE I 

Relative Retention Times of  5~-Cholenoic Acid Methyl Ester Acetates 
on OV-225, SE-30 and Poly-S-179 Liquid Phases 

Retention t ime relative to saturated analog a 

Component  OV-225 SE-30 Poly-S- 179 

A a-Cholenoic 1.000 0.668 1.032 
A 2-Cholenoic 1.070 0.988 1.146 
12c~-OH-A a 1.038 0.948 1.063 
7o~-OH -A3 1.020 0.937 1.056 
7~-OH -A2 1.123 1.000 1.168 

12-Keto -Aa 0.992 0.927 1.000 
7~, 12t~-diOH-Aa/A 2 1.053 0.959 1.110 

3~-OH -As 1.179 1.113 1.167 
3/3- OH -As 1.204 1.156 1.283 
3~-OH-A 6 0.917 0.918 0.927 
3~, 12c~-diOH- A 6 0.941 0.922 0.913 
3t~-OH -AT 1.033 1.015 1.048 
3~,12t~-OH -AT 1.016 0.986 1.075 

12-Koto-Ag(11) 1.185 1.029 1.155 
3ct,12tx.diOH. A 9 (11) 0.869 0.879 0.860 b 
3~, 12/3-diOH-A9 Q 1 ) 0.940 0.848 0.851 b 
3or-OH,12-Keto-A9 Q 1 ) 1.117 0.992 1.130 c 
3~, 12c~-diOH-A s ( 14 ) 0.959 0.940 0.968 c 
3~-OH-A 11 0.965 0.956 0.972 
3t~,7~-diOH -All 0.977 0.987 0.979 c 

aWith methyl  deoxycholate  diacetate at 15 rain. 
bRecorded at 240 C; f low rate 20 ml /min.  
CHave been previously reported (43). 
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FIG. 3. GLC of saturated (A) and unsaturated (B) monoacetoxy-5/3-cholanoic acid methyl esters. The chol- 
anoic acids are identified by the position and orientation of the acetoxy group and by the location of the double 
bond; methyl 3a,12~-diacetoxy-5/3-cholanoate internal standard. Column: 1% OV-225 on Gas Chrom Q (100- 
120 mesh) in a 90 cm X 2-mm id glass U-tube. Column temperatures: 255 C (A); 250 C (B), isothermal. Sample: 
0.5 ~1 of ca. 1% solution in chloroform. 

to that observed for the 5a-cholanoic acids 
(42,43). The magnitude of shift in the retention 
time values of the unsaturated compounds 
decreases upon progressing from A s- through 
A 6- to AT-acids, reflecting the gradual displace- 
ment of the double bonds from the vicinity of 
the A/B ring junction. Of the ring B unsatu- 
rates, only the AS-compounds show baseline 
resolution from the saturated analogs on each 
of the liquid phases. The AS-5/3-cholenoic acids 
appear as leading shoulders on the peaks of the 
corresponding saturated acids, whereas the 
AT-compounds overlap completely with their 
saturated analogs. The A 6- and AT-derivatives 
are partially resolved from each other, and, in 
the case of the monoacetoxy derivatives, they 
are also resolved from the AS-isomers. The 
order of elution of the ring B unsaturates was 
found to be the same for all 3 liquid phases: 
A6 > A 7 > A s . Surprisingly, this trend does 
not appear to hold for the methyl ester tri- 
fluoroacetates of the 5/~-cholenoates with ring 
B unsaturation, which are not resolved from the 
saturated analogs on any of a variety of liquid 
ohases (29,44). 

Of the ring C unsaturates, the A a O+)-deriva- 
tire shows poor resolution from the saturated 
analog as well as from the AT-isomer on all 3 
liquid phases examined. However, effective 
resolution can be obtained with capillary 
columns. Comparable difficulties in the reso- 
lution of the A 7- and As(14)-compounds have 
been experienced with the 5fl-sterols, although 
the corresponding derivatives of the 5cz-sterols 

have been resolved on 4 different types of 
liquid phases, including SE-30 (45). The A 7- 
and AgO4Lcholenoates are also known to be 
poorly resolved as the methyl ester trifluoro- 
acetates (29), but resolution of the 3a,12a- 
ditrifluoroacetoxy-ASO4)-5~cholenoate and its 
saturated analog has been achieved on SE-30 
(29) and on a variety of other liquid phases 
(44). The separation of the 3a,12a-diacetoxy- 
As f14)-5/3-cholenoate and its saturated analog 
has been reported on SP-525 (46), but prob- 
lems with stability of this aromatic hydro- 
carbon phase have caused it to be withdrawn by 
the manufacturer (43). However, the Poly S- 
179 phase, intended as its replacement, is not 
able to resolve the 2 compounds (43). The 
A 7- and AsO4)-isomers are readily resolved 
by capillary GLC on nonpolar liquid phase.s 
(results not shown). In contrast, the A 9(ll)- 
cholenoates are well separated from their fully 
saturated counterparts. The epimeric 12-ace- 
toxy-AgOO-compounds are well resolved from 
each other and from the saturated analogs on 
each of the liquid phases, reflecting a radical 
alteration of the configuration of the 12- 
acetoxy group by the adjacent olefinic site 
(Fig. 4). Similar behavior was observed for the 
12-keto-A900-5~cholenoates,  except that 
their resolution from the corresponding satu- 
rated compounds was lost on SE-30 phase. The 
12-acetoxy-Ag(10-cholenoic acids showed a 
partial degradation at the usual operating 
temperatures of the silicone-based liquid phase, 
with complete destruction of the compounds at 
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FIG. 4. GLC of saturated (A) and unsaturated (B) diacetoxy-5#-cholanoic acid methyl esters. The cholanoic 
acids are identified by the position and conformation of the acetoxy groups and by the location of the double 
bond. Column: as in Fig. 3. Column temperature: 255 C, isothermal. Other conditions as in Fig. 3. 

the higher tempera tures  used with the Poly S- 
179 columns.  It  is no tab le  that ,  on the  OV-225 
liquid phase, each of  the 12-keto-A 9(11)- 
cholenoic  acids assayed was eluted in reverse 
order  to that  o f  the corresponding ace toxy  
derivatives when  compared  to the  saturated 
counterparts .  Thus, the  me thy l  12-keto-A 901)-  
cholenoate  was eluted after  the saturated ana- 
log, whereas the 12-acetoxy-&9OO-cholenoate  
was eluted ahead of  the saturated analog 
(Figs. 4 and 5). The  ef fec t  of  the AgOO-bond 
is thought  to be a reduc t ion  of  the molecular  
vo lume  of  the  hydroxy la ted  bile acid derivative 
(46). An examina t ion  of  the Dreiding m o d e l  
suggests that  this effect  is no t  realized in the  

12-keto - A 9 0 0 - c h o l e n o i c  acid, explaining the 
difference in the  e lu t ion  order. It  is possible 
that  o ther  513-cholenoic acids also undergo 
olef in- induced changes in their  molecular  
vo lumes  that  are consistent  wi th  the altera- 
t ions  in their  r e t en t ion  times. This  possibili ty 
may  offer  an al ternative to changes in polar i ty  
as an explana t ion  for the  observed re ten t ion  
effects. 

Of  the  ring A unsaturates,  the  A2-isomer is 
retained longer  than the  A 3-isomer, which over- 
laps with the corresponding saturated com- 
pound on OV-225 and on Poly S-179. On 
SE-30, the order  of  e lut ion of  the A 2- and 
AS-isomers remains the  same as on the  polar  

112aA2 

3 a ] 2 *  i 

~o . . . .  

FIG. 5. GLC of unsaturated 5B-eholanoic and ketocholanoic acid methyl esters. The cholanoic acids are 
identified by the position and orientation of the functional groups and by the location of the double bond. 
Column and operating conditions as in Fig. 3. 
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l iquid phases,  bu t  the  sa tu ra ted  acid n o w  over- 
laps wi th  the  A2-isomer.  Figure  5 shows  the  
separa t ion  o f  A 2- and  A a - cho l eno i c  acids on  
OV-225.  A comple t e  r e so lu t ion  of  these  com- 
p o u n d s  requi res  ca. 3000  theore t i ca l  plates,  
readi ly  ob t a ined  o n  a good  180-cm packed  
co lumn.  Equal ly  effect ive separa t ions  are 
ob t a ined  for  t he  A 2- and  Aa- i somers  of  7a-  
h y d r o x y c h o l a n o i c  acid. 

Table  II gives the  f rac t iona l  i n c r e m e n t s  in 
r e t e n t i o n  t ime  charac te r i s t i c  of  each  f u n c t i o n a l  
g roup  or  s t ruc tu ra l  fea ture  of  the  sa tu ra ted  and  
u n s a t u r a t e d  bile acid molecules .  These  fac to rs  
may  be  used to e s t ima te  the  relat ive r e t e n t i o n  
t imes  of  u n k n o w n  bile acids by  s um m i ng  t h e  
values for  t he  p red ic ted  f u n c t i o n a l  g roups  and  
t h a t  for  t he  m e t h y l  cho lanoa t e  b a c k b o n e ,  and 
conver t ing  t he  values to  t he  an t i logar i thms .  The  
n u m b e r  thus  ob t a ined  is an es t imate  of  the  
re ten t ion  t ime  relat ive to m e t h y l  d e o x y c h o l a t e  
aceta te .  

AgNO3-TLC-G LC 

The  r e so lu t ion  of  the  sa tu ra ted  and un-  
sa tu ra ted  5/3-cholanoic acids as the  m e t h y l  ester  
ace ta tes  can be great ly improved ,  and  the  
ce r ta in ty  of  i den t i f i ca t ion  of  all peaks  increased 

by  a c o m b i n a t i o n  of  AgNO3-TLC wi th  GLC. Of 
t he  3 l iquid phases,  t he  OV-225 offers  the  
best  prospects ,  a l t hough  it c a n n o t  be readi ly  
used for  GC-MS (43) .  The  c o m b i n a t i o n  of  
AgNOa-TLC and  GLC on  OV-225 has  been  
successful ly e m p l o y e d  in the  i so la t ion  and  
iden t i f i ca t ion  of  the  u n s a t u r a t e d  bile acids in 
the  hepa to-b i l i a ry  t issue ex t r ac t s  of  an Egyp t i an  
m u m m y  (23) ,  in the  i so la t ion  and  pur i f i ca t ion  
of  unsa tu r a t ed  bile acids p repa red  by  chemica l  
synthes is  (32)  and  in the  i so la t ion  and  ident i -  
f i ca t ion  of  the  deg rada t ion  p r o d u c t s  f rom the  
t r i f l uo roace ty l  der ivat ives  of  t he  c o m m o n  bile 
acid m e t h y l  esters  (47) .  However ,  the  assis tance 
of  capi l lary GLC is necessary for  the  di f feren-  
t i a t ion  b e t w e e n  the  A 7- and  AS(14)-chol - 
enoates .  Thus,  the  m e t h o d o l o g y  based on  
AgNOa-TLC and  GLC offers  the  p o t e n t i a l  for  
a sys temat ic  i den t i f i ca t ion  of  the  u n s a t u r a t e d  
bile acids in na tu ra l  bile acid ex t r ac t s  f rom any  
source.  

GC-MS 

The  assis tance of  GC-MS is necessary  for  t he  
ver i f ica t ion  of  the  s t ruc tu res  o f  any  u n k n o w n  
bile acids and  for  t he  d e t e r m i n a t i o n  of  the  
molecu la r  weight  and  the  n u m b e r  and  na tu re  of  

TABLE II 

The Effect of Various Substituents on the GLC Retention Behavior 
of Bile Acid Methyl Ester Acetates 

Additivit y Number of 
Substituent Conformation factor a compounds tested 

5fl-Cholanoate -0.900 
3 Keto 0.694 4 
3/3 Ac Axial 0.625 3 
3cx Ac Equatorial 0.605 7 
6 Keto 0.554 2 
7 Keto 0.497 4 
7/3 Ac Equatorial 0.481 2 
6c~ Ac b Equatorial 0.469 1 
12 Keto 0.417 4 
7c~ Ac e Axial 0.382 8 
12/3 Ac Equatorial 0.369 1 
12ct Ac Axial 0.280 6 

A/B = 5~ d 0.085 7 
A s 0.076 2 
A 2 0.031 4 
A 7 0.010 2 
A 3 0 . 0 0 8  2 
A i t  - 0 . 0 1 3  2 
AsQ 4 ) -0.018 1 
A 6 -0.032 2 

C-23-nor -0.145 3 

aThe antilog of the sum of the predicted factors plus that of the methyl cholanoate 
backbone gives an estimate of the RRTdeoxy value on OV-225. 

b6a Ac with no adjacent acetate (position 7). 
c7c~ Ac with no adjacent acetate (position 6). 
dSterols included in the calculation. 
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the functional groups, including the location of 
the double bonds. In general, all the unsaturated 
compounds exhibit the major ions expected on 
the basis of the known behavior of the satu- 
rated 5/3-cholanoic acid methyl ester acetates 
(48), and the majority of the fragments have 
been identified on this basis. In all instances, 
monounsaturation was recognized primarily by 
the mass of the nuclear ion fragment appearing 
at 2 mass units less than that of the correspond- 
ing saturated compounds. There were several 
diagnostically significant fragments that al- 
lowed distinction to be made among different 
unsaturated acids and between saturated and 
unsaturated acids of the same number and 
configuration of functional groups. The ions of 
greatest diagnostic value in the identification of 
the A~-compounds are the retro-Diels-Alder 
(RDA) ions (nucleus + side chain-54,  nucleus 
-54). These ions have been reported to be 
characteristic of A2-steroids (49,50), of many 
3-hydroxylated bile acids (49,51), and of the 
3-keto-5/3-cholanoic acids (49,52), which form 
A2-en-3-ol structures through enolization. In 
contrast, the A3-cholenoate is characterized 
by the absence of the RDA fragments. Thus, 
the RDA ions are absent from the. spectrum 
of methyl 12-keto-A3-cholenoate (32). Figure 
6 compares the spectra of the A 2- and A 3- 
cholenoates and points out the absence of the 

RDA ions (m/e 203 and 318) in the spectrum 
of the A a-cholenoate. 

In a manner analogous to that observed for 
the saturated bile acids, the ring A unsaturates 
with substituents at C-12 show a marked 
tendency to lose the side chain (49,51,52), 
giving a nuclear ion fragment as the base peak. 
The ring A monounsaturates with substituents 
at C-7 give small amounts of m/e 249, repre- 
senting ions arising from rings C + D + side 
chain, as has been previously noted for the 
saturated 5~cholanoates (48). The A 6- and 
AV-dihydroxycholenoates also can be distin- 
guished from each other because the ring B 
cleavage products at m/e 247 occur only in 
the spectrum of the A 6-compounds, as shown 
ha Figure 7. This ion is markedly reduced in 
intensity in the spectrum of the dihydroxy 
compounds when compared to the mono- 
hydroxylated compounds. This is probably 
because of the presence of the 12a-acetoxy 
group, which facilitates the loss of the side 
chain, thus avoiding the pathway to this frag- 
ment. In other aspects, the mass spectra of 
these compounds are similar to that of methyl 
triacetoxycholate. The m/e 249 is of diagnostic 
significance in that it indicates the potential 
presence of a 5,6- or 6,7-double bond, or 
substitution at C-6 or C-7 (14,30,53). Thus, the 
m/e 249 fragment is prominent in the spectra 
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FIG. 6. GC-MS spectra of ring A unsaturated 
methyl cholenoates. (A) methyl A~-eholenoate; (B) 
methyl ~3-cholenoate; C, methyl cholanoate. GC-MS 
conditions as in ref. 32. 
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FIG. 7. GC-MS spectra of ring B unsaturated 
3cx-acetoxy-5~-cholanoic acid methyl esters. The 
cholanoic acids are identified by the location of the 
double bond. GC-MS conditions as in ref. 32. 
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of the 3-acetoxy-AS-cholenoates, which yield 
identical ions for both epimers, as previously - 
noted for the 3-trifluoroacetoxy derivatives s~ 

(51). The presence of the m/e 262 ion in these 
spectra can be used to distinguish the mono- " 
acetoxy-AS-from the closely similar A~-com - 
pounds, which do not contain it (Fig. 7). The 
m/e 262 arises by ring B cleavage (51). The 
6,7-double bond prohibits the cleavage of the ~ , 
6,7- and 9,10-bonds necessary for the forma- 
tion of the m/e 262 fragment. The fragmen- ~ " 
tation patterns of the methyl 3a-acetoxy-A 7- ~ 
cholenoates differ from those of the isomeric ~ 
A s- and AO-unsaturated bile acids by the 
absence of ions at m/e 2 4 9  and 262. The m / e  ~ " 

262 ion is found also with 7ot-acetoxy bile 
acids (51), including the spectra of methyl " 
A ~- and Aa-7tx-acetoxy-cholenoates. As shown 
in Figure 7, the AT-acid can be distinguished 
from the A s- and A ~-acids on this basis, despite 
the lack of characteristic ions of its own. 

The presence of an ion at m/e 286 is charac- , 
teristic of ring C monounsaturated diacetoxy 
methyl cholenoates, and it occurs with greatest 
intensity in the Spectrum of methyl diacetoxy- 
A s O4)-cholenoates. Otherwise these dihydroxy- 
cholenoates yield spectra closely similar to that 
of cholic acid (Fig. 8). An ion of possible 
diagnostic siznificance in the spectra of the 
dihydroxy-Ag"(H)-cholenoic acids occurs at m/e 
386. It is believed to correspond to a loss of the 
acetate at C-3 and a loss of ketene at C-12. The 
mass of the ion corresponds to that of the 
nucleus + side chain fragment (m/e 368) with 
a molecule of water added (32). The diacetoxy 
A9(n)-compounds gave spectra differing from = " 
that of cholic acid, mostly in the intensity of ; = 
the high-mass ions. This difference reflects the 
difficulty in removing the acetoxy group at 
C-12 as a result of the adjacent double bond. Of 
the remaining compounds with a single double 
bond in ring C, the AH-cholenoic acids gave 
mass spectra exhibiting the expected ions, 
which nevertheless permitted the identification 
of this class of cholenoates based on their 
tendency to lose the side chain during fragmen- 
tation in the absence of a 12a-acetoxy func- 
tion. 

Analysis and Structure of 
Degradation Artifacts 

We have employed the methodology just 
described for the isolation and identification of 
several unsaturated bile acids in the hepato- 
biliary tissue extracts of an Egyptian mummy 
(23). Figure 9 shows the GC-MS spectrum of 
a previously unidentified monounsaturated 
monohydroxy bile acid isolated from the 
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FIG. 8. GC-MS spectra of ring C unsaturated 
3,*, 12c~-diacetoxy-5/~-cholanoic acid raethyl esters. The 
cholanoic acids are identified by the location of the 
double bond. GC-MS conditions as in ref. 32. 
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FIG. 9. GC-MS spectrum of a monounsaturated 
12a-acetoxy bile acid methyl ester (A) and of a 
synthetic methyl 12~-acetoxy-A2(Aa)-5#-cholenoate 
(B). GC-MS conditions as in ref. 23. 

mummy and of the corresponding spectrum of 
synthetic 12ct-acetoxy-A 2 (A 3)-cholenoate. The 
GC-MS spectrum of a previously unidentified 
monounsaturated dihydroxycholenoate isolated 
from the mummy bile and of the corresponding 
synthetic 3ct,12a-diacetoxy-A 6-cholenoate are 
shown in Figure 10. These compounds showed 
TLC migration rates consistent with those of 
monoacetoxy and a diacetoxy methyl chol- 
enoate, respectively, as well as GLC retention 
times compatible with the postulated 12ct- 
hydroxy- and 3ct, 12ct-dihydroxycholenoate struc- 
tures. 
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FIG. 10. GC-MS spectrum of a monounsaturated 
diaeetoxy bile acid methyl ester (A) and of synthetic 
methyl 3a,12~-diaeetoxy-&6-5~-cholenoate. GC-MS 
conditions as in ref. 23. 

An extensive dehydration of saturated bile 
acids may take place during trifluoroacetyla- 
tion, as well as during storage and during 
high-temperature GLC of the trifluoroacetates. 
Figure 11 shows the total ion current plot of a 
gas chromatogram of the trifluoroacetylation 
products of methyl chelate obtained at an 
elevated injector temperature (47). In addition 
to the major peak (peak 7), which represents 
the anticipated methyl ester tri-trifluoro- 
acetate of cholic acid, there are 6 additional, 
well resolved minor peaks, which are eluted 
earlier. On the basis of the GLC retention times 
of these peaks and of their mass spectra, we 
have made tentative identifications of them. 
In order of decreasing retention time, the 
extraneous peaks were identified as the methyl 
ester of the 30t, 12ot-ditrifluoroacetyl derivative 
of deoxycholic acid (peak 6), which was 
apparently present as a minor contaminant in 
the cholic acid preparation used for the test. 
Peak 5 represents the major degradation prod- 
uct of cholic acid. On the basis of its mass 
spectrum, it was identified as the methyl ester 
of 3cz, 12a-ditrifluoroacetoxy A s (14)-cholenoate, 
which resulted from the cholic acid by loss of 
the 7cx-hydroxyl group (Fig. 12). Its GLC 
retention time and mass spectrum correspond 
to those reported by KaUner (53) for an au- 
thentic synthetic compound. This compound 
recently has been observed as the major dehy- 
dration product of cholic acid in the hepato- 
biliary tissue extracts from a 3200-year-old 
Egyptian mummy (32). A reasonable spectral 
match was also obtained for a minor degrada- 
t ion product of cholic acid (peak 4). The pres- 
ence of an ion at m/e 340 suggests a ring C 
unsaturation, whereas the GLC retention time 
corresponds to a 3/3,12~-di-trifluoroacetyl c hol- 
anoic acid with a double bond at A sO4). 
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FIG. 11. GLC of methyl 3a,7a,12~-tritrifluoro- 
acetoxy-5#-cholanote (chelate) at elevated flash 
heater temperature (250 C). Tentative peak identity: 
1, 12a-trifluoroacetoxy-&3,A~-5B-choladienoate; 2, 
methyl 12a-trifluoroacetoxy-&= ,&7-5#-choladienoate; 
3, methyl 3~-trifluoroacetoxy-A~,att-5#-eholadieno- 
ate; 4, methyl 3#,12a-ditrifluoroacetoxy-/~s(~4)-5#- 
cholenoate; 5, methyl 3a,12a-ditrifluoroacetoxy- 
Zxs(J4)-5a-cholenoate; 6, methyl 3a,12a-ditrifluoro- 
acetoxy-5a-cholanoate (deoxycholate contaminant 
in test chelate). Column: 1% OV-210 on Gas Chrom 
Q (100-120 mesh) in a 90 cm X 2.0-mm id glass coil. 
Column temperatures: 225 C, isothermal. Sample size: 
1 pl of ca. 1% solution in diethyl ether. 
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FIG. 12. GC-MS spectrum of a monounsaturated 
methyl 3a,12~-ditrifluoroacetoxy-5#-cholanoate (A) 
and of corresponding synthetic methyl 3a,12~-di- 
trifluoroacetoxy-~ a (lal-5~cholenoate (B).  GC-MS 
conditions as in ref. 23. 

Otherwise, the mass spectrum of this com- 
pound was similar to that of the 3a,12a-di- 
trifluoroaeetoxy-AS04)-cholenoate emerging be- 
hind it (peak 5) from the GLC column. To our 
knowledge, there is no precedent for an epimer- 
ization of hydroxyl groups during GLC degra- 
dation of hvdroxy steroids. Peak 3 was iden- 
tified as a monotrifluoroacetyl derivative of 
a diunsaturated dehydration product of cholic 
acid, It was eluted with a retention time corres- 
ponding to lithocholic acid, which suggested 
the presence of a 3a-hydroxyl group. The mass 
spectrum of this compound was found to have 
a striking resemblance to that of a synthetic 
methyl 3a,7a-ditrifluoroacetoxy-A ll-choleno- 
ate (Fig. 13). The enhanced m/e 340 ion in 
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the spectrum of the unknown compound over 
that in the spectrum of 3a,7ot-di-trifluoro- 
acetoxy-All-cholenoate strongly suggests the 
presence of additional ring C unsaturation, 
arising from the loss of the 7a-trifluoroacetoxy 
group. This favors the identification of the un- 
known compound as methyl 3a-trifluoroace- 
toxy-AS04),AU-choledienoate. The remaining 
monotrifluoroacetoxy derivatives of the diun- 
saturated compounds (peaks 1 and 2) were 
eluted from the OV-210 column with retention 
times that indicated the retention of a 12c~- 
trifluoroacetoxy group (29). This was further 
supported by the mass spectrum (Fig. 14), 
which indicated that the compound tended to 
lose the side chain, which is characteristic of 
12-substituted bile acids. The absence of an ion 
at m/e 340 excluded ring C unsaturation and 
suggested the presence of a A~-double bond. 
The spectra of both peak 1 and peak 2 showed 
close resemblance to that of methyl" 3a,12a- 
ditrifluoroacetoxy-AT-cholenoate (32,53) and 
the presence in the spectrum of peak 2 of an 
enhanced m/e 314, representing an RDA ion, 
suggests that these degradation products are 
the A 2- and Aa-isomers of methyl 12a-tri- 
fluoroacetoxy-A 7-cholenoate. 

The presence of methyl 3or,12ot-di-trifluoro- 
acetoxy-A sO4Lcholenoate as the major break- 
down product of methyl cholate tri-trifluoro- 
acetate points out the preferential loss of the 
7a-trifluoroacetoxy (or 7a-hydroxy) function 
over either the 12a- or the 3a-substituent. 
This is confirmed by the absence of 7~-substi- 
tuted products among the monotrifluoroace- 
toxy-diunsaturated and di-trifluoroacetoxy- 
monounsaturated components. The relative 
order of the loss of the functional groups from 
the trifluoroacetoxy cholanoic acid methyl 
ester therefore may be summarized as follows: 
70~ > 12a > 30t. In contrast, the loss of an 
acetoxy group from the molecular ion of the 
acetoxy derivative occurs in the following order 
of decreasing preference: 12a > 7a > 3or (54). 

A comparable order of degradation of 
saturated bile acids would be anticipated in 
the presence of hot (100 C) 5% HC1 and meth- 
anol, which constitutes a recommended (55) 
method for the methylation of fecal bile acids. 
Likewise, the loss of TMS groups upon storage 
of the TMS ethers of bile acids or during their 
chromatography at high temperatures may 
result in similar degradation products (28,29), 
leading to a false indication of the natural 
occurrence of unsaturated bile acids. A syste- 
matic review of the routines commonly em- 
ployed in the isolation and derivatization of 
bile acids shows that dehydration of the com- 
mon bile acids may take place at any one step, 

 IL ILI  JiiL 

FIG. 13. GC-MS spectrum of a diunsaturated 
methyl 3a-trifluoroacetoxy-5/3-cholanote (A) and of 
the closely similar spectrum of synthetic methyl 
3a,7a-ditrifluoroacetoxy-All-5/3-cholenoate (B). GC- 
MS conditions as in ref. 23. 

FIG. 14. GC-MS spectrum of a diunsaturated 
methyl 12a-trifluoroacetoxy-5t3-cholanoate (A) and of 
a closely similar spectrum of synthetic methyl 3a, 
12a-ditrifluoroacetoxy-Zx~-5#-cholenoate (B). GC-MS 
conditions as in ref. 23. 

but that it is most serious during methylation 
at elevated temperatures and during saponifi- 
cation of bile acid extracts containing sulfates 
(20,30). Diazomethylation (56), methylation 
with dimethoxypropane-HC1 in the cold (34) as 
well as acetylation with acetic anhydride/ 
pyridine (55) or acetic anhydride/perchloric 
acid (35) at moderate temperatures seem to be 
essentially free of dehydration products, but 
such sensitive methods as single-ion monitoring 
of the GLC profiles of the bile acid derivatives 
may still reveal minor amounts of unsaturated 
bile acids (22). 

In the early work on bile acid GLC (56-59), 
methods were established for rapid and presum- 
ably artifact-free formation of volatile deriva- 
tives, and apparently satisfactory results were 
obtained. In several instances, where multiple 
peaks were obtained from a single compound, 
incomplete derivatization and~or hypothetical 
functional group interactions were proposed as 
an explanation (29,51). The advent of GC-MS 
methods has demonstrated that, in many in- 
stances, the extraneous peaks are dehydration 
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p r o d u c t s  ( 2 6 , 2 7 , 4 7 ) .  T h i s  s t u d y  d o e s  n o t  
d e n y  t h e  n a t u r a l  o c c u r r e n c e  a n d  m e t a b o l i c  
i m p o r t a n c e  o f  u n s a t u r a t e d  bi le  ac ids ,  b u t  i t  
s u g g e s t s  a n e e d  f o r  g r e a t  c a u t i o n  in  t h e  i s o l a t i o n  
a n d  d e r i v a t i z a t i o n  o f  bi le  a c i d s  i n t e n d e d  f o r  
a s s a y  o f  u n s a t u r a t e d  c o m p o n e n t s .  
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Conformational Analysis of Sterols: 
Comparison of X-Ray Crystallographic Observations 
with Data from Other Sources 
WILLIAM L. DUAX,  JANE F. GRIFFIN,  DOUGLAS C. ROHRER and 
CHARLES M. WEEKS, Medical Foundation of Buffalo, Inc., 
73 High Street, Buffalo, NY 14203 

ABSTRACT 

Crystallographic data on over 400 steroids collected in the Atlas of Steroid Structure provide 
information concerning preferred conformations, relative stabilities and substituent influence on the 
interactive potential of steroid hormones. Analysis of these data indicates that observed conforma- 
tional details are intramolecularly controlled and that the influence of crystal packing forces is neg- 
ligible. Crystallographic data on the orientation of the progesterone side chain contradict published 
force-field calculations. In 84 of 88 structures having a 20-one substituent, the C(16)-C(17)-C(20)- 
0(20) torsion angle is between 0 ~ and -46 ~ The 4 torsion angles that lie outside this range do so 
because of a 16r and not because of crystal packing forces. Not one of the 88 structures 
is found to have a conformation in which the C(16)-C(17)-C(20)-O(20) torsion angle is within +-15 ~ 
of the most commonly calculated minimum energy value. The narrow range of side chain conforma- 
tions seen in very different crystalline environments in the 88 crystal structure determinations and the 
predictable substituent influence apparent in the data strongly suggest that crystallographically ob- 
served conformers seldom deviate from minimum energy positions, regardless of hypothetical broad 
energy minima, metastable states and small barriers to rotation. The 96 crystaUographically inde- 
pendent determinations of the cholestane 17-side chain show that the chain has 4 principal confor- 
mations (A:B:C:D), occurring in the ratio 69:8:8:11. Although the fully extended side chain is 
clearly the energetically most favored one, in 16 observations of cholesterol itself only 6 are in the 
extended conformation. Some of the correlated conformational changes in the chains can be ration- 
atized on the basis of model studies, but others apparently result from subtle intramolecular forces. 
The unsaturated B ring provides another element of flexibility in the structure of cholesterol. The 
5-ene B ring is normally observed in an 8t3,9c~-half-chair conformation�9 However, ha structures con- 
raining more than one molecule in the crystallographic asymmetric unit, at least one of the 2 mole- 
cules is found to differ significantly from this form. It may be that this inherent flexibility is respon- 
sible for the presence of conformationaily distinct molecules in the same crystal�9 The intermolecular 
interaction observed in the crystal structure of cholesterol and its fatty acid derivatives illustrate the 
type of interaction between the steroid ring system and hydrocarbon chains that can be expected 
in membrane bilayers. 

INTRODUCTION 

Many biological funct ions  have been shown 
to depend direct ly on the presence of  a par- 
ticular steroid.  However,  even in the most  
thoroughly  s tudied systems,  the nature of  
the molecular  events involved in this structural-  
funct ional  dependence  is no t  fully under s tood .  
This highly sensitive correla t ion be tween  
steroid s t ruc ture  and observed func t ion  marks 
the  steroid field as one  of  the  mos t  promising in 
which  to pursue a molecular  e lucidat ion of  
s t ruc ture- func t ion  relat ionships.  

X-Ray crystal s t ructure  de te rmina t ions  pro-  
vide the most  precise and accurate details 
possible of  molecular  compos i t ion ,  configu- 
ra t ion and confo rmat ion .  Consequent ly ,  molec-  
ular s t ructural  data  derived f rom X-ray s tudies  
are playing an ever-increasing role in developing 
unders tanding  and cont ro l  of  biological pro- 
cesses. 

Crystal lographic data for 285 estranes,  

andros tanes  and pregnanes  have been  assembled 
and systematical ly  presented  in the first 2 
volumes  of  the Atlas o f  Steroid Structure (1). 
In this paper,  the  data concerning the orien- 
ta t ion  of the  17/3 side chains of  p roges te rone  
and cholesterol ,  the  c o n f o r m a t i o n  of  the  5-ene 
B ring of  choles terol  and the crystal packing 
pa t t e rns  observed in cholestanes  are analyzed 
and compared  wi th  theore t ica l  calculations 
when  available. 

DATA ANALYSIS 

Progesterone Side Chain 

The or ien ta t ion  of  the proges te rone  side 
chain (Fig. 1) can be def ined by the tors ion 
angle C(16)-C(17)-C(20)-O(20) (2). If this  angle 
�9 O 

is 0 ,  the 0 ( 2 0 )  carbonyl  echpses  the  C(16)- 
�9 . O 

C(17) bond.  If it is 120 , the carbonyl  echpses 
the C(13)-C(17) bond .  The 88 pregnane struc- 
tures having a 20-one subs t i tuent  for which 
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FIG. 1. Progesterone structure with numbering of 
the torsion angle that defines rotation about the 
C(17)-C(20) bond. 

X-ray crystal structures have been reported 
provide an exceptionally large sample on which 
to base a reliable evaluation of the minimum 
energy position of the side chain and the 
influence of various substituents on the confor- 
mation. The C(16)-C(17)-C(20)-O(20) torsion 
angles for the 88 crystallographically distinct 
observations are shown in Figure 2. The distri- 
bution of subsets having (a l )  no additional 
substitution or unsaturation in the D-ring or 
side chain, (a2) 21-hydroxy substitution, (a3) 
17a-methyl substitution, (a4) 17a-hydroxy 
substitution, (b) 17a,21-dihydroxy substi- 
tution, (c) 17a-acetate substitution, (d) 21- 
acetate substitution, (e) 16a-substitution, (f) 
16/3-substitution, or (g) 16a,17a-cyclo substi- 
tution also are shown. Structures qualifying for 
inclusion in more than one of  these groups have 
been included in the group in which the substi- 
tuent apparently has the greatest influence on 
side chain orientation. 

Cholesterol 17/3-Side Chain 

There are at least 96 crystallographicaUy 
independent determinations of the confor- 
mation of the cholestane 17-side chain. (A third 
volume of the Atlas o f  Steroid Structure will 
include structures of cholanes, cholestanes, 
ergostanes and cardenolides.) The conformation 
of the side chain can be unambiguously defined 
by 6 torsion angles: 

to1 = C(13)-C(17)-C(20)-C(22), 
w 2 = C(I 7)-C(20)-C(22)-C(23), 
cos = C(20)-C(22)-C(23)-C(24), 
to, = C(22)-C(23)-C(24)-C(25), 
co s = C(23)-C(24)-C(25)-C(26), 
('~ = C(23)-C(24)-C(25)-C(27). 

Although the terminal carbons C(26) and C(27) 
are chemically indistinguishable, they can be 
unambiguously labeled by adopting the follow- 
ing convention. Looking along the H(25)-C(25) 
bond, the clockwise sequence C(24), C(26), 
C(27) is imposed upon the atoms bound to 
C(25). Such a convention has been adopted in 
this analysis. When the C(25)-C(26)bond is 
trans to the C(23)-C(24) bond, the terminal 

4 8 0  

L 

S u b g r o u p s  (avr 

. . . . . .  g -  16e( ,17~ c y c l o  - 2 5 "  

�9 ~ I ~ i ,  �9 f - 1 6 p - s u b s t i t u t e d  

�9 . : . . = .  �9 ~ -  1 6 ~ - s u b s t l t u t e d  - 2 7 "  

: . .  d -  2 1 - A c e t a t ~  2 4  ~ 

�9 i.d* c -  1 7 ~ - A c e t a t e  -22" 

= b - 17~ .21 -  D t h y d r o x y  - 2 7 "  

1 7 - 0 H  
. . . .  - . ,  17-Me 

2 1 - 0 H  
�9 " ~  -A3- . a -  up~u l~ t l~ .U~d  . -15"  

-120 - 6 0  - 4 0  - 2 0  0 6 0  1 2 0  

T O R S I O N  A N G L E  C ( 1 6 ) - C ( 1 7 ) - C ( 2 0 ) - O ( 2 0 )  

FIG. 2. The observed distribution of the torsion 
angle C(16)-C(17)-C(20)-O(20) in 88 structures having 
a 20-one substituent illustrates restricted rotation of 
the side chain about the C(17)-C(20)bond. The influ- 
ence of various substitutions in subgroups a through g 
is also shown. 

a) 15 
D ~ 1 6  25 

1 3 ~ ' ~ 2  24 27 

21 

b) 16' 26' 

1 3 ~  v 241 25' 

211 
FIG. 3. Differences in conformation of the termi- 

nal methyls of the cholestane side chain in 5~-cholest- 
6-ene-3-one (10). Trans,+gauche (a) and .gauche, trans 
(b). 

methyl conformation is said to be trans,+gauche 
(Fig. 3a). When the C(25)-C(27) bond is trans 
to the C(23)-C(24) bond, the conformation is 
-gauche, trans (Fig. 3b). The observed values of 
these 6 torsion angles are given in Table I. The 
data clearly define 4 primary conformers, the 
fully extended chain and 3 conformers (B, C, 
and D) distinguished by (+)synclinal confor- 
mations of  6o4, w3 and (.o2, respectively. The D 
conformers are further subdivided according to 
the value of 604. 

Cholesterol B-Ring 

The conformations of B-rings having a 
C(5)-C(6) double bond generally range about 
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C O N F O R M A T I O N A L  A N A L Y S I S  O F  S T E R O I D S  

T A B L E  I 

C o n f o r m a t i o n s  o f  C h o l e s t a n e  Side  Cha ins  

785 

R e f e r e n c e s  
( s t r u c t u r e )  co 1 ~ 2  ~ a  co4 ~~ ~o~ 

C o n f o r m e r  A 

3.* - 1 7 5  - 1 6 8  - 1 7 9  - 1 7 6  - 1 7 6  3 
4. 1 7 8  -161  175  1 7 7  - 1 7 2  15 
5(a) .  1 8 0  - 1 6 4  174  - 1 7 4  -171  33  
6(a) .  1 7 8  - 1 5 9  176  - 1 5 9  - 1 7 0  3 4  
7 ~ ) .  177  - 1 6 9  1 4 8  175  - 1 6 8  35 
8. 1 7 8  - 1 8 0  165  1 6 6  1 7 8  37  
9(a) .  1 8 0  - 1 6 2  - 1 7 8  - 1 7 4  - 1 7 0  37  

10(a) .  1 8 0  - 1 6 6  1 7 8  1 7 8  - 1 7 6  41 
1 l(a) .  - 1 7 8  - 1 7 8  1 7 8  167  - 1 6 2  4 5  
12(a ) .  1 7 6  - 1 7 3  1 6 8  164  1 7 8  54  
13(a ) .  175  - 1 7 3  1 8 0  180  - 1 7 2  56  
I t(b).  -178 -176 178 160 -174 56  
1 4 ~ ) .  1 8 0  - 1 7 3  - 1 7 0  - 1 6 6  1 6 6  57  
15. - 1 7 9  - 1 7 2  173  167  - 1 7 7  57  
16(a ) .  1 7 7  - 1 7 8  1 7 4  177  - 1 5 3  58  
17.  - 1 7 7  - 1 6 4  - 1 7 2  - 1 7 3  1 8 0  59  
1 8 ~ ) .  1 7 9  177  1 7 6  1 6 6  - 1 7 2  59  
19. 1 7 6  - 1 7 2  1 7 8  165  1 7 9  59  
11(c) .  - 1 7 8  -175  1 7 8  173  - 1 7 0  59  
20(a ) ;  1 8 0  - 1 7 4  1 7 6  1 7 4  - 1 7 5  6 0  
21 .  - 1 7 8  - 1 5 6  - 1 7 6  1 7 8  - 1 7 5  61 
12(b) .  1 7 8  - 1 7 2  171  172  - 1 7 4  61 
22 .  - 1 7 9  - 1 5 5  - 1 7 8  - 1 7 9  - 1 7 3  6 2  
23 .  177  - 1 6 4  1 7 8  1 7 4  - 1 6 9  6 2  
24.  1 7 4  - 1 7 7  172  177  - 1 7 3  63  
25.  - 1 7 7  - 1 5 3  - 1 7 8  1 7 9  - 1 7 3  6 3  
26.  - 1 8 0  - 1 7 0  - 1 7 8  175  - 1 7 5  6 4  
27 .  - 1 7 7  - 1 5 8  - 1 8 0  - 1 8 0  - 1 6 9  65  
28.  - 1 7 8  - 1 7 3  1 6 8  169  -171  65  
29 .  1 7 7  - 1 6 7  175  172  -171  6 6  
l l ( d ) .  - 1 7 9  - 1 7 9  177  1 6 8  - 1 7 0  6 6  
30 .  1 7 6  - 1 6 5  1 7 7  1 7 8  - 1 7 3  6 6  
31(a ) .  1 7 7  - 1 6 0  1 7 7  - 1 7 4  - 1 7 4  6 8  
32. 1 7 9  1 5 7  1 8 0  - 1 7 6  - 1 6 9  6 9  
33.  - 1 7 8  1 7 9  175  - 1 7 6  - 1 6 5  71 
18(b) .  175  173  - 1 7 8  175  - 1 6 5  7 2  
31 (b ) .  - 1 7 4  175  177  - 1 7 4  - 1 7 0  7 3  
l l ( e ) .  1 7 7  - 1 7 0  171 1 7 9  - 1 6 6  7 5  
1 1 ( 0 .  1 7 8  - 1 6 9  175  167  - 1 6 8  85  
34 .  1 7 8  - 1 6 8  1 8 0  171 - 1 5 4  85 
35(a ) .  1 7 8  - 1 7 6  -175  1 7 8  - 1 5 0  89 
3 6 ~ ) .  - 1 7 5  - 1 6 9  - 1 7 9  1 6 0  - 1 5 8  1 2 0  
37(a ) .  - 1 8 0  - 1 7 3  1 7 6  176  - 1 0 5  116  
38.  175  - 1 4 5  1 7 4  169  -80  155  
39.  1 6 8  - 1 7 8  - 1 5 8  - 1 6 2  -80  129  
40 .  1 8 0  - 1 6 8  172  175  -78  1 5 7  
41 .  1 8 0  - 1 7 3  171  - 1 6 8  -74  165  
4 2  - 1 7 7  - 1 7 3  162  - 1 6 9  -73 - 1 7 6  
43 .  - 1 7 9  - 1 6 5  175  - 1 7 6  -72  1 6 4  
4 4 .  - 1 7 8  - 1 6 6  175  - 1 7 2  -68  1 6 7  
4 5 .  1 8 0  - 1 7 0  1 7 2  1 8 0  -67 1 6 8  
46 .  1 6 6  - 1 6 8  1 6 6  - 1 7 8  -67 172  
47 .  1 7 6  -151  - 1 7 3  175  -67 - 1 7 3  
16(b) .  1 7 7  - 1 7 8  1 7 4  177  -66  1 2 9  

5(b) .  - 1 7 7  -171  175  163  -64  1 6 8  
4 8 ( a ) .  - 1 7 2  - 1 6 7  - 1 7 4  1 7 7  -63  1 5 2  
4 9 .  - 1 7 8  - 1 6 4  - 1 7 5  - 1 7 0  -61 175  

5(b) .  - 1 7 7  - 1 7 0  - 1 7 8  - 1 7 5  -61 1 6 9  
20 (b ) .  - 1 7 7  - 1 6 0  - 1 6 4  - 1 6 6  -57  1 7 6  
50.  1 7 6  - 1 6 3  1 6 8  - 1 7 4  -57  171 
51.  173  - 1 6 9  - 1 7 9  1 7 8  -56  1 6 9  
52.  1 7 8  - 1 7 0  1 7 6  - 1 7 4  -51 - 1 7 6  
53(a ) .  - 1 7 8  -151  - 1 7 7  - 1 5 4  -49  - 1 4 5  
53 (b ) .  - 1 7 6  - 1 7 3  1 7 7  - 1 6 8  -49  172  
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TABLE I, cont inued 

References 
(structure)  w ,  ~2  ~ a  ~4 ~ s w6 

54. 177 -173 176 -160 -47 173 
55. 178 -152 -179 -173 -39 174 

9(b). -173 -161 175 161 -39 164 
3 5 ~ ) .  174 -171 171 166 - 3 2  55 
10(b). -178 -164 -178 -175 -12 -176 

Conformer B 

56. -170 -166 170 69 169 42 
57. 180 -174 174 60 180 56 
58~) .  -178 180 172 70 179 77 
58(b). -176 -166 -174 68 -170 80 
58(c). -174 -164 177 62 -179 80 
58(d). -175 -177 169 66 -179 85 
59(a). 180 -160 180 109 -145 159 
48(b). -170 -154 -178 -40 -80 167 

Conformer C 

58(e). 174 180 59 168 -140 108 
58(0.  174 -176 62 163 -136 110 
58(g). 169 180 72 -176 -89 157 
58(h). 174 -171 56 -173 -85 164 
14. 176 175 85 180 -85 165 
60. 175 178 56 176 -61 177 
36(b).  -178 -168 72 -178 -54 -170 
13(b). 180 176 81 177 -52 178 

Conformer D, 

l l ( g ) .  174 63 175 -68 -64 176 
l l ( h ) .  174 60 174 -67 -61 177 
59(b). 173 66 -168 -71 -58 175 
61. 179 73 -170 -99 -53 178 
62. -176 70 -166 -87 -39 -168 

Conformer D 2 

63. 177 62 158 -165 -172 47 
37(b). 171 58 -180 173 -93 79 
64. 174 60 -180 -170 -59 176 

7(b). -174 86 -170 -156 -3 171 

Conformer D a 

65. 174 65 178 64 178 56 
66. 172 57 176 61 -170 70 

*Structures: 3. 4',4":di~hloro-2~,3~-dihydrocyclobuta[2,3]-5a-cholestan-3'(4'H)-'one; 
4. cholesteryl  oc tanoate ;  5. cholesteryl  dodecanoate;  6. cholesteryl  nonanoate ;  7. sodium 
cholesteryl  sulfate d ihydra te ;  8. 5(lO--q/3H)abeo-lO(19)-cholest-ene-3/3,5~-diol 3-p-bromo- 
benzoate;  9. cholesteryl  laurate;  10. 5a-cholest-6-en-3-one; 11. anhydrous cholesterol;  
12. cholesteryl  acetate;  13. 14a-methyl-9~,19-cyclo-Se-cholestan-3/~-yl acetate;  14. chol- 
esteryl (17-bromo)heptadecanoate ;  15. (3R)-5a-cholestan-4-one-3-spiro-2'-(l ' ,3 '-oxathi- 
olane);  16. 6~-chloroacetoxy-3,S~-cyclo-5-cholestane; 17. 25-hydroxyvi tamin D 3 mono- 
hydra te ;  18. 14a,15a-epoxy-Sa-cholest-7-en-313-yl p-bromobenzoate ;  19. 5a-cholest-8(14)- 
ene-3~,15~-diol 3-p-bromobenzoate;  20. 4,4-dichloro-2a-aza-A-homo-coprostane; 21. 4- 
cholest-en-3-one; 22. 2a,3g-dichloro-5a-cholestane; 23. cholesteryl  chloroformate;  24. 
5-chloro-Sc~-cholestane; 25. 2a,3~-dibromo-Sa-cholestane; 26. 2c~-bromo-2~-methyl-5a- 
cholestan-3-one; 27. 4-cholest-en-6-one; 28. (E)-3a-acetoxy-5,10-seco-l(lO)-cholesten-5- 
one;  29. 4/3,5-epoxy-515-cholestan-3-one; 30. 5a-cholest-2-ene; 31. (25R)-cholest-5-ene- 
3~,26-diol; 32. l(lO-~16)abeo-5,7,9-cholesta-trien-3a-yl p-bromobenzoate ;  33. 9~,10c~- 
cholesta-5,7-diene-3~-ol e thanol  ( I  :1); 34. 3 '3 ' , :d ichloro-2~,3~dihydrocyclobuta[2 ,3]-  
5c~-cholestan-4'(3'/-/)=one; 35. 2-aza-A-homo-Sa-cholestan-l-one; 36. cholesteryl  myris ta te ;  
37. 24-methylene-S-cholest-ene-3~,713,19-triol; 38. 3/3,1613,23(R),26-tetrahydroxy-5~-chol- 
estane;  39. cholesteryl  bromide;  40. 14a-methyl-5a-cholest-7-en-3~,15/3-diol 3p-bromoben- 
zoate;  41. aplysterol  3~-iodobenzoate; 42. 6~-Bromoacetoxy-3,5a-cyclo-5-cholestane; 43. 
2~,3~-dichloro-Stx-cholestane; 44. 4/3,513-epoxycholestan-6-one; 45. 6/3-methyl-4-cholesten- 
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3-one; 46. 5c~,14~cholest-7-ene-3~,15~-diol di-p-bromobenzoate; 47. 3~-iodo-5-eholestene; 
48. cholesteryl deeanoate; 49. 5-vinyl-A-nor-Sc~-eholestan-3-one; 50. (25S)-3-oxo-4-ehol- 
esten-26-yl p-bromobenzoate; el .  7c~-bromo-3~-chloro-S-cholestene; 52.3,5-dinitrobenzoate ester of toxisterol; 53. cholesteryl undecanoate; 54. eholesteryl chloride; SS. eholesteryl oleate; 56. 4,4-dichloro-2a-aza-A-homo-Sc~-cholestan-3-one; 57. 5-eholesten-3#-yl p-toluene- 
sulfonate; 58. cholesterol monohydrate; 59. vitamin D a ; 60. (25S)- 5 -eholesten -3,25-26-triol ; 
61. (20S,22R)-2~,3/3,14ot,22,25-pentahydroxy-S#-cholest-7-en-6-one(eedysone); 62. (20R,- 
22R)-2/~,B/3,14a,20,22,2S-hexahydroxy-5/3-eholest-7-en-6-one (20-hydroxy eedysone); 63. 
5-oxo-S,lO-seco-l(lO)-eholesten-3f3-yl p-bromobenzoate; 64. eholesteryl dihydrocinnamate; 
65. 613-iodo-3~,5-epoxymethano-4-oxa-S~-eholestane ; 66.3cqS-dibromo-Sl3-eholestane. 

the symmetric 8~,9a-half-chair conformation in 
which atoms C(10), C(5), C(6) and C(7) are 
coplanar because of  the double bond and atoms 
C(8) and C(9) are displaced on the ~ and 
a-sides of  the plane, respectively (67). Rings 
having an ideal 8/3,9a-half-chair conformation 
possess pseudorotat ion symmetry about an axis 
joining the midpoints  of the C(5)-C(6) and the 
C(8)-C(9) bonds. If C(8) becomes coplanar with 
the C(10), C(5), C(6) and C(7) atoms, the 
B-ring has a 9a-sofa conformation and possesses 
a pseudomirror plane perpendicular to the ring 
and intersecting atoms C(6) and C(9). If C(9) 
rather than C(8) comes into the plane of  C(10), 
C(5), C(6) and C(7), the pseudomirror  plane 
passes through C(5) and C(8) and the confor- 
mation is an 8~-sofa. 

The asymmetry parameters of  nonideal 
systems measure the degree of  departure from 
ideal symmetry (i.e., asymmetry).  Related 
torsion angles are compared in a way that 
will result in a value of  zero if the symmetry  in 
question is present. Mirror-related torsion 
angles are inversely related (same magnitude, 
opposite sign) and such torsion angles are 
compared by addition. The 2-fold related 
torsion angles are directly related (same magni- 
tude and sign) and are compared by  subtrac- 
tion. The root-mean-square synthesis of  these 
individual discrepancies then yields a measure 
of  the ring's deviation from ideal symmetry  at 
the symmetry location in question. The 2 
equations used to calculate the asymmetry 
parameters are: 

~ i~l(~i + Oi*) ~ 
ACs= "= ~i [I1 

[n l ,  

where m is the number of individual compar- 
isons and ~b i and bi  t are the symmetry related 
torsion angles. Equation I is used to calculate 
mirror plane asymmetry parameters (AC_s). 
Similarly, Equation II is used to calculate the 
2-fold asymmetry parameters (AC2) (67). The 
asymmetry parameter  A_C 2 (5-6) describes the 
deviation of  a B-ring from the 8fl,9a-half-chair 
conformation. A AC2 (5-6) value of zero 
indicates a perfect half-chair conformation.  The 
asymmetry parameter  AC s (6) describes the 
deviation of the ring from a perfect 9a-sofa 
conformation.  

The calculated values of AC 2 (5-6) and AC s 
(6) for all 49 5-cholest-ene steroids of  Table I 
are given in Table II and plot ted in Figure 4. 
Different symbols are used in the plot to 
distinguish between cholesterol and other 
cholestanes, 

DISCUSSION 

Progesterone Side Chain 

In 84 of 88 steroids having the 20-one 
function (Fig. 2), the C(16)-C(17)-C(2o0)-O(20 ) 
torsion angle is between 0 and - 4 6 .  These 
observations are in agreement with the confor- 
mation predicted by WeUman and Djerassi (68) 
on the basis of optical  rota tory dispersion and 
circular dichroism measurements. The 4 struc- 
tures that lie outside this range do so because of  
a 16/3-substituent and not  because of  crystal 
packing forces. Neither 17a-hydroxy, 17a- 
methyl,  nor 21-hydroxy substitution alone has 
a significant influence on side-chain orientation. 
However, any one of  17a,21-dihydroxy substi- 
tution, 21-acetoxy or 16a-substitution shifts 
the side chain awa~ from the normal posit ion 
by an average of  10-. 

Force-field calculations (69) have been 
published concerning 15 pregnanes with 20-one 
function. Energy profiles associated with 
side-chain rotat ion suggest (a) that the barrier 
to rotat ion about the C(17)-C(20) bond is never 
greater than 6 Kcal/mol, (b) that  in many 
steroids (progesterone, 21-hydroxyprogesterone, 
16a-methylprogesterone and 16~-methyleor- 
texolone) the minimum energy conformation 
of the side chain is one in which the C(16)- 
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C(17) -C(20) -O(20) to r s ion  angle is at or near  
-60 ~ and (c) tha t  in 16~-substi tuted s t ruc tures  
there  is a broad energy min imum ex tend ing  
be tween  the  C(16)-C(17)-C(20)-O(20) angles o f  

O O . 

-60 and - 1 2 0 .  Crystal lographic data on 88 
pregnane  s t ructures  having a 20-one sbus t i tuen t  
cont rad ic t  these conclusions.  In Figure 5a, the  
energy profi les associated wi th  side-chain 
ro ta t ion  in p roges te rone  and 21-hydroxy-  

TABLE II 

Conformations of B-Rings of 5-Cholest-enes 
As Described by Deviation from Ideal 

Forms, Ranked in Decreasing Order 
of A C s (6) 

References 
AC s (6) A_C 2 (5-6) (structure) 

28.2 8.3 12(a) 
27.3 7.7 3 l(a) 
26.4 2.5 14(b) 
25.4 2.7 14(a) 
25.2 8.0 51 
24.9 6.4 9(a) 
23.2 1.1 l l (c)  
22. s l .o 11 (b) 
22.3 1.7 64 
22.1 2.3 41 
22.0 2.6 57 
21.8 5.7 58(c) 
21.8 1.1 7(a) 
21.3 2.3 53(a) 
21.1 3.4 l l (d )  
20.8 2.2 23 
20.8 3.4 6(a) 
20.4 2.9 6(b) 
20.3 2.9 l l (a)  
19.9 2.7 36(a) 
19.8 5.5 37(b) 
19.4 3.6 4 
18.7 4.4 55 
18.7 6.0 11(h) 
18.4 2.0 48(a) 
18.3 3.8 5(b) 
18.1 4.6 7(b) 
17.5 4.2 5(a) 
17.4 7.7 37(a) 
17.4 4.6 l l ( f )  
17.3 5.7 l l (g)  
16.9 10.3 36(13) 
16.5 6.6 1 l(e) 
16.2 7.5 53(b) 
16.1 6.7 60 
15.6 6.6 47 
15.6 11.6 54 
15.3 4.7 39 
15.0 6.2 9(b) 
14.3 9.1 12(b) 
12.8 14.7 31(b) 
12.0 15,9 48(b) 
11.3 6.9 58(h) 
11.0 4.7 58(b) 

9.9 12.9 58(a) 
9.2 11.9 58(d) 
7.8 15.6 58(e) 
6.7 16.6 58(g) 
6,4 18.2 5 8(f) 

proges te rone  are compared  wi th  the  distri- 
bu t ion  of  side-chain co n fo rma t i o n s  observed in 
subset  a. The observed popu la t ion  is shif ted ca. 
45 ~ f rom the  calculated m i n i m u m  posi t ion.  
Surprisingly, the  shift  is t oward  the  steep side 
of  the  well. 

The d is t r ibu t ion  of  the  con fo rma t ions  o f  the  
side chains of  the 16/3-substituted s t ructures  
suggests tha t  a barrier to  their  in te rconvers ion  
lies in t h e o r e g i o n  where C(16)-C(17)-C(20)- 
0 ( 2 0 )  = -60 . Such a barrier is absent  f rom the  
curves for the 16~-substi tuted co r t exo lone  and 
proges te rone  (Fig. 5b). 

The nar row range of  side-chain confor-  
mat ions  seen in very d i f ferent  crystall ine 
env i ronments  in the  88 crystal  s t ruc ture  deter-  
mina t ions  and the predic table  subs t i tuen t  
inf luence apparen t  in the  data s trongly suggest 
tha t  crystal lographically observed confo rmers  
se ldom deviate f rom mi n i mu m energy posi- 
t ions,  regardless of  hypo the t i ca l  broad energy 
minima,  metas table  states and small barriers to 
ro ta t ion .  The presen t ly  used m i n i m u m  energy 
calculat ion programs fail to represent  intra- 
molecular  forces  accurately and do no t  p roduce  
m i n i m u m  energy conformat ions .  

3o] ri:=, 

&Cs(6) 

0 5 10 15 20 25 

6 C 2 (5-6)  

FIG. 4. Conformational variation in 5-ene steroids 
(A = 3-OH-5-ene-cholestanes, �9 = other cholestanes). 

~ J ~  lit ................. 

FIG. 5. (a) Energy profiles associated with side- 
chain rotation for progesterone and 21-hydroxy- 
progesterone compared to crystallographic obser- 
vations. (b) Energy profiles associated with side-chain 
rotation for 16#-methylprogesterone and 16#-cortex- 
olone compared to crystallographic observations. 
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Cholesterol Side Chain 

The 6 principal conformations of the chol- 
esterol side chains are illustrated in Figure 6. 
The relative occurrence of  conformers A, B, C 
and D is 69:8:8:11. Failure to observe the 
-synclinal conformation at 6o2 and 603 can be 
rationalized on the basis of model studies. 
Within the conformational types, subgroups can 
be distinguished that illustrate correlations in 
the conformations of adjacent torsion angles. 
The torsion angles 604 and co s are +gauche,- 
trans in conformers of types B and D3, trans, 
-gauche in type C conformers and-gauche,-  
-gauche in type D1 conformers. These corre- 
lated differences can also be rationalized on the 
basis of model studies. The observed preference 
for the +synclinal conformation at 604 in 
conformer B and the -synclinal conformation 
at ws in conformer C are not readily explained 
on the basis of model studies. Although the 
observation of a -gauche conformation of 604 ~13 

structure 48b demonstrates that the confor- 
mation is attainable, it should be noted that 
torsion angle 6o 2 in this structure deviates 
significantly from 180 ~ . The most unexpected 
result of  this analysis concerns the distribution 
of observed conformation of the 5 terminal 
carbon atoms. Of the 2 most probable confor- 
mations (trans,+gauche/-gauche, trans), one is 
preferred over the other by a ratio of 2:1 
in the 6 9 structures with fully extended chains 
(conformer A). 

There are 18 structures in Table I in which 
there are 2 molecules in the crystallographic 
asymmetric unit. In 17 of  these structures at 
least one of the molecules has a fully extended 
side chain. In 3 cases (12,18,31), the side chains 
of both molecules have the trans,+gauche 
(60s,w6) conformation; in one case (53), both 
molecules have the -gauche, trans conformation; 
and in 7 cases, (5,6,9,10,16,20,35) trans,- 
§ and -gauche, trans conformers co- 
crystallize. Six more structures (7,i3,14,36, 
37,48) have one molecule with an extended 
side chain and a second molecule with a side 
chain in the B, C or D conformation. 

All the evidence indicates that the fully 
extended side chain with a trans,§ 
(ws ,606) conformation is energetically favored. 
The repeated cocrystallization of trans,+gauche 
and -gauche,trans forms and this observed 
overall ratio of  2:1 suggest a small difference 
in their relative energies. The cocrystalllzation 
of  cholestanes in which the side chain is in the 
extended form with those in conformation B, 
C, or  D may indicate either comparable con- 
formation energies of these forms under the 
condition of crystallization or the influence of  

C (14b) 03(66 ) 

FIG. 6. Six different conformations of the chol- 
esterol side chain. 

crystal packing forces stabilizing a higher 
energy form. It is curious that in all but one 
case an extended conformer is present in the 
lattice. Apparently, crystal forces can rarely 
overcome the side-chain preference for the 
extended form. The only 2 structures having 
8 molecules in the asymmetric unit are the 
anhydrous and the monohydrate forms of 
cholesterol. Six of the 8 chains in the an- 
hydrous cholesterol crystals are in the typical 
extended, trans,+gauche conformation and the 
other 2 molecules have their side chain in the 
D1 conformation. Surprisingly, none of the 8 
molecules in cholesterol monohydrate has a 
side chain in the extended form. Four of the 8 " 
chains in cholesterol monohydrate have one 
conformation (B), and there are 2 variants of  
conformer C present for a 4:2:2 ratio of 
conformational variation. 

The 9 structures in the sample having side- 
chain substitutions (17,31a and b,37a and b, 
38,41,50,60,61 and 62) have an A:B:C:D 
distribution of 8:0:1:3. Although substitutions 
do not seem to have a pronounced effect on the 
observed distribution of  conformers, certain 
specific substitutions do have a characteristic 
effect. For example, the 22-hydroxy substi- 
tuent in the 2 ecdysteroids (61 and 62) appar- 
ently is responsible for the adoption of a 
+gauche conformation of 602. It is also notable 
that although there is only one structure in 
which the C(25) hydrogen is observed to be 
trans to the C(23)-C(24) bond (48c), there are 
5 conformers in which there is a near eclipsing 
of all 3 substituents on atoms C(24) and C(25), 
with the hydrogen substituents eclipsing methyl  

+ o 
groups, i.e., 60s and 6o 6 close to -120  , sug- 
gesting that this conformation is preferred to 
one in which H(25) is trans to C(23)-C(24). 
It is stressed that the thermal motion at the end 
of the chain is large, particularly in structures 
having this unusual eclipsing, and that in several 
structures disorder is present. 
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Cholesterol B-Ring 

The flexibility of the 5-ene B rings produces 
an appreciable twist about the length of the 
steroid. The 2 crystallographically distinct 
molecules in the double asymmetric unit of 
(25R)-cholest-5-ene-3,26-dio1 (31) provide ex- 
amples of the extremes of this twist and its 
influence on the overall shape of the molecule 
(Fig. 7). More than half of the structures with 
5-ene composition have multiple asymmetric 
units and in 8 of them (9,12,31,36,37,48,53 
and 58) the B rings of the crystallographically 
distinct molecules exhibit differences similar 
to that shown in Figure 7. 

Perhaps the most remarkable feature of 
Figure 4 is the wide range of flexibility of the B 
ring in structures with an unsubstituted 3- 
hydroxy group (A in Fig. 4). Cholesterol itself 
ranges in conformation from the perfect 
8j3,9a-half-chair conformation toward the 9a- 
sofa conformation. The B rings in the an- 
hydrous form of cholesterol are in the more 
commonly observed conformation, but the B 
rings in the monohydrate crystals cluster near 
the midpoint between the 2 symmetric forms. 
As already noted, it is also in the monohydrate 
form that none of the side chains is fully 
extended. The flexibility of the rings as well as 
the side chain in cholesterol may contribute to 
the mobility of cholesterol in lipid bilayers. 

Cholestane Crystal Packing 

The crystal structures of cholesterol and its 
fatty acid derivatives provide excellent models 
for intermolecular interactions in membrane 
bilayers. Cholesterol itself (11,58) forms 
bilayers of ca. 30 A thickness with the polar 
regions at the outer surface (Fig. 8). The 
cholesterol side chains are interdigitated in the 
anhydrous form but not in the monohydrate. 
Craven and coworkers have reported an elegant 
series of crystallographic studies of fatty acid 
derivatives that illustrate a variety of types of 
interaction between the steroid ring system and 
the hydrocarbon chains. In most cases, the 
fatty acid chains are fully extended, as illus- 
trated in Figure 9. In the myristate (36) and 
heptadecanoate (14), the steroid rings are 
packed adjacent to one another, the fatty acid 
chains are packed together and the cholesterol 
side chains are at the surfaces of bilayers, where 
thermal motion is highest (Fig. 10a). In the 
oleate (55) and octanoate (4) structures, the 
steroids are again packed adjacent to one 
another, but the fatty acid chains and the 
cholesterol side chains are packed together (Fig. 
10b). In the laurate (5 and 9), decanoate (48), 
undecanoate (53) and nonanoate (6) deriva- 
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FIG. 7. Extremes of conformational variation in 
B-Rings of 5-ene steroids observed in (25R)-cholest- 
5-ene-3,26-diol (31) illustrate the impact on overall 
molecular conformation. 

FIG. 8. Bilayer packing observed in an anhydrous 
cholesterol ( l 1). 

FIG. 9. Structure of cholesteryl undecanoate (53), 
illustrating fully extended fatty acid chain. 

tives, the fatty acid chains pack with the 
cholesterol tetracyclic systems and not with 
themselves (Fig. 10c). Craven points out that 
arrangements of this last type are presumed to 
exist when Cholesterol is incorporated within 
biological membranes. 

Other Correlations 

In addition to providing a wealth of infor- 
mation on the conformation of the cholesterol 
B ring and side chain and illuminating the prob- 
able nature of interactions of cholesterol in 
biological membranes, the individual X-ray 
crystal structures have also answered a variety 
of biochemical and biophysical questions. The 
observed conformations of the lactone rings 
in 4,4-dichloro-2a-aza-A-homo-coprostane (20) 
and 4, 4-dichloro- 2a-aza-A-ho mo- 5a-cholestan-3- 
one (56) were found to be consistent with ORD 
and CD spectra. A number of structures, 
analyzed as part of a study of mechanisms of 
sterol biosynthesis (19,40,41 and 50), resolved 
questions of connectivity and absolute con- 
figuration. A comparison of the A-ring con- 
formation in 3-keto-5a-cholestanes provided 
quantitative evidence from solid state studies 
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FIG. 10. Variety of packing types and steroid 
fatty acid interactions observed in crystals of (a) 
cholesteryl myristate (from 36), (b) cholesteryl 
octanoate (from 4), and cholesteryl undecanoate 
(from 53). 

that  the  rate of  condensa t ion  of these com- 
pounds  wi th  benzy la ldehyde  is governed by 
confo rmat iona l  t ransmission,  as shown by 
the chemical  studies of  Bar ton et al. (70). 

Vi tamin Ds crystallizes wi th  2 molecules  in 
the  asymmetr ic  unit ,  and 2 d i f fe rent  chair 
forms  of  the  A ring are observed.  These obser-  
vat ions conf i rmed  the  2 fo rms  p roposed  to 
explain solut ion spectral  data (71). Fur the r ,  
based on the  activity and confo rmat iona l  
stabili ty of  A-r ing-subst i tu ted analogs of 
vi tamin Ds,  it has been p roposed  t h a t  one  of  
the  A ring con fo rma t ions  is essential  to  hor-  
mona l  funct ion .  The cocrys ta l l iza t ion o f  active 
and inactive con fo rmers  tha t  are k n o w n  to be 
in equi l ibr ium in solut ion and p re sumed  to  be 
of  app rox ima te ly  equal energy underscores  the  
po ten t ia l  significance of  the con fo rma t iona l  
d i f ferences  observed in the  solid state.  The 
numerous  cases (Table II) in which  the  5-ene B 
rings of  2 molecules  in the  same crystal  d i f fer  
to  the  degree i l lustrated in Figure 7 suggest tha t  
this con fo rma t iona l  d i f fe rence  may  also have a 
biological significance. 
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Determination of Molecular Formula and Stereoconfiguration 
of Unique Steroids by X-Ray Diffraction Analysis 
JEROME KARLE, Laboratory for the Structure of Matter, Naval Research Laboratory, Washington, 
DC 20375 

ABSTRACT 

X-Ray diffraction analyses can determine chemical composition, molecular formula and stereocon- 
f~uration and can provide geometric parameters with uncertainties for bond distances of the order of 
0.01 A and for bond angles of the order of 1 ~ . These analyses are especially useful when the substance 
analyzed is present only in very small quantities and is of uncertain composition or molecular formula. 
Only one suitable crystal is required for the analysis to proceed. There are many instances in which 
such circumstances have prevailed in the diffraction analysis of steroids. Among the examples given 
here is a new type of natural plant hormone with profound growth-stimulating capabilities when 
applied in nanogram quantities per plant. The structure determination of this substance has greatly 
facilitated attempts to synthesize it and thereby to derive sufficient quantities for widespread testing. 

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

Single crystal X-ray diffraction analysis has 
provided the 3-dimensional arrangements of 
atoms in numerous steroidal substances. In 
many cases, the stereoconfiguration established 
by chemists by chemical and physicochemical 
means were merely confirmed by the X-ray 
structure analysis. Even then the X-ray analysis 
provided a quantitative insight into the struc- 
tural characteristics of the analyzed substances, 
such as bond lengths, bond angles and confor- 
mational features, with the high accuracy that 
is presently found only among diffraction 
techniques. Such quantitative geometric details 
not  only are of inherent interest, but when used 
for comparisons among closely related com- 
pounds they can also facilitate the understand- 
ing of varying physiological activities and 
suggest structural alterations to achieve desired 
results. 

The use of diffraction analysis is particularly 
appropriate when there are uncertainties 
concerning the chemical composition, the 
structural formula or the stereoconfiguration, 
or when the quantities available are very small. 
The only requirement is the availability of a 
single crystal with dimensions ranging from 
about 0.I to 0.5 ram. The steroidal structures 
to be described in this article are examples of 
these special circumstances. A particularly 
interesting example concerning the frog toxin, 
batrachotoxin, a steroidal alkaloid having 
profound neurological effects, has been de- 
scribed in an earlier article concerning the 
investigation of steroidal structures by diffrac- 
t ion analysis (1). 

The method usually applied to the analysis 
of diffraction data for steroidal structures is the 
direct method of phase determination described 

in  some detail in the earlier article (1). Steroids 
normally crystallize in noncentrosymmetric 
space groups, and because they usually are 
composed of nonhydrogen atoms that differ 
little in atomic number, they are among the 
more difficult structures to analyze. It should 
be noted, however, that the direct method for 
structure analysis proceeds without the neces- 
sity of introducing heavy atoms into the 
structure. 

APPLICATIONS TO STEROIDS 

There are many examples in which structure 
determination by X-ray analysis can play a key 
role, not  only because the amounts of material 
available are very small, but also because 
unusual or extensive changes have occurred in 
the course of a reaction. Ultraviolet (UV) 
irradiation can generate unusual and, at times, 
extensive chemical changes in a substance. An 
example of an unusual change resulted from the 
UV-irradiation of 19,19-dimethoxy-17#-acetoxy- 
4-androsten-3-one. A major and a minor product 
were obtained which were thought to be 
epimers differing only in the configuration 
at C(19). The reaction is shown as follows: 

(1) (II) 

SCHEME I 

An X-ray structure analysis was performed 
(2) to determine the stereoconfiguration of the 
major photoproduct, a substance that crystal- 
lized in space group P21. The result is illustra- 
ted in the stereodiagram (Fig. 1). It shows thal; 

793 



794 J. KARLE 

0 0 

0 0 

0 0 

FIG. 1. A stereodiagram of the major photoproduct I (see Scheme I). 

in the major product, the methoxy group 
attached to C(19) points toward C(18), as indi- 
cated in photoproduct I in Scheme I. It is also 
seen that an additional ring containing an 
oxygen atom is formed. The A/B ring junct ion 
is cis, whereas the B/C and C/D ring junctions 
are both trans. The addition of the 5-membered 
ring between C(5) and C(10) flattens rings A 
and B near their junct ion and the torsional 
angles in this region are 5-10 ~ Smaller than 
normal. The methyl group in the methoxy 
moiety on C(19) is trans with respect to C(10) 
with a torsion angle about the C(19)-0(3) bond 
of +177 ~ 

Another investigation that originated in the 
use of UV-irradiation to generate chemical and 
structural changes concerned a derivative of 
pregnane. The irradiation of various derivatives 
of pregnane can induce cyclization between 
C(1 1) and the methyl group at C(19), forming a 
4-membered ring (3). The reaction proceeds 
from structure III e.g., to the cycloproduct IV 
(Scheme II). Fragmentation of (IV) by Pb(OAc)4 
yields VI as the main product, rather than the 
expected product V. 

As a consequence of the ring closure be- 
tween C(1 1) and C(19) and the introduction of 
an oxygen atom between C(9) and C(1 1), the 
steroid nucleus apparently would be forced to 

undergo marked conformational changes. An 
X-ray structural investigation was undertaken 
to examine this matter in detail and also to con- 
firm the formula and stereoconfiguration (4). 
The result of this investigation is shown in the 
stereodiagram in Figure 2. Some of the struc- 
tural features of VI that accommodate the 
oxygen bridge formed between C(9) and C(11) 
and the ring closure by the C(11)-C(19) bond 
are seen in the values of some angles. For 
example, C(2)C(3)C(4)= 118 ~ C(10)C(5)C(6) 
= 120 ~ and C(11)C(12)C(13) = 122 v in rings A, 
B and C, respectively, which are considerably 
larger than the values usually found for tetra- 
hedral carbon atoms. 

Rings A and B are in the chair conformation 
and have a trans-junction, the 7-membered ring 
C is in the boat conformation and the 5-mem- 
bered rings D, E and F are close to the half- 
chair form. Rings C and D have a cis-junction. 

x - o  M 

SCHEMEII 

0 0 

FIG. 2. A stereodiagram of a product derived by photocyclization of a pregnane derivative, Vl (see Scheme 
II). 
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Ring G has an envelope form with C(9) out  of 
the plane formed by the other 4 atoms. 

In another UV-irradiation experiment (5) 
on 19-hydroxy-7-dehydrocholesterol (Structure 
VII, Scheme III), it was found that  a loss of the 
functionality at C(10) occurs, yielding products  
VIIIa and IXa. Product VIIIa is the main photo-  
product,  whereas the diene IXa is obtained 
from VIIIa in a secondary photochemical  
reaction. 

R R 

H O ~  XO 

(VII) (VIII) 

R 

(I::) (x) 
m X ,s 
b; X=Ac 

SCHEME III 

The development of a possible mechanism 
for the formation of (VlIIa) and (IXa) is facili- 
tated by knowledge of the stereochemistry 
of the B/C ring juncture.  A likely model for this 
stereochemistry leads to the prediction of a 
positive Cot ton effect, whereas a negative curve 
was observed.Therefore,  an X-ray structural in- 
vestigation was undertaken (5) and the results 
are shown in the stereodiagram in Figure 3. 
X-Ray analysis showed that  the unsaturation in 
ring B caused distortions in the conformations 
of the 6-membered rings. Ring A has an envel- 
ope conformation and ring B has a half-boat 
conformation. Ring C is in the normal chair 
conformation,  but  some torsion angles lie out- 
side the usual range of 55-60 ~ for the chair 
conformation. Addit ional  derivatives were pre- 
pared by deuteration and acetylation (VIIIb, 
Scheme III). F rom the X-ray analysis and con- 
figurational considerations, a mechanism for 
the loss of the C(10) functionali ty was pro- 
posed. 

Of particular interest is some recent work 
on natural plant  growth regulators. There is a 
worldwide need to produce both energy and 
food efficiently and safely. Recent advances in 
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the use of plants for energy sources, such as the 
production of alcohols and crude oil, have 
greatly intensified the need to achieve reliably 
high yields of high-quality crops on a contin- 
uing basis, even in the face of adverse growing 
conditions. Since the dangers of nonbiodegrad- 
able pesticides have become well known, 
research on plant growth control has centered 
on naturally occurring substances produced by 
the plants themselves. These plant hormones 
are organic compounds other than nutrients, 
which, in low concentrations, affect the physio- 
logical processes of plants. The effective use of 
hormones to improve plant growth can greatly 
increase the product ion of biomass and even of 
plants that contain oil (6). 

Many research projects at present concern 
the isolation of hormones from plants. Collec- 
ting, isolating and purifying these materials is 
an expensive, time-consuming process, and 
most efforts result in extremely small amounts 
of pure hormones, even when the original 
sample consists of several kilograms of raw 
material. They must then be chemically synthe- 
sized and manufactured for large-scale practical 
applications. Evidently, in order to synthesize a 
molecule, its structure must be known. Brassin- 
olide (7-9) is a very potent  plant growth pro- 
moter,  active in amounts as low as 1-10 ng/per 
plant. Its isolation and purification has been of 
considerable interest since it has been shown to 
cause cell enlargement and to increase cell 
divisions in plants such as beans, corn and 
other vegetable crops. I t  also has shown poten-  
tial for use in many other agricultural crops and 
in certain plants grown in arid regions that  yield 
oil and other energy-related materials. However, 
the yield is so low (1 part in l0  s parts of the 
original sample) that  i t  would be impossible to 
consider large-scale testing unless the substance 
could be synthesized. A few crystals of brassin- 
olide were obtained and, although they were of 
poor quality, it was possible to gather the neces- 
sary data for an X-ray structural investigation. 

The structure of brassinolide has unusual 
features that would be quite difficult to deter- 
mine by the usual chemical and physicochemi- 
cal methods. The results of the X-ray analysis 
(9) shown in the stereodiagram in Figure 
4 indicate that  the 2,3-cis-glycol is a-oriented,  
all the ring junctions are trans and the B ring is 

FIG. 3. A stereodiagram of 19-norcholesta-5(10),16-dien-3#-yl acetate. 
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FIG. 4. A stereodiagram of brassinolide. The darkened circles represent oxygen atoms. All stereodiagrams 
in this manuscript were drawn from experimentally determined coordinates with the aid of the ORTEP comput- 
ing program (10). 

a lactone, an unprecedented feature in natural 
steroids. Only the relative configuration was 
determined in the X-ray analysis, but the 
enantiomer chosen for Figure 4 depicts the 
normal absolute configuration found in natural 
steroids. 

Ever since brassinolide was isolated and 
characterized, attempts have been underway to 
synthesize not only brassinolide but also 
analogous compounds that are easier to prepare 
in large quantities and still show adequate 
plant-growth regulating properties. Four such 
materials, Structures XI and XII (Scheme IV) 
(11) and Structures XIII and XIV (J.L. Flippen- 
Anderson and R.D. Gilardi, personal commun- 
ication), were investigated by X-ray structural 
analyses in order to establish the stereochem- 
istry at C(22), C(23) and C(24). The X-ray 
analyses showed that the steroid nucleus of 
Structures XI and XII and brassinolide are 
identical but that brassinolide differs from XI 
at C(22), C(23) and C(24), whereas it differs 
from XII only in the interchange of the methyl 

OH Ca 3 08 ca  
, I H I 3~t 

OH 

H O ' "  " 

0 0 

( X I )  (XII) 

OH C~H s oH c 2 a s a  

1 t o -  I.~ 

[io .- 
Ito 

( x I t I )  { x I v  ) 

SCHEME IV 

group and the hydrogen atom at C(24). The 
biological activities of XI and XII are ca. 0.1 of 
the activity of brassinolide. Compounds XIII 
and XIV differ from XI in that C(24) is substi- 
tuted with an ethyl rather than a methyl moie- 
ty and that XIV, in addition, has a different 
lactone ring. The X-ray studies confirmed the 
configurations of XIII and XIV. The biological 
activities of XIII and XIV are similar to those 
of XI and XII or ca. 0.1 of the activity of 
brassinolide. 

CONCLUDING REMARKS 

Evidently, there are many instances in which 
X-ray structure analysis has played an indispen- 
sable role in facilitating the investigation of 
steroidal substances. These include the identi- 
fication of the chemical formula and the deter- 
mination of stereoconfiguration. X-Ray analysis 
has facilitated chemical synthesis as well as the 
understanding of physical and chemical proper- 
ties and reaction mechanisms. 

There are close interrelationships between 
structure analyses and the calculations of the- 
oretical chemistry. At present, increased efforts 
are being made to develop these interrelation- 
ships between structure analyses and the cal- 
culations of theoretical chemistry. At present, 
increased efforts are being made to develop 
these interrelationships by associating structure 
investigations with theoretical calculations. The 
objective is to obtain deeper .insight into con- 
formational characteristics, reactivities, bonding 
and intermolecular interactions. Future re- 
search on steroidal molecules should benefit 
from these developments. 
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Fatty Acid Composition of Symbiotic Zooxanthellae 
in Relation to Their Hosts 
DAVID G. BISHOP and JANETTE R. KENRICK, Plant Physiology Unit, 
CSIRO Division of Food Research and School of Biological Sciences, 
Macquarie University, North Ryde, 2113, Sydney, Australia 

ABSTRACT 

Gymnodinoid dinoflagellate symbionts, commonly referred to as zooxanthellae, are widely dis- 
tfibuted among marine invertebrates. It has been assumed that they represent only one species, Gym- 
nodinium microadriaticum. The fatty acid composition of total lipids and galactolipids of zooxan- 
thellae isolated from 8 species of corals, 3 species of clams and a foraminiferan have been analyzed 
and found to vary according to the host. For example, the content of eicosapentaenoic acid in clam 
zooxanthellae monogalactosyldiacylglycerol was less than 2%, whereas in the same lipid from coral 
zooxanthellae, the content ranged from 9 to 22%. Corresponding values for the acid in digalactosyl- 
diacylglycerol were 1-8% from clam zooxanthellae and 23-40% from coral zooxantheUae. Coral 
zooxanthellae monogalactosyldiacylglycerol contain higher levels of octadecatetraenoic acid than are 
found in digalactosyldiacylglycerol, whereas the reverse is true in clam zooxantheUae. The fatty acid 
composition of the lipids of an axenic culture of zooxanthellae isolated from the clam Tridacna 
maxima are similar to those of ceils freshly isolated from the host. The results suggest either that the 
host is capable of affecting the fatty acid metabolism of the symbiont or that different strains of 
zooxanthellae occur in corals and clams. 

INTRODUCTION 

Dinoflagellate endosymbionts have been 
detected in a large variety of marine inverte- 
brates. Of these, the most widespread are the 
gymnodinoid dinoflagellates commonly known 
as zooxantheUae, which occur in marine inver- 
tebrates ranging from the Protozoa to the 
MoUusca (1). These zooxanthellae have been 
regarded by Taylor as consisting of only one 
species, Gymnod in ium microadriaticum (1). 
Recently, however, this view has been ques- 
tioned by Schoenberg and Trench (2-4), who 
have detected biochemical, morphological and 
ultrastructural differences in zooxanthellae 
isolated from different hosts, and have shown 
that the capacity of algae isolated from one 
host to infect another can differ widely. 

The lipids of dinoflagellates are character- 
ized by high concentrations of polyunsaturated 
fatty acids (5,6) and in particular of octadeca- 
pentaenoic acid, which has so far been reported 
to occur only in the Dinophyceae (6). It is 
present in the lipids of zooxanthellae isolated 
from the clam Tridacna maxima and  is concen- 
trated in the galactolipids, which are the major 
lipid components of the chloroplast mem- 
branes (7). This report details the fatty acid 
composition of total lipid and galactolipids of 
zooxanthellae isolated from a variety of hosts 
in the tropical waters of the Great Barrier 
Reef, Australia. It shows that octadecapenta- 
enoic acid is always present and that the fatty 
acid composition of the symbiont varies in 
different hosts. 

METHODS 

Corals and clams were collected in the 

vicinity of Great Paim Island (lat. 18 ~ 45'S; 
long. 146 ~ 40'E) and Lizard Island (1at. 14 ~ 
40'S; long. 145 ~ 28'E) and stored in tanks of 
running sea water. Zooxanthellae were isolated 
as previously described (7,8). Lipids were 
extracted from duplicate or triplicate samples 
of isolated zooxantheUae, intact foraminifera 
and whole coral heads, with chloroform/ 
methanol (2:1) in the presence of butylated 
hydroxytoluene as antioxidant. The extracts 
were shaken with 0.2 vol of 0.73% NaC1 solu- 
tion and the chloroform layer dried over 
Na2SO4, and concentrated under vacuum. All 
samples were stored in chloroform at -20 C 
in the presence of butylated hydroxytoluene. 
Analyses of galactolipids and fatty acids were 
carried out as previously described (7) except 
that quantitative analyses of fatty acids by gas 
liquid chromatography (GLC) were carried out 
on the SP-222-PS column at 175 C. Pure 
galactolipids for fatty acid analyses were 
isolated by preparative thin layer chromatog- 
raphy (TLC). 

Axenic cultures of dinoflagellates were 
grown using the conditions described by Deane 
and O'Brien (9). 

RESULTS 

The fatty acid compositions of the total 
lipids of zooxanthellae isolated from 8 species 
of corals (representing 3 families), 3 species 
of clams (2 families) and that of a foramini- 
reran are shown in Table I. Octadecapenta- 
enoic acid (18:56o3) is present in all samples 
in amounts ranging up to 12% of the total 
fatty acids. Hexadecanoic acid (16:0) is a major 
component in every case, its content ranging 
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from 14 to 23%. 7-Linolenic acid (18:36o6) 
previously reported as a component of clam 
zooxanthellae lipids (7) is also generally present 
in amounts much larger than a-linolenic acid 
(18:36~3) although a-linolenic acid is the 
isomer which is normally found in plants. The 
identity of 18:3co6 was confirmed by argen- 
tation chromatography of the methyl ester 
which was eluted in the trienoic acid fraction, 
and by mass spectrometry (MS). There are, 
however, marked differences in the levels of 
some polyunsaturated fatty acids of zooxan- 
thellae from different hosts. Thus, octadeca- 
tetraenoic acid (18:4) constitutes 9-18% of 
the fatty acids of coral zooxanthellae, but over 
30% of the fatty acids of clam zooxantheUae. 
Concomitant ly ,  clam zooxanthellae fatty acids 
contain only small amounts of eicosapenta- 
enoic acid (20:5)whereas  this acid is a major 
component of coral zooxanthellae lipids. The 
high level of eicosatetraenoic acid (20:4) in 
the foraminiferan lipids probably reflects the 
fact that the total organism was extracted, 
rather than isolated zooxantheUae. In a similar 
fashion, the level of 20:4 in a total extract of 
Acropora miUepora (polyp + zooxantheUae) 
was higher than that of the isolated zooxan- 
thellae. Fatty acid analyses of the total lipids 
of gonads and adductor muscle of the clam 
T. maxima did not reveal the presence of any 
18:5, suggesting that this acid is confined to 
the zooxanthellae. However, it was found that 
of the 2 isomers of 18:3, the content of 18: 
3603 was higher in both organs (2.6% in gonads, 
2.4% in muscle) than that of 18:3co6 (1.3% in 
gonads, 1.2% in muscle). This is the reverse of 
the situation in the symbiont. 

The possibility that contaminating animal 
tissue might be affecting the analyses of zo- 
oxanthellae lipids cannot be excluded. This is 
Particularly true of coral zooxanthellae where 
the presence of engulfing gastrodermal cells 
occasionally could be detected in the zooxan- 
thellae preparation (8). Therefore, analyses 
were made of the fatty acid composition of 
monogalactosyldiacylglycerol (MGG) and di- 
galactosyldiacylglycerol (DGG), which are the 
major lipid components of chloroplast mem- 
branes (10) and therefore reflect only the 
composition of the symbiont. The molar ratio 
of MGG:DGG, averaged over all the samples 
examined, was 1.03 -+ 0.14 in coral zooxan- 
thellae and 1.17 + 0.14 in clam zooxanthellae. 
These differences are not considered significant. 

The fatty acid composition of MGG and 
DGG from coral zooxanthellae is shown in 
Table II. Hexadecanoic acid (16:0), a major 
component of the total lipid fraction, is only 
a minor component of the galactolipid fatty 

acids, and there is also a decrease of docosa- 
hexaenoic acid (22:6) in galactolipids as com- 
pared to total lipids. The major fatty acid 
components of the galactolipids are 18:36o6, 
18:4, 18:5 and 20:5. Of these, 18:4 and 18:5 
are always present at higher levels in MGG than 
in DGG, whereas the reverse is true for 20:5. 

There are major differences in the galacto- 
lipid fatty acid composition of clam zooxan- 
thellae and those of coral zooxanthellae. The 
major fatty acid in clam zooxanthellae is 18:4 
which in Hippopus hippopus zooxanthellae 
accounts for almost 70% of the DGG fatty acid 
(Table III). Clam zooxanthellae DGG contains 
more 18:4 than does MGG, whereas the reverse 
is true in coral zooxanthellae. Clam zooxan- 
thellae galactolipids have substantial amounts 
of 18:5 but the major variation between clam 
and coral zooxanthellae galactolipid fatty acid 
is in the level of 20:5. In coral zooxanthellae 
MGG, the content of this acid ranges from 9 to 
22%, whereas in clam zooxanthellae MGG it 
is less than 2%. The contrast is more striking 
if one compares the level of 20:5 in clam 
zooxanthellae MGG with that of the Acropora 
zooxanthellae MGG where the content of this 
acid is over 18%. The lowest value in the level 
of 20:5 in coral zooxanthellae MGG occurs 
in the symbiont isolated from P. damicornis- 
a different family from the Acropora, and one 
which has shown other variations in fatty acid 
composition from the Acropora zooxanthellae. 
The content of 20:5 in clam zooxanthellae 
DGG is from 2 to 8%, compared to 23-40% 
in coral zooxanthellae DGG. 

The fatty acid composition of the galacto- 
lipids of the zooxanthellae from the foramini- 
feran Marginopora are similar to those from 
clam zooxantheUae, having a high content of 
18:4 and a low content of 20:5 (Table III). 
There is only a small amount of 20:4 in Mar- 
ginopora zooxanthellae galactolipids, compared 
to 21% in the total extract confirming that this 
acid is concentrated in the host tissue lipids. 

Finally, Table IV shows the fatty acid 
analysis of total lipids and galactolipids of 
axenically grown cultures of zooxanthellae 
isolated from the clam T. maxima, and com- 
pares them to the lipids of Amphidinium 
klebsii, another dinoflagellate capable of 
symbiotic association, and those of Amphi- 
dinium carterae, a nonsymbiotic dinoflagellate. 
The axenic zooxantheUae from T. maxima 
contain substantial levels of 18:5 and 18:3co6 
but little 20:5 and they are devoid of 20:4, 
22:4 and 22:5. There also is a marked increase 
in the levels of 16-carbon fatty acids, especially , 
16:1 and 16:3, in the axenic, compared to the 
symbiotic cells. Nevertheless, their fatty acid 
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F A T T Y  ACIDS O F  Z O O X A N T H E L L A E  

T A B L E  II I  

Major F a t t y  Acids  o f  Clam and F o ra min i f e r an  Zooxan the l l ae  Galactol ip ids  

803 

Host  Clams 

Hippopus Tridacna Tridacna 
hippopus crocea maxima 

Host  MG G  D G G  M G G  D G G  MGG D G G  

Fo ramin i f e r an  

Marginopora 
vertebralis 

MGG D G G  

Acid 
14:0 1.8 0.8 1.2 1.2 0.7 1.0 1.7 16.1 
16:0  1.7 1.4 1.6 1.8 1.1 1.4 2.5 5.8 
16:1 +a 0.2 1.1 1.0 0.4 0.3 0.4 0.3 
18:0 0.2 + + + + + 0.3 1.8 
18:1 1.1 0.8 0.7 0.7 0.6 0.8 1.0 0.7 
18:2666 0.6 0.8 0.9 0.8 0.5 0.4 0.6 0.5 
18 :3 to6  0.9 1.4 8.5 8.1 11.0 10.2 0.4 0.9 
18:36o3 2.3 2.2 + + 1.3 1.0 3.6 4.0 
18:4663 53.1 69.9 49.5 57.0 52.3 62.3 57.9 54.2 
18:5663 37.1 12.6 34.3 16.6 30.2 11.1 27.7 4.6 
20:4666 1.3 0.5 
20 :5 to3  + 0.8 0.8 4.9 1.5 8.3 0.3 1.8 
22:6663 + 8.3 + 6.5 + 2.2 + 7.3 

a A  + sign indicates  tha t  the  acid was  de tec ted  bu t  c ompr i s ed  less t han  0.2% o f  the  to ta l  f a t ty  acids. 

T A B L E  IV 

Major Fa t ty  Acids  o f  Axenica l ly  G r o w n  Dinoflagel la te  

Gymnodinium Amphidinium Amphidinium 
microadriaticum klebsii carterae 

Tota l  Tota l  Tota l  
lipid M GG D G G  lipid MGG D G G  lipid MGG D G G  

Acid  
14 :0  11.5 2.4 2.2 2.2 1.5 0.6 1.9 1.2 0.3 
16 :0  33.0 13.2 9.8 19.1 4.7 2.1 20.2 6.7 2.3 
16:1 21.7 19.8 13.9 1.0 0.7 0.2 0.5 0.5 +a 
16:2 3.7 6.4 6.1 + + + + + + 
16:3 2.1 7.1 6.8 
18:0  1.3 1.3 0.9 4.1 0.2 0.4 4.3 0.3 1.0 
18:1 0.2 + + 15.9 18.6 4.7 3.3 3.6 1.0 
18:2666 0.7 1.2 0.9 + + + 1.9 3.9 1.3 
18 :3 to6  3.3 8.3 6.2 8.7 15.4 13.0 2.5 5.2 3.3 
18:3663 + 0.9 + + + 
18:4663 9.2 25.6 39.1 21.4 39.9 38.1 24 .7  41 .2  44 .3  
18:5663 3.7 13.2 8.8 0.5 1.8 0.4 1.7 6.1 0.8 
20:5663 0.4 1.3 1.7 1 1.5 7.8 35.4 22.5 28 .8  45 .0  
22:6o93 7.8 0.2 1.8 10.7 0.6 0.4 15.2 2.4 0.4 

aA + sign indicates  tha t  the  acid was  d e t e c t e d  bu t  c ompr i s ed  less t h a n  0 .2% of  t h e  to ta l  f a t t y  acids. 

content still resembles those of zooxanthellae 
isolated directly from the same host, even 
though the axenic culture had been maintained 
for 3 years. In contrast, the lipids of both 
Amphidinium species contain only low levels 
of 18:5 which may explain why the acid has 
not been detected in previous analyses of 
A. carterae lipids (5,11). The high levels of 
hexadecenoic acid (16:1) in all fractions of the 
axenic zooxanthellae were not observed in 
symbiotic zooxanthellae. 

DISCUSSION 

The results just presented show clearly 
that zooxanthellae isolated from different hosts 
may have quite different fatty acid composi- 
tions. This observation raises a number of 
questions. The first concerns the mechanism 
of synthesis of polyunsaturated fatty acids m 
the cell, especially when it is in symbiosis with 
its host. Joseph (6) suggested that 18:5 might 
be synthesized by removal of a 2-carbon unit  
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f rom 20:5 ,  and  divided a n u m b e r  of dinoflagel-  
la tes  in to  2 g roups  accord ing  to the  ra t io  of  
18:5 to 22 :6  in the i r  to t a l  f a t t y  acids. F r o m  the  
da ta  in Table  I, i t  is d i f f icul t  to  place zooxan-  
thel lae  in to  e i the r  group as t he  ra t io  of  18:5 
to 22 :6  varies f rom 0.5 to 1.1. It  is t rue ,  
however ,  t ha t  those  zooxan the l l ae  wi th  the  
h ighes t  c o n t e n t s  of  18:5 (i.e., those  f rom 
clams) have the  lowes t  levels of  20:5  and  this  
fact  migh t  ind ica te  a p r ecu r so r -p roduc t  rela- 
t ionship .  But,  if  th is  is the  case, it is d i f f icul t  
to  envisage why  the  pos tu l a t ed  convers ion  of  
20 :5  to 18:5 does  no t  go to c o m p l e t i o n  in 
coral  zooxan the l l ae .  T he  presence  of  18:36o6 
in zooxan the l l ae  also is of  in teres t .  This  i somer  
is charac te r i s t ic  of  an ima l  t issues (12)  bu t  i ts  
presence  in the  galac tol ip ids  obvia tes  t h e  possi- 
bi l i ty  tha t  it might  be a c o n t a m i n a n t .  The  
n o r m a l  i somer  of 18:3 occurr ing  in p lan t s  is 
18:36o3, w h i c h  is t he  ma jo r  c o m p o n e n t  of  t he  
f a t ty  acids o f  ch lorop las t  galactol ipids  in h igher  
p lan t s  (13) .  

The  level of  18:36o6 in a to t a l  ex t r ac t  of  
A. millepora (i.e., po lyp  + zooxan the l l ae )  is 
lower  t h a n  t h a t  in isola ted zooxan the l l ae ,  
ind ica t ing  t h a t  the  acid is c o n c e n t r a t e d  in the  
s y m b i o n t .  

Apa r t  f r om the  poss ibi l i ty  t ha t  the  differ- 
ences  in f a t ty  acid c o m p o s i t i o n  of  zooxan-  
the l lae  f rom d i f fe ren t  hos t s  resul t  f rom an 
ef fec t  o f  the  hos t  on  t he  m e t a b o l i s m  of  the  
s y m b i o n t  or to  t r ans loca t ion  of  f a t ty  acids 
f rom hos t  to s y m b i o n t ,  it is possible  t h a t  the  
organisms in fec t ing  corals and c lams are n o t  
ident ical .  I t  has  been  widely  assumed tha t  the  
same species Gymnodinium microadriaticum 
in fec ts  b o t h  c lams and  corals (1)  bu t  r ecen t ly  
Schoenbe rg  and  T r e n c h  have suggested,  o n  t he  
basis o f  b iochemica l ,  u l t r a s t ruc tu ra l  and  infec-  
t ivi ty  d i f ferences  in axenic  cu l tu res  of  zooxan-  
the l lae  i so la ted  f rom a var ie ty  of  mar ine  inver- 
tebrates ,  t h a t  d i f fe ren t  s t ra ins  of  zooxan-  
thel lae  exist  wi th  varying abil i t ies  to infec t  
d i f fe ren t  hos t s  (2-4).  In  t ha t  case, ou r  resul ts  
could be exp la ined  on  t he  basis of  d i f fer ing 
s t ra ins  of  d inof lagel la tes  in fec t ing  clams and  
corals. I t  is a p p a r e n t  also t h a t  the  f a t t y  acid 
c o m p o s i t i o n  of  zooxan the l l ae  i sola ted f rom t he  
coral  P. damicornis ( fami ly  Poci l lopor idae)  
is s ignif icant ly  d i f fe ren t  f rom tha t  of  the  
organisms in fec t ing  the  5 species of  Acropora 
( fami ly  Acropor idae )  and  the  2 species of  the  
fami ly  Faviidae.  The  h igh  c o n t e n t  of  18:4  in 
P. damicornis zooxan the l l ae  is more  similar  to 
t h a t  of  c lam zooxan the l l ae  t h a n  to coral,  bu t  
like o t h e r  coral  zooxan the l l ae ,  P. damicornis 
con ta in s  more  18 :4  in M G G  t h a n  DGG. T he  
l ipids of  the  a x e n i c  cu l ture  of  zooxan the l l ae  
f rom T. maxima resemble  those  of  the  organism 

isola ted di rect ly  f rom the  hos t ,  w i th  respect  to 
the  low c o n t e n t  of  20:5  and the  fact  t ha t  DGG 
con ta ins  more  18:4 t h a n  MGG. This  f inding,  
t oge the r  wi th  the  lack of  18:5 and  low levels 
of  18:36o6 in clam tissue, argues against t he  
t r ans loca t ion  of  f a t ty  acids f rom hos t  to  sym- 
biont .  F u r t h e r  ev idence  in th is  d i rec t ion  will, 
however ,  require  the  i so la t ion  of  axenic  cul- 
tures  of  zooxan the l l ae  f rom d i f fe ren t  hosts ,  
bu t  if d i f fe rent  s t ra ins  of  organisms do  infec t  
d i f fe rent  hosts,  t hen  lipid analysis  may  provide  
a rapid and rel iable means  of  iden t i fy ing  differ-  
ences be tween  the  great  n u m b e r  of  zooxan-  
thel lae  which  infec t  mar ine  inver tebra tes .  
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Bile Acids: LXI. Synthesis and Properties 
of Conjugates of 5(x-Bile Acids 
ROGER SHAW and WILLIAM H. ELLIOTT 1, Edward A. Doisy Department of Biochemistry, 
Saint Louis University School of Medicine, St. Louis, MO 63104 

ABSTRACT 

Allo bile acids and their taurine- and glycine-conjugates were synthesized by modification of 
existing procedures. Their chromatographic and spectral properties were investigated and compared 
with the 5~3-analogs. Some of the naturally occurring 5a- and 5~-conjugates were separable by high 
performance liquid chromatography via straight-phase (Corasil II column) or reverse-phase systems 
(#Bondapak/C18 column), though unsuccessful with thin layer or gas liquid chromatography. Differ- 
ences between the C-5 epimers in the infrared and proton magnetic resonance spectra could be attrib- 
uted to the configurations at the A/B ring junction and the configuration of the 3-hydroxyl group. 
The calcium salts of the allo compounds were generally less soluble in water than the 513-isomers. 

ABBREVIAT IONS 

T, Tauro ; G, glyco ; A, allo or 5c~-; C, cholate 
(3a,7a,12a-trihydroxy-5/3-cholanate); DC, de- 
oxycholate (3a,12a-dihydroxy-5fl-cholanate); 
CDC, chenodeoxycholate (3ot,7a-dihydroxy-5~ 
cholanate); LC, lithocholate (3a-hydroxy-5/3- 
cholanate); TLC, thin layer chromatography; 
PLC, preparative layer chromatography; GLC, 
gas liquid chromatography; HPLC, high pres- 
sure liquid chromatography; PMR, proton 
magnetic resonance; MS, mass spectrometry; IR, 
infrared; EEDQ, N-ethoxycarbonyl-2-ethoxy- 
1,3-dihydroquinoline. 

INTRODUCTION 

The occurrence of conjugated 5~- or aUo bile 
acids apparently is limited to lower forms of 
vertebrates such as amphibians and reptiles 
(1,2), in contrast to the 5~analogs which are 
much more widely distributed in mammals. 
GlycoaUodeoxycholate, the first conjugated 
allo bile acid to be isolated and characterized, 
was obtained from gallstones of rabbits fed a 
diet containing 5a-cholestanol (3). The calcium 
salt of this allo compound was less soluble than 
that of calcium glycodeoxycholate, thus 
accounting for its presence in gallstones. More 
recently, several conjugated allo bile acids have 
been found in mammals including man (4-6). 
To ascertain whether the poor solubility of 
glycoallodeoxycholate was characteristic of 
only this analog of deoxycholate (e.g., choleic 
acid formation [7]) or was a characteristic 
generally of the coplanarity of the nucleus of 
the allo acids, the synthesis of glycine and 
taurine conjugates of several aUo bile acids was 
undertaken and their chromatographic and 
spectroscopic properties and solubilities were 

1To whom correspondence should be addressed. 

determined and compared with their 5/3- 
analogs. 

MATERIALS AND METHODS 

Commercial samples of 5~bile acids were 
purified via the methyl esters by established 
methods. Methyl allocholate and allocheno- 
deoxycholate and their 3/3-isomers were ob- 
tained from the respective 5/3-isomers by Raney 
nickel allomerization as described previously 
(8). In addition, 3a-hydroxy allo bile acids 
were prepared from their 3~-isomer~ by a new 
method. Chromatographic standards of sodium 
salts of conjugated 5fi-bile acids were obtained 
from Supelco Inc. (Bellefonte, PA). Taurine 
and glycine ethyl ester hydrochloride were 
products of Sigma Chem. Co. (St. Louis, MO). 

Acetone, benzene and hexane were distilled. 
Anhydrous methanol was Mallinckrodt ana- 
lytical grade. Absolute ethanol was USP reagent 
grade. Tetrahydrofuran and diglyme were dried 
by refluxing over sodium and distilled under 
nitrogen. All other solvents and acids were 
Fisher ACS certified and ACS reagent grades, 
respectively, d4-Methanol originated from 
Merck Chem. Div. (Darmstadt). IR spectra, MS 
and melting points (mp) were determined as 
reported (9); TLC on Silica Gel H or  HF254+366, 
PLC, GLC of methyl esters of bile acids and 
their trimethylsilyl derivatives, and HPLC were 
carried out as described (9-13). PMR spectra 
were recorded as described (14) in d4-meth- 
anol. Elemental analyses were performed by 
Galbraith Lab. (Knoxville, TN). 

Preparation of 3~-Hydroxy AIIo Bile 
Acids from Their 3fl-Epimers 

Epimerization o f  the 3~-tosylate according 
to Baker et al. (15). Methyl 3/3,70~-dihydroxy- 
5a-cholanate (8) was tosylated, epimerized with 
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tetra-n-butylammonium acetate, and the prod- 
uct hydrolyzed, remethylated and purified by 
PLC to yield methyl 3a,7a-dihydroxy-5a- 
cholanate in an overall yield of 56%. Upon 
alkaline hydrolysis, altochenodeoxycholic acid 
was obtained with mp 244-246 C (reported 
[ 11 ] m p  245-246 C). 

Epimerization o f  the 3~3-hydroxyl group via 
the methods o f  Bose et al. (16) and Herz et al. 
(17). A mixture of methyl 12a-hydroxy-3- 
oxo-5a- and 5/3-cholanates from the Raney 
nickel allomerization of methyl deoxycholate 
(8) was reduced in dry diglyme with lithium 
aluminum tri-t-butoxy hydride to provide a 
product which was separated by PLC into 
methyl 3/3,12ot-dihydroxy-5ct-cholanate (60%) 
and methyl 3ct,12a-dihydroxy-5/3-cholanate 
(20%). After further purification of the 3/3,12a- 
diol by grade III alumina column chromatog- 
raphy, it was stirred overnight with a mixture 
of triphenylphosphine, benzoic acid and diethyl 
azodicarboxylate (16,17) in dry tetrahydro- 
furan. After hydrolysis and purification by 
chromatography on grade V alumina and 
crystallization, allodeoxycholic acid (8) (pure 
by TLC, and by GLC as the methyl ester on 3% 
OV-210) was obtained in an overall yield of 
49%. 

Similar treatment of a mixture of methyl 
3-oxo-5a- and 5~cholanates obtained from 
allomerization of methyl lithocholate provided 
colorless crystals of allolithocholic acid (49% 
overall yield) comparable in mobility in GLC as 
its methyl ester (3% OV-17) and mp to au- 
thentic allolithocholic acid (18). Methyl 3/3,7a- 
dihydroxy-5a-cholanate was epimerized and 
hydrolyzed similarly to provide a 46% yield of 
ailochenodeoxycholic acid. 

General Procedure for the Preparation 
of the Sodium Salts of Taurine and 
Glycine Conjugated Bile Acids 

A mixture containing 1 mmol of bile acid, 
EEDQ ( 1.4 mmol) and taurine (1 mmol) in abs. 
ethanol (30 ml/mmol of bite acid) was treated 
with one mmol of 0.25 N sodium hydroxide in 
abs. ethanol. After refluxing for 2 hr, more 
EEDQ (1.4 retool) was added, and the refluxing 
was continued for another 1.5 hr. The reaction 
mixture was then worked up as described by 
Lack et al. (19). Yields of 85-90% were ob- 
tained for conjugates such as tauroallocholate, 
taurochenodeoxycholate and taurodeoxychol- 
ate. Anal. NaTAC 1 1/2 H20: calcd: C 55.35%, 
H 8.40%, N 2.48%, S 5.68%, Na 4.07%;found:  
C 56.02%, H 8.40%, N 2.27%, S 5.07%, Na 
4.15%. NaTACDC 3H20: calcd: C 54.24%, H 
8.75%, N 2.43%, S 5.57%, Na 3.99%;found: C 
54.13%, H 8.49%, N 2.74%, S 6.02%, Na 

4.63%. Sodium content was determined by 
atomic absorption spectroscopy. No calcium 
was detectable with this instrument. No nin- 
hydrin-positive material was present in the 
sample; no free bile acid or EEDQ was observed 
in TLC or HPLC. 

Alternately, a mixture of a bile acid (1 
mmol), EEDQ (1 mmol) and glycine ethyl ester 
(1.5 mmol) (19) in anhydrous ethyl acetate (50 
ml) was refluxed with stirring for 5.5 hr under 
anhydrous conditions. After addition of a 
second mmol of EEDQ, the refluxing was 
continued overnight. Work-up of the reaction 
mixture (19) gave an average yield of ca. 90% 
for glycodeoxycholate and glycoallocheno- 
deoxycholate and 64% for glycoallocholate. 
Methyl esters of glyco-conjugates were prepared 
using 2,2-dimethoxypropane (20,21). 

RESULTS A N D  DISCUSSION 

Chemistry 

Allodeoxycholic and allolithocholic acids 
were prepared from the corresponding 3-oxo 
precursors by a new route to bypass the diffi- 
culties encountered earlier (2) in the separation 
of the C-5 epimers of 3-oxo bile acid methyl 
esters obtained from Raney nickel allomeri- 
zation of the 5/3-cholanates. The components of 
the mixture were reduced in good yield to the 
corresponding equatorial 3-hydroxyl products 
which were then separated by careful PLC. The 
3fl-hydroxy-Sa-cholanate thus obtained could 
be epimerized either via the tosylate (15) or 
with diethyl azodicarboxylate and triphenyt- 
phosphine (16,17) to the corresponding 3ol- 
isomer as illustrated with methyl 3/3,Ta- 
dihydroxy-5a-cholanate. Although the yields 
were comparable in both these methods for the 
bile acid studied, the second procedure was 
preferred because of a shorter reaction time. 
However, several side products were observed in 
this reaction; the major one apparently was an 
unsaturated compound as judged by its mobil- 
ity in GLC. 

Conjugated allo bile acids were prepared by 
the Lack et al. method (19). By maintenance of 
anhydrous conditions and addition of a second 
batch of EEDQ after the initial reaction period, 
the yields of the crystallized products were 
increased to ca. 85-90%. A single crystallization 
was sufficient to remove unreacted material; 
the monohydroxy derivatives were crystalline, 
but the others were amorphous. Since comple- 
tion of these studies, Tserng et al. (22) have 
reported an alternate procedure. 

Table I includes melting points, and the 
mobilities of the synthetic conjugated allo bile 
acids on TLC and HPLC. Despite occasional 
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TABLE I 

Properties of Some Conjugated 5a-Bile Acids 
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mp 
(OC) Rf c Rf d Rf e RRv f RRvg 

TAC a 302-305 0.50 0.28 0.43 0.62 0.47 (0.47) 
TADC a,b 265-280 0.63 0.39 0.58 0.87 0.86 (0.90) 
TACDC a 210-212 0.60 0.39 0.57 0.85 0.75 (0.75) 
TALC a 250-260 0.72 0.51 0.69 1.41 1.65 (1.60) 
GAC a 283-287 0.36 0.06 0.28 1.14 0.46 (0.46) 
GADC a 261-264 0.51 0.14 0.42 2.23 0.82 (0.88) 
GACDC a 230-232 0.51 0.15 0.44 1.95 0.74 (0.73) 
GALC a 256-269 0.62 0.20 0.53 - 1.55 (1.50) 

aT denotes tauro-; G, glyco-; A, allo; C, cholate ; DC, deoxycholate; CDC, chenodeoxycholate; LC, litho- 
cholate. Thus, TAC refers to tauroallocholate. 

bSample turned yellow upon heating. 
CSolvent system: CHaOH/CHCIa/H20 (15:20:2, v/v). 
dSolvent system: 2-propanol/CHCla/Conc. NH4OH (30: 10:1, v/v). 
eSolvent system: CH3OH/CHCI3/7 N NH4OH/H20 (15:30:1:2, v/v). 
fRelative Retention Volume (RRv) related to taurodeoxycholate = 1; eluting solvent: 2-propanol/8.8 mM 

potassium phosphate buffer, pH 2.5 (160:340); elution rate = 1 ml/min through a "fatty acid analysis" column 
(30 cm X 4 mm id;Waters Associates) (13). 

gSolvent : 2-propanol/10 mM potassium phosphate buffer, pH 7.0 (160:340); elution rate = 1 ml/min through 
a ~tBondapak/C18 column (30 em X 4 mm id Waters Associates) (26). Values in parentheses are those of the 
corresponding 5j3-bile acid conjugates. The chromatographic standard is deoxyeholic acid. 

wide ranges in mp, the purity of these prepa- 
rations was shown by their homogeneity in the 
chromatographic systems. The glycine conju- 
gates were further derivatized as methyl  esters 
and their chromatographic purity was estab- 
fished in several systems (see following). 

Chromatography 

Separation by TLC of these conjugates from 
their 5~analogs is difficult and laborious, but 
small differences (ca. 0.02 in Rf values) in their 
mobilities are observed on plates of  Silica Gel H 
in the solvent system methanol/chloroform/7 N 
ammonium hydroxide/water ( 15:30:1:2, v/v), a 
modification of  system I of  Subbiah and 
Kuksis (23). Multiple developments were 
helpful for the separation of GDC (Rf 0.35) 
and GADC (Rf 0.39) (one and one-half devel- 
opments) and GC (Rf 0.25) from GAC (Rf 
0.23) (4 full developments) on EM "high 
performance silica gel 60" TLC plates in the 
solvent system i-amyl alcohol/acetic acid/water 
(18:5:2, v/v). Separation of the positional 
isomeric dihydroxyl derivatives by TLC tradi- 
tionally has been a problem. Eastman chro- 
matogram sheets appear useful in limited 
separations of pairs of dihydroxy conjugates 
such as GDC (Rf 0.14) and GCDC (Rf 0.16), 
TACDC (Rf 0.38) and TADC (Rf 0.40), and 
GACDC (Rf 0.16) and GADC (Rf 0.14) with 
the solvent system 2-propanol/chloroform/7N 
ammonium hydroxide (30:10:1,  v/v). The 

proximity of the taurine and glycine conjugates 
of the 5~3- and 5a-bile acids with this solvent 
mixture has been reported (24). 

Some improvement in separation of pairs of 
C-5 epimers of  these conjugated acids can be 
found with HPLC. With a Waters Associates 
Model 201 HPLC system (12) and a " fa t ty  acid 
analysis" or a/aBondapak/Cls column, relative 
retention volume (RRv) o f  conjugated aUo bile 
acids were essentially similar to those for the 
5/3-derivatives with a solvent system of 2- 
propanol/8.8 mM potassium phosphate buffer 
(pH 2.5) or 2-propanol/10 mM potassium 
phosphate buffer (pH 7.0), respectively, in a 
ratio of 160:340 (Table I). However, the 
conjugates of 5/3- and 5o~-deoxycholate are 
partially separable (Fig. 1) on one pass through 
the column. 

The ability of  straight-phase HPLC systems 
to separate epimers by recycling through the 
column is shown in Figures 2 and 3 in which 
the epirneric glycocholates were resolved in 3 
cycles and the taurocholates in 5 or 6 cycles on 
5 sequential columns of  Corasil II with systems 
of acetonitrile/acetic acid/water (400:20:5) and 
ethyl acetate /2-propanol /water /7N ammonium 
hydroxide (900:300:100:0.5),  respectively. 
Since TC and TAC occur naturaUy in significant 
quantities (1,2,24,25), this procedure offers a 
useful method to detect and separate TAC. 
Similar separations of GDC and GADC, and 
GLC and GALC have been reported (26). 
Partial separation of GCDC and GADC have 

LIPIDS, VOL. 15, NO. I0 



808  R. SHAW AND W.H. ELLIOTT 

I T A O C ~  
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FIG. 1. HPLC separation of TDC and TADC, and 
GDC and GADC on a "fatty acid analysis" column 
(Waters Associates) in solvent system 2-propanol/8.8 
mM potassium phosphate, pH 2.5 (160:340) at a 
flow rate of 1 ml/min; loop injection; differential 
refractometer as detector. Separation of TDC and 
TADC could conceivably be improved by recycling. 

F- 
1'o 2'o Jo 

ELUTION TIME (min) 

FIG. 2. HPLC separation of GC by the recycling 
mode (retention volume during the first cycle, Rv, 
17.6 ml) and GAC (R V, 20 ml) on 5 2-ft columns of 
Corasil II connected in series, in solvent mixture 
acetonitrile/acetic acid/water 400:20:5; flow rate 
2 ml/min; stop-flow septum injection; differential 
refractometer as detector. 

b e e n  o b t a i n e d  a f te r  5 cycles w i th  a m i x t u r e  of  
ace ton i t r i l e / ace t i c  acid ( 4 0 0 : 1 0 ) .  Par t ia l  reso- 
l u t i on  of  pairs  o f  t au r ine  con juga tes  (e.g., TLC 
and  TALC,  TCDC and  TACDC)  also are ob-  
served a f te r  several cycles o n  Corasil  II w i th  
so lvent  m i x t u r e s  of  e thy l  a c e t a t e / 2 - p r o p a n o l /  
wate r  ( 3 0 0 : 1 0 0 : 1 5 )  and  e thy l  ace ta t e /2 -  
p rop  ano l /7  N a m m o n i u m  h y d r o x i d e  ( 3 0 0 : 1 0 0 :  
25 :0 .5) ,  respect ively.  Expe r i ence  wi th  a /aPor- 
asil c o l u m n  ( 3 0  cm x 3.9 m m  id) suggests t h a t  
s imilar  sepa ra t ions  of  the  glycine con juga tes  can  
be e f fec ted  wi th  the  so lvent  s y s t e m ( s ) j u s t  
descr ibed ins tead  of  the  use of  5 sequen t ia l  
co lumns  of  Corasil  II. 

' ' ' " ' " ' " ' " 'o 
ELUTION TIME tminl 

FIG. 3. HPLC separation of TC (R V 19.3 ml) 
and TAC (R V 21.4 ml) by the recycling mode on 5 
Corasil II columns in a mixture of ethyl acetate/ 
2-propanol/water/7 N ammonium hydroxide (900: 
300:100:0.5); other conditions as in Fig. 2. 

Solubility of Salts 

H o f m a n n  and  Mosbach  (3)  showed  t h a t  t he  
aqueous  so lubi l i ty  o f  the  ca lc ium salt of  glyco- 
d e o x y c h o l a t e  was far greater  t h a n  t ha t  of  
ca lc ium g lycoa l lodeoxycho la t e .  T he  H o f m a n n  
and  Mosbach  e x p e r i m e n t  (3)  was e x t e n d e d  as 
fo l lows  (Fig. 4) :  to  0.5 m l  of  0 .04 M so lu t ion  
of  the  con juga te ,  a l iquots  o f  a so lu t ion  o f  0 .04  
M calc ium chlor ide  were added.  Prec ip i ta tes  
were observed  in so lu t ions  o f  GDC and G A D C  
wi th  0 .725 ml  and  0 .005 ml,  respect ively,  
whereas  so lu t ions  of  GCDC and G A C D C  
requi red  0 .40  ml  and  0.05 ml  of  the  ca lc ium 
chlor ide  so lu t ion ,  respect ively.  When  T A C D C  
was used,  0.7 ml  caused p rec ip i t a t ion ,  whereas  
wi th  TCDC, GC and  GAC,  TC and  TAC no  
p rec ip i t a te  was n o t e d  a f te r  11.5 ml  of  ca lc ium 
chlor ide  so lu t ion  were added.  T he  sod ium 
salts o f  t h e  m o n o h y d r o x y  GLC and  G A L C  are 
so i n s o l u b l e  t h a t  n o  da ta  were o b t a i n e d  w i th  
these  derivatives.  The  p o o r  so lubi l i ty  of  the  
m o n o h y d r o x y  bile acids is i l lus t ra ted  by  t he  

0.7 

0.6 

'~ 0.5 r 

~g.4  

~.0.3 

~ 0 , 2  

0.1 

FIG. 4. Comparative solubilities of calcium salts of 
some conjugates of allochen0deoxycholate and allo- 
deoxycholate and thei~ 5/3-analogs. GDC = glycode- 
oxycholate ; GADC = Glycoallodeoxycholate ; GCDC = 
glycochenodeoxycholate; GACDC = glycoallocheno- 
deoxycholate; TACDC = tauroallochenodeoxycholate. 
Height of the bars represents the ml of 0.04 M CaC12 
required to form a precipitate with 0.5 ml of a 0.04 M 
solution of the conjugate. TCDC failed to precipitate 
after addition of 11.5 ml of the CaC12 solution. 
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TABLE II 

Infrared Spectral Absorption Maxima (cm -1 ) of Sodium S a l t s  

of Conjugated Trihydroxy Bile Acids 
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TC a 3215- - 
3300 

TAC 3279 -- 
GC 3279 1597 

GAC 3259 1590 

1198 1170 1049 976 -- 943 -- 909 -- 

1198 1170 1042 -- 1010 -- 955 -- 888 
-- 1157- 1031- 976 -- 942 -- 909 -- 

1164 1042 
- -  1147- 1027- -- 1008 -- 955 -- 888 

1160 1038 

aSee Table I for explanation of symbols. 

fol lowing:  10 mg  of  sod ium TLC requi re  11 ml  
of  wate r  for  so lubi l iza t ion  whereas  sod ium 
T A L C  requ i red  30  ml ;  the  aqueous  m i x t u r e  
con ta in ing  solid bile acid was shaken  occasion-  
ally over a one-week  pe r iod  wi th  i n c r e m e n t a l  
add i t i on  of  wa te r  un t i l  no  solid r emained .  Since 
the  so lu t ion  of  ca lc ium chlor ide  was acidic, 
these  compara t ive  data  should  no t  be con-  
s idered as represen ta t ive  of  physiological  
cond i t ions ,  for  ne i the r  t em pe r a t u r e ,  ionic  
s t rengths ,  pH no r  c o n c e n t r a t i o n s  were com- 
parable  to  physio logica l  c i rcumstances .  How- 
ever, these  obse rva t ions  con f i rm  and  e x t e n d  
those  of  H o f m a n n  and  Mosbach  to show t h a t  
the  con juga tes  and  the i r  ca lc ium salts o f  several 
of  the  more  p lanar  allo bi le  acids are general ly  
m u c h  less soluble  t han  the  co r re spond ing  
5/3-derivatives. 

Spectral Analyses 

Suppor t ive  evidence for  i den t i f i ca t ion  of  
subs tances  e lu ted  b y  HPLC in a par t i cu la r  
f r ac t ion  can be p rov ided  by  MS, and  occas ion-  
ally by  IR and  PMR. Mass spect ra l  d i f feren-  
t i a t ion  o f  the  t aur ine  conjugates ,  and  the  
glycine der ivat ives  and  the i r  m e t h y l  es ter  have 
been  r epo r t ed  (27) .  With  e x c e p t i o n  of  the  pair  
TC and  TAC, all o t h e r  pairs can be dist in-  
guished by  e x a m i n a t i o n  o f  at least  one  of  t he  
ma jo r  f r agmenta t ions ,  T he  IR  spect ra  of  the  
sod ium salts o f  con juga ted  allo bile acids are 
d is t inguishable  f rom the  ana logous  5/3-deriva- 
t ives by  a b s o r p t i o n  b a n d s  exh ib i t ed  by  nuc lea r  
h y d r o x y l  g roups  in the  vic ini ty  of  1031,  1010,  
960  and  890  cm - t  (1 ,2 ,18) .  The  t au r ine  con-  
juga tes  exh ib i t ed  a b s o r p t i o n  at  1200 cm -1 for  
the  su l fona te  an ion  and  the  glycine con juga tes  
showed  a b s o r p t i o n  in the  v ic in i ty  of  1595 cm -1 
for  the  ca rboxy la t e  anion.  Tab le  II compare s  
charac te r i s t ic  a b s o r p t i o n  b a n d s  for  t he  t au r ine  
and  glycine con juga tes  of  cho la te  and  aUo- 
cholate .  

PMR spec t ra  were p red ic t ab ly  useful  in 
d i f fe ren t i a t ing  the  C-5 ep imers  by  v i r tue  o f  the  
chemica l  shifts  of  the  p r o t o n s  at C-3 and  C-19 
as exempl i f i ed  by  the  pairs  TC-TAC and GC- 

GAC in Table  III,  ana logous  to the  obse rva t ions  
of  Small  et  al. (28)  and  Sha lon  and  El l io t t  (29)  
for  the  free bile acids. Glyc ine  con juga tes  were 
charac te r ized  by  chemica l  shif ts  o f  the  p r o t o n s  
of  the  amino  acid m o i e t y  (f i=3.74),  whereas  the  
t au r ine  derivat ives exh ib i t ed  a shif t  a t  2.96 and  
3.60. 

Methy l  esters of  the  8 glycine con juga tes  
were conve r t ed  to  the i r  t r ime thy l s i ly l  e thers  
(TMS),  and  c h r o m a t o g r a p h e d  o n  3% OV-17  at 
260  C. R e t e n t i o n  t imes  relat ive to  the  bis-TMS 
e the r  of  m e t h y l  d e o x y c h o l a t e  for  the  8 deriva- 
t ives were 0 .58 or  0 .59 ;  thus ,  fai lure to  resolve 
these  derivat ives is in accord  wi th  an earl ier  
obse rva t ion  of  H a n a i n e h  and  Brooks  (30) .  
T r e a t m e n t  of  t he  taur ine  conjugates  wi th  
d i a z o m e t h a n e ,  b o r o n  t r i f l u o r i d e / m e t h a n o l ,  
m e t h y l  i o d i d e / d i m e t h y l  sulfoxide,  2 ,2-d imeth-  
oxypropane/HC1,  d i a z o m e t h a n e / p y r i d i n e  or 
me thano l /HC1  did no t  provide  suff ic ient  
a m o u n t s  of  a less polar  p r o d u c t  wi th  charac-  
ter is t ics  o f  a m e t h y l  es ter  to  war ran t  s t udy  b y  
GLC. 

In view of  these  chemica l  and  physical  
d i f fe rences  b e t w e e n  the  C-5 ep imer ic  conju-  
ga ted  bile acids, i t  wilt be of  in te res t  to  s tudy  
the i r  b iochemica l  and  physio logica l  proper t ies .  
The  f r equen t  and  some t imes  p r e d o m i n a n t  
occu r rence  of  the  5or-compounds in lower  
fo rms  of  an imals  in con t r a s t  wi th  the  pre-  
d o m i n a n c e  o f  the  5/3-analogs in the  more  h ighly  
evolved ve r t eb ra t e s  confers  m u c h  signif icance 
o n  such  s tudies  in a f ford ing  i n f o r m a t i o n  o n  the  
evo lu t iona ry  role  of  these  epimers.  
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Lecithin-cholesterol Acyltransferase: Inhibition 
by Local Anesthetics in Plasma from Man 
and Experimental Animals in vitro 
FRANK P. BELL 1 and EDNA V. HUBERT, Diabetes and Atherosclerosis Research, 
The Upjohn Company, Kalamazoo, MI 49001 

ABSTRACT 

Lecithin-cholesterol acyltransferase (LCAT, EC 2.3.1.43) was assayed in vitro in plasma from 
normal man, rat, rabbit and dog by following the formation of 14C-cholesteryl esters subsequent to 
labeling the plasma with 14C-cholesterol in vitro. In all species examined, various local anesthetics were 
found to inhibit LCAT when studied over the concentration range of 1 to 5 mM. The order of inhi- 
bition was dibucaine>benzocaine>tetracaine>lidocaine>procaine. Since LCAT activity represents 
the combined effect of a deacylation step and an esterification step, inhibition of LCAT by local 
anesthetics could theoretically involve either or both steps. 

INTRODUCTION 

Lecithin-cholesterol acyttransferase (LCAT, 
EC 2.3.1.43) occurs in the plasma of man and 
other animals (1-4) and catalyzes the esteri- 
fication of cholesterol with fatty acid derived 
from the 2-position of lecithin (5,6); high 
density lipoprotein (HDL) lecithin is the 
preferred substrate (2). The overall action of 
the enzyme is achieved via the integration of a 
lipase and a transferase step which can be 
distinguished as 2 separate events (7-9). Al- 
though the full physiological significance of 
LCAT is not understood in species such as man, 
LCAT activity contributes significantly to the 
circulating level of plasma steryl esters (10) 
and influences the metabolism of plasma 
lipoproteins as well (11-15). 

MATERIALS AND METHODS 

Human blood from normal male volunteers 
(21-28 years old) was drawn into tubes contain- 
ing sodium citrate, and blood from normal 
male laboratory animals was drawn into hepar- 
inized tubes. The animals used were 3-5-yr-old 
mongrel dogs, New Zealand rabbits (2.5-3 kg) 
and Sprague-Dawley rats (Upj:TUC(SD)spf) 
(200-250 g). The plasma was separated imme- 
diately by centrifugation at 4 C and assayed 
for LCAT activity using [4J4C]cholesterol 
(New England Nuclear Corp.; sp act 54 mCi/ 
raM) and measuring the formation of 14C- 
cholesteryl esters. 

LCAT Assay 

LCAT activity was assayed in human plasma 
by the Stokke and Norum method (16) as 

1Author to whom correspondence should be 
addressed. 

modified by Lacko et al. (17). In this method, 
plasma in which LCAT has been temporarily 
inhibited by 5,5-dithiobis-2-nitrobenzoic acid 
(DTNB, final concentration 0.7 mM), is pre- 
incubated for 4 hr with albumin-stabilized 
isotopic cholesterol. During the preincubation 
period, isotopic cholesterol transfers from the 
albumin to the plasma lipoproteins and yields 
ca. 90% equilibration with endogenous lipo- 
protein cholesterol (16,17). The assay is initi- 
ated by adding ~-mercaptoethanol (final con- 
centration, 11.8 mM) to eleviate the inhibition 
of LCAT. In addition, LCAT was assayed 
without preincubation in plasma samples to 
which 14C-cholesterol was added directly (0.7 
#Ci/ml plasma) as a solution in 50 #I acetone 
(18,19). This method has been used to measure 
net esterification of cholesterol (19) whereas 
a method involving preincubation of plasma 
with protein-bound isotopic cholesterol as just 
outlined (17) permits the additional measure- 
ment of initial rates of esterification. The 2 
methods were used to assay LCAT in human 
plasma in this study; since both were found to 
be equivalent in reflecting the relative potency 
of LCAT inhibitors, assay of LCAT by the 
direct addition of isotopic cholesterol in 
acetone was the method adopted for most of 
these studies. All assays were conducted at 37 C 
in a shaking water bath. Plasma samples were 
removed at various times and extracted with 
20 vol of chloroform/methanol (2:1, v/v) 
(17). The lipid extracts were fractionated by 
thin layer chromatography (TLC) on glass 
plates coated with Silica Gel G (20) and the 
esterified cholesterol fraction was scraped into 
vials for radioactive assay by liquid scintil- 
lation counting (21). In some experiments 
(human plasma), the unesterified cholesterol 
was eluted from the silica gel with chloroform 
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(21) and measured by gas liquid chromatog- 
raphy (GLC) (22). 

AU chemicals used were obtained commer- 
cially (DTNB, Aldrich Chemical Co., Rochester, 
NY; /~-mercaptoethanol, Eastman Kodak Co., 
Rochester, NY; benzocaine, dibucaine oHC1, 
procaine-HC1 and tetracaine-HC1, Sigma Chem- 
ical Co., St. Louis, MO; lidocaine'HC1, Sterling 
Organics, New York, NY). 

R E S U L T S  

Figure 1 shows the time-course for chol- 
esterol esterification by LCAT in normal 
human plasma employing the Lacko et al. 
assay method (17). Esterification was essen- 
tially linear over the entire 60-min assay inter- 
val. Equilibration of the ~4C-cholesterol was 
essentially complete prior to initiation of  the 
assay (0 time) since unesterified cholesterol 
specific activity (sp act) measured in triplicate 
at 0 time and 60 min was 1098 + 7 and 1114 + 
14 dpm/mttMol, respectively. Data from Figure 
1 also clearly show that LCAT is inhibited by 
addition of lidocaine and tetracaine to t h e  
plasma (final concentration, 3 mM). Calculation 
of initial rates of esterification from the data 
indicate 0.76 and 0.32 mttMol/ml/min in the 
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FIG. 1. Time-course of cholesterol esterification in 
human plasm~u Plasma from a normal 21-yr-old male 
(unesterified cholesterol, 37 rag%) was preincubated 
with DTNB and albumin-stabilized 14C-cholesterol in 
order to label the lipoprotein cholesterol. The LCAT 
assay was initiated by adding #-mercaptoethanol to 
reverse the DTNB-inhibition of LCAT (see methods). 
LidocaineoHC1 and tetracaine-HC1 were added as 
saline solutions (168 vl) to 4.5 ml of plasma prepa- 
ration to yield final concentrations of 3 mM. 14C- 
Cholesteryl ester formation was measured in 0.5-ml 
samples taken after various incubation intervals. 

presence of lidocaine and tetracaine, respec- 
tively, and 1.0 mttMol/ml/min in incubations 
without additions (control). These data are 
based on the assumption that there is complete 
equilibration of labeled exogenous cholesterol 
with the endogenous cholesterol pool used by 
LCAT (16,17). Figure 2 presents results of a 
similar experiment to that illustrated in Figure 
1 except that the 14C-cholesterol was added 
directly to the plasma (in 50 ttl acetone) to 
initiate the assay. The results of Figure 2 
confirmed the inhibitory effect of lidocaine 
and tetracaine and accurately reflected their 
relative potency. Because of  this close agree- 
ment between the 2 methods for studying 
inhibition of  LCAT, the direct addition of 
14C-cholesterol was used for all subsequent 
studies reported here. 

The data of Figure 3 show that inhibition 
of LCAT by lidocaine is not species-specific 
and is concentration-dependent. The inhibition 
of plasma LCAT in man, dog and rabbit was 
similar over the concentration range 1-5 mM 
with ca. 50% inhibition occurring at 5 mM. Rat 
plasma LCAT apparently was somewhat more 
sensitive, with 50% inhibition occurring at 3 
mM and reaching ca. 70% at 5 mM. 

Figure 4 shows the effects of a number of  
other local anesthetics on plasma LCAT in 3 
species. All agents were present at a level of  
5 mM. In man, dog and rabbit, the greatest 
inhibition of LCAT (80~ occurred in the 
presence of  dibucaine. Procaine, which was not 
studied in human plasma, was the weakest 
inhibitor in dog and rabbit, giving ca. 15% 
inhibition. Tetracaine was 3-8 times more 
effective than lidocaine as an inhibitor of 
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FIG. 2. Time-course of cholesterol esterification in 
human plasma from a normal 28-yr-old male (un- 
esterified cholesterol, 33 mg%). 14C-Cholesterol 
(6.7 • 106 dpm) in 50 ~1 acetone was added directly 
to 4.5 ml of plasma and 14C-cholesteryl ester forma- 
tion was measured in 0.5-ml samples taken after 
various incubation intervals. 
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FIG. 3 The effect of lidocaine on plasma LCAT 
activity in normal man, dog, rabbit and rat in vitro. 
Plasma LCAT activity was assayed by measuring the 
formation of 14C-cholesteryl esters in 2 hr at 37 C 
subsequent to the direct addition to the plasma of 
aac-cholesterol dissolved in acetone (see Methods). 
14C-Cholesteryl ester formation in plasma samples 
containing lidocaine is expressed relative to control 
samples assayed in the absence of lidocaine. 

LCAT in the 3 species. Benzocaine  was similar 
to  te t racaine in po tency  when compared  in dog 
and rabbit  plasma. 

In Figure 5, 5 local anesthet ics  were studied 
in rabbit  plasma over  the concen t ra t ion  range 
1-5 mM. LCAT inhibi t ion was in the order  di- 
buca ine>benzoca ine>te t raca ine>l idoca ine>  pro- 
caine. On a molar  basis up to a level o f  3 mM, 
benzocaine was ca. 20% more  po t en t  than 
te t racaine;  these 2, however ,  exhibi ted  almost  
identical  po t ency  at 5 mM. A similar obser- 
va t ion  was made in dog plasma (Fig. 4). 

DISCUSSION 

This study presents evidence that various 
local anesthetics are inhibitors of plasma LGAT 
in man and exper imenta l  animals. The  inhi- 
bi t ion is n o t  species-specific but  there may  be 
some species differences in sensitivity o f  LCAT 
to the  inhibitors.  Al though  the  mechanism of  
the  inhibi t ion was no t  studied, it is possible 
that  the anesthetics inhibi t  LCAT by interfer ing 
with one or  bo th  of  the  coupled  activities o f  
LCAT which consists o f  deacyla t ion of  leci thin 
by a phosphol ipase A2-1ike activity and an 
esterif icat ion o f  the acyl group with cholesterol  
(7-9). Inhibi t ion  of  ei ther  step is wi thin  the 
realm of  known effects  of  local anesthet ics  
such as the inhibi t ion of  phospholipases  A and 
C (23-26), the inhibi t ion of  hormone-s t imu-  
lated lipolysis (27), and the inhibi t ion of  
cholesterol  esterase (28). If  the LCAT react ion 
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FIG. 4. A comparison of the effects of various 
local anesthetics on plasma LCAT activity in normal 
man, dog and rabbit in vitro (see footnote to Fig. 3). 
All agents were present at a final concentration of 
5 mM. 
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FIG. 5. A comparison of the concentration- 
dependent effect of various local anesthetics on 
plasma LCAT activity in the rabbit in vitro (see 
footnote to Fig. 3). 

proceeds th rough an acyl -enzyme in te rmedia te  
(9), a possible mechanism of  the local anes- 
thet ics  could be in destabilizing, or  p romot ing  
hydrolysis  of, the  in termediate .  A fur ther  poin t  
to be made is that  inhibi t ion  o f  LCAT by the 
various local  anesthet ics  does not  necessarily 
indicate a similar mechanism of  act ion for all. 
Fo r  example,  the  inhibi t ion of  mi tochondr ia l  
phosphol ipase  A 2 by dibucaine may reflect  
an in teract ion with the enzyme  (24) whereas 
inhibi t ion  o f  pancreat ic  phosphol ipase A2 
by dibucaine may  be via an in teract ion with 
substrate (26). A binding of  local anesthet ic  to 
phosphol ipids  (26,29,30)  or  o ther  cons t i tuents  
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of substrate HDL could conceivably affect 
LCAT activity by modifying the fluidity of 
HDL lipids. Furthermore, the effect of a local 
anesthetic on an enzyme system may be vari- 
able (stimulatory or inhibitory) depending on 
such factors as anesthetic concentration (see 
procaine, Fig. 5) and the physical state of the 
substrate (23,24,26). Displacement of Ca ++ 
has also been suggested as the mechanism of 
enzyme inhibition by some local anesthetics 
(23,24). It is unlikely that Ca ++ displacement is 
involved in LCAT inhibition since both the 
deacylation step and transesterification step 
proceed independently of a Ca ++ requirement 
(8,9). Studies employing artificial substrates 
and isolated LCAT will be necessary to investi- 
gate the mechanism of LCAT inhibition. 

The relative differences in potency of the 
different anesthetics on LCAT as observed here 
is unlikely to reflect differing stabilities of the 
agents in plasma; we have recently observed a 
similar rank order of inhibitory potency as 
shown in Figure 5 in studies of rat hepatic 
microsomal ACAT (acyl CoA:cholesterol acyl- 
transferase, EC 2.3.1.26) (31). 

The interesting observation that plasma 
LCAT activity is decreased in patients follow- 
ing myocardial infarction (32) should be 
mentioned here since lidocaine-infusion in man 
following myocardial infarction is a common 
medical practice (32,33). Therapeutic concen- 
trations of lidocaine are usually ca. 5 #g/ml 
plasma (0.02 mM) (33), and, based on the data 
given here, would not be expected to appre- 
ciably affect LCAT activity in man in vivo. 
The possibility, however, cannot be dismissed 
without direct evaluation. 
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Effect of Chronic Ingestion of DDT 
on Physiological and Biochemical Aspects 
of Essential Fatty Acid Deficiency 1 
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ABSTRACT 

Male weanling rats were fed semipurified diets with and without essential fatty acid (EFA) and 
DDT (150 ppm) for 14 weeks to determine the effects of the pesticide on physiological and bio- 
chemical aspects of EFA deficiency (EFAD). DDT did not affect EFAD-induced reduction in growth 
rate or f'mal body weight, nor did the pesticide affect EFAD-induced changes in feed efficiency or 
skin dermatitis. The pesticide did increase liver/body mass ratios, but did not interact with EFAD, 
which also increased this ratio. The pesticide produced complex changes in total fatty acid composi- 
tion of liver and tail skin: liver levels of 18:0, 18:2 and 20:3w9 were increased, whereas levels of 12:0, 
14:0 and 16:0 were decreased. In both tissues, DDT interacted with EFA to increase 18:2 levels. 
DDT did not change the total fatty acid 20:3r ratio in either tissue. In this study, although 
DDT did not exacerbate the physiological aspects of EFAD, DDT-induced changes in fatty acid 
composition of liver and tail skin indicated that 150 ppm DDT in the diets did alter lipid metabolism 
of the rats in an unexplained manner. 

INTRODUCTION 

Essential fatty acid deficiency (EFAD) 
results in well-characterized deficiency symp- 
toms that have been studied in a variety of 
species (1). In the rat, the symptoms include 
scaley dermatitis of the feet and tail skin, 
necrosis of the tail, decreased growth rates, 
reduced adult body weights and fatty infil- 
tration of the liver. Lack of dietary linoleic 
acid (18:2w6, hereafter referred to as 18:2) 
resulting in EFAD, produces complex changes 
in tissue fatty acid composition, including 
decreased tissue levels of 18:2 and its essential 
metabolite, arachidonic acid (20:4w6). The 
lack of 18:2 is associated with increased con- 
version of linolenic acid (18:16o9) to eico- 
satrienoic acid (20:3609). This conversion is 
inhibited by 18:2 in tissue adequate in EFA 
(2). 

Tinsley and Lowry (3) have reported that 
ingestion of 150 ppm DDT produced physi- 
ological and biochemical changes in EFA- 
deficient male and female rats over a 12-week 
period. They observed DDT ingestion to be 
associated with decreased body weight, in- 
creased liver mass (per g body weight), and 
changed hepatic fatty acid composition, most 

1Scientific contribution No. 811, Storrs Agricul- 
tural Experiment Station, University of  Connecticut, 
Storrs, CT 06268. 

2present address, Department of Food Science and 
Nutrition, Colorado State University, Ft. Collins, CO 
80523. 

3present address, Gladstone Foundation Labs, PO 
Box 40608, San Francisco, CA 94140. 

notably an increased percentage of 20:3609 
resulting in an increased 20:36~9/20:46o6 ratio. 
The authors concluded that DDT accentuated 
EFAD in male rats. 

This study was undertaken to further 
examine the interaction of DDT and EFA 
metabolism in 2 tissues affected by EFAD, liver 
and tall skin. 

MATERIALS AND METHODS 

Eight sets of litter mate (4/litter) male 
weanling Sprague-Dawley rats (Holtzman, Inc., 
Madison, WI) initially weighing 53-67 g (60 -+ 4 
g, X + SD) were randomly assigned to 4 test 
diets, with food and water available ad libitum. 
During the 14-week feeding per iod ,  feed 
consumption was measured daily, and body 
weights were recorded weekly. 

The 4 semipurified diets used varied in EFA 
and DDT content as indicated in Table I, and 
were modeled after diets employed by Tinsiey 
and Lowry (3). The EFA-deficient diets con- 
rained 25% by weight hydrogenated coconut oil 
(HCO). EFA-supplemented diets contained 
1.7% corn oil and 23.3% HCO, providing 1% of 
calories as 18:2. DDT was added to the oil 
fraction at 150 mg/kg of feed. The composition 
of the basal portion of the diets is listed in 
Table II. Diets were mixed biweekly and stored 
at -20 C to impede the development of rancid- 
ity. 

The liver and tail skin from each rat were 
analyzed for total fatty acid composition. Tail 
skin was selected for study because this tissue 
prominently displays EFAD dermatitis, and 
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TABLE I 

Composition of Oil Fraction of Diets 

Percentage of diet 

Diet 

1 2 3 4 
Nutrient -DDT-EFA +DDT-EFA -DDT+EFA +DDT+EFA 

Coconut oil (hydrogenated) a 25.0 24.985 23.3 23.285 
Corn oil a - -- 1.7 b 1.7 
P,Pt-DDTC -- 0.015 -- 0.015 
Totals 25.0 25.000 25.0 25.000 

aTeklad Test Diets, Madison, WI. 
bThis provides 1.02% linoleic acid, as the corn oil contained 60% 18:2to6. 
Cl,l,l-Trichloro-2,2 bis (p-chlorophenyl) ethane, 99% pure, Analabs, Inc. North Haven, CT. 

the re fo re  would  p r e s u m a b l y  d e m o n s t r a t e  extra-  
hepa t ic  changes  caused b y  EFAD.  Derma t i t i s  of  
t he  tai l  and  feet  was eva lua ted  using the  scoring 
sys tem descr ibed  by  H o l m a n  (1). 

Ra ts  were sacrif iced by  decap i t a t ion ,  the  tail  
skin r emoved ,  and  livers excised.  Tissues were 
s tored  at  -70  C for  s u b s e q u e n t  analysis.  Liver 
samples  were h o m o g e n i z e d  in a Waring b lender ,  
and  to t a l  l ipids ex t r ac t ed  as descr ibed by  Bligh 
and  Dyer  (4). The  f ibrous  n a t u r e  o f  tail skin 
necess i ta ted  t he  fo l lowing t r e a t m e n t s  p r io r  to  
ex t rac t ing :  f reeze-drying t he  tissue, f ine minc-  
ing wi th  surgical scissors, pulver iz ing wi th  a 
m o r t a r  and  pes t le  and  h o m o g e n i z a t i o n  in a 
Waring b lender .  T h e  t o t a l  l ipids of  tail skins 
were ex t r ac t ed  by  t he  Bligh and  Dyer  m e t h o d  
(4).  The  fa t ty  acids in  liver and  tail skin were 
o b t a i n e d  f r o m  to ta l  c rude  lipids b y  saponif i -  
ca t ion  wi th  m e t h a n o l i c  NaOH (5),  and  con-  
ver ted  to m e t h y l  es ters  by  m e t h a n o l i c  HC1 
ref lux (6).  The  esters  were  ana lyzed  using an  
F&M Mode l  810  gas c h r o m a t o g r a p h  (Hewle t t -  
Packard  Co., Paramus ,  NJ) .  Samples  were 

6 '  separa ted  wi th  a x 1 /8"  stainless steel 
c o l u m n  packed  wi th  10% SP-2330  o n  1 0 0 / 1 2 0  
mesh  C h r o m o s o r b  W-AW (Supelco ,  Inc. ,  
Be l le fonte ,  PA). A f t e r  i n j ec t ion  of  the  sample ,  
t he  i n s t r u m e n t  was m a i n t a i n e d  at 185 C for  5 
min  fo l lowed by  t e m p e r a t u r e  p r o g r a m m e d  runs  
f r o m  185-235 C at 4 C/min .  Me thy l  esters  were 
ident i f ied  by  c a r b o n  n u m b e r  p lo ts  and by  
compar i son  to  s t anda rds  (Nu-Chek-Prep. ,  Ely- 
sian, MN). Me thy l  20:3609 was isola ted f rom 
the  l iver o f  a severely E F A D  rat  and  pur i f ied  b y  
prepara t ive  AgNO3 th in  layer  c h r o m a t o g r a p h y  
(TLC)  and  used as a s t anda rd  (7).  Q u a n t i t a t i o n  
was done  wi th  a Disc- In tegra tor  Model  203 
(Disc I n s t r u m e n t s ,  Inc. ,  San t a  Ana,  CA). T he  
coef f ic ien t  o f  va r i a t ion  ( S D / X  x 100) fo r  peaks  
compr i s ing  m o r e  t han  4% of  t he  sample  was < 
4%. Data  were ana lyzed  as 2 x 2 fac tor ia l  
analyses o f  var iance  (8).  

RESULTS 

Growth Rate, Final Body Weight 
and Feed Efficiency 

Figure 1 ind ica ted  t h a t  ra ts  fed diets  3 and  4 
(+ E F A )  gained weight  at similar ra tes  and  were 
heavier  t han  rats  fed diets  1 and  2 ( -EFA),  
which  gained weight  at  s imilar  rates.  DDT had  
no  ef fec t  on  g rowth  w h e n  added  to e i the r  the  
EFA-suf f i c ien t  or EFA-de f i c i en t  diets.  F ina l  
b o d y  weights  were increased an  average of  46% 
(Calcula ted  as: pe rcen tage  change  = [ fac tor ia l  
e f fec t  mean  x 1 0 0 ] / [ m e a n  of  t r e a t m e n t s  
w i t h o u t  t he  fac tor ]  = [ 143.8 �9 1 0 0 ] / [ 0 . 5  (311 
+ 318)]  = 4 6 % ) b y  E F A  s u p p l e m e n t a t i o n  o f  
t he  diet ,  bu t  were u n a f f e c t e d  by  DDT (Table  
III). Feed  eff ic iency was def ined  as g of  feed 
c o n s u m e d / g  f inal  b o d y  weight :  t h u s  a decrease  
in the  ra t io  ind ica tes  an  increased ef f ic iency o f  
convers ion  of  feed to  b o d y  mass.  E F A  supple-  
m e n t a t i o n  increased feed ef f ic iency by  an 
average o f  26% (Tab le  III).  The  e f fec t  of  DDT 
o n  feed ef f ic iency was n o t  s ignif icant .  

TABLE II 

Composition of Basal Diet 

Percentage 
Nutrient of diet 

Glucose monohydrate a 47.6 
Casein b 22.0 
H.M.W. salts b 4.0 
A.O.A.C. vitamin mix b 1.0 
Supplemental salts 0.4 
Totals 75.0 

aDextrose monohydrate (technical), Tekland Test 
Diets, Madison, WI, and Clintose Dextrose, Clinton 
Corn Processing, Inc., Clinton, IA. 

bHigh Protein Casein, Teklad Test Diets, Madison, 
WI. 

c57.2 mg/kg ZnSO 4.7H20 , 155.4 mg/kg MnSO 4 ~ 
H20 3.780 g/kg KH2PO 4. 
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FIG. 1. Gain in body weights of rats on diets. 
1: no DDT or essential fatty acid (EFA); 2: DDT, 
0.015%, no EFA; 3: no DDT, 1.7% EFA; 4: DDT, 
0.015%; EFA, 1.7%. 

Liver/Body Weight Ratios 
EFA in the diets decreased the liver/body 

weight ratio by an average of 24%, whereas 
DDT increased the ratio by an average of 26% 
(Table III). Analysis of variance indicated 
no interaction between the dietary factors (P = 
.557). 

Dermatitis Scores 

The data indicate that EFA supplementation 
eliminated dermatitis. DDT did not induce or 
aggravate the condition (Table III). Factorial 
effect means are listed in Table III. 

Liver and Tail Skin Total 
Fatty Acid Composition 

Fatty acid composition of liver and tail skin 
are presented in Tables IV and V. In liver, DDT 
increased the percentages of 18:2 and decreased 
the percentages of 12:0, 14:0 and 16:0. DDT 
increased hepatic percentages of 18:0 and 
20:3609 in EFA-deficient animals. Supple- 
mentation with EFA increased the percentages 
of 12:0, 14:0, 16:0, 18:2 and 20:4606. DDT 
and EFA interacted to increase hepatic 18:2, 
i.e., the weight percentage rise in 18:2 caused 
by DDT was greater in the presence of EFA 
(9.1-12.8%) than in its absence (1.4-2.2%). 
Hepatic 20:3669/20:4666 ratios were not 
affected by DDT, whereas EFA supplemen- 
tation was associated with a fall in the ratio 
values from 2.2 and 2.7, observed in EFAD 
rats, to 0.1 DDT increased 18:2 percentages in 
tail skin (Table V). EFA increased the per- 
centages of 12:0, 14:0, and 18:2 in tail skin, 
and decreased tail skin 16:0, 16:1, 18:1, 20:1, 

and 20:3609. As in liver, the 2 factors inter- 
acted to increase tail skin 18:2 percentages: in 
the absence of EFA, DDT increased 18:2 from 
0.9 to 1.1%, whereas in the presence of EFA, 
DDT increased t8:2 from 7.1 to 8.4%. As in 
the liver, DDT did not affect the ratio of 
20:3669/20:4606 in tail skin, whereas EFA 
supplementation reduced the ratio from EFA- 
deficient to EFA-adequate levels. 

DISCUSSION 

This study was designed to investigate the 
effects of chronic DDT ingestion on several 
physiological and biochemical aspects of EFA 
deficiency. The data indicate that while DDT 
increased liver/body weight ratios and produced 
changes in the fatty acid composition of liver 
and tail skin, the pesticide did not have a 
significant effect on the other parameters 
studied, including body weight, feed efficiency 
and the extent of EFAD dermatitis. 

Diminution of growth and final body weight 
have long been recognized as symptoms of EFA 
deficiency (1). This effect was obvious by the 
third week in this study, and final body weights 
of the -EFA rats (14 weeks) were ca. 150 g less 
than for the +EFA rats. Tinsley and Lowry (3) 
reported that 150 ppm DDT depressed in 
EFA-deficient, but not EFA supplemental 
female rats. No such interaction was observed 
in male rats. Their observation was confirmed 
in this study, where inclusion of DDT in the 
diet did not significantly alter final body 
weight. EFA-supplemented rats fed DDT did 
attain slightly lower final weights than did 
EFA-supplemented rats without the pesticide 
(452 vs 465 g) but this effect was not statis- 
tically significant. Darsie et al. (9) observed 
reduced 30-da~r body weights in rats fed 5 or 
500 ppm o,p'-DDT, and in rats fed 5 ppm 
p,p~-DDT. In this study, a DDT-induced depres- 
sion of 4-week body weight was not observed 
(Fig. 1). Berdanier and deDennis (10) have 
reported no effect of 1 ppm DDT on 200-day 
weight gains in exercised male rats. 

Inclusion of EFA in the diet markedly 
improved feed efficiency (Table III). Lack of 
dietary EFA may cause uncoupling of ATP 
biosynthesis in the mitochondria of deficient 
rats. Production of ATP in the mitochondria is 
a membrane-bound phenomenon (11). Because 
mitochondrial membranes contain considerable 
amounts of polyunsaturated fatty acids (12), 
EFA deficiency may cause a derangement of 
mitochondrial membrane structure and func- 
tion. 

Inclusion of EFA in the diet decreased 
relative liver mass, whereas DDT caused an 
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increase in relative liver mass, as previously 
reported (3). The lack of statistically significant 
interaction between EFA and DDT on the 
liver/body ratios (P-5 .65)  suggests that the 
effects of EFA and DDT on rat liver are inde- 
pendent of  one another. 

The dermatitis scoring system used (1) 
requires subjective judgment of  the extent and 
severity of  the dermatitis. In spite of this 
limitation, these scaley eruptions are one of  the 
most notable symptoms of EFA deficiency in 
rats, and some quantitative estimte of derma- 
titis is useful. Darsie et al. (9) have reported 
that 5 ppm o,p'-DDT induced an EFAD-like 
dermatitis in rats fed chow. In our study, DDT 
did not aggravate the dermatitis of EFAD rats, 
or induce a dermatitis in the EFA-supple- 
mented animals. 

The observed changes in both liver and tail 
skin fatty acids resulting from EFA supplemen- 
tation are similar to those that have been 
reported (1). Depression of the percentages of 
16:1, 18:1 and 20:3w9, and elevation of 18:2 
and 20:4606 by EFA supplementation, reflects 
competitive interaction between the 18:2606 to 
20:4606 pathway and the 18:16o9 to 20:3609 
pathway (13). EFA supplementation of the 
diets produced nor al 20:3609/20:4606 values in 
both tissues, whereas in tissues from EFAD 
animal, this ratio was well above the 0.4 level 
that is indicative of the deficiency state (14). 

Tinsley and Lowry (3) reported that DDT 
increased the 20:3609/20:4606 ratio in EFAD 
rat liver total fatty acids. Using this ratio as a 
biochemical criterion for EFAD severity, they 
concluded that DDT accentuated EFA defic- 
iency. Darsie et al. (9) have reported that 5 
ppm o,p'-DDT increased the 20:3609/20:4606 
ratio in hepatic microsomal phospholipids from 
chow-fed rats from 0.06 to 1.80. They also 
noted that DDT increased hepatic microsomal 
phospholipid 16:1, 18:1 and 20:3609, de- 
creased 18:2 and 20:4606, and reduced 20:3606 
desaturase activity. The authors concluded that 
DDT induced an EFAD-like condition in rats 
fed EFA-adequate diets. In our study, while 
DDT did evoke complex changes in liver and 
tail skin fatty acid profiles, the changes were 
not consistent with an EFA-like deficiency. 
Although DDT induced a small rise in 20:3609 
levels in livers of EFAD rats, 20:3609/20:4606 
ratios were not affected by DDT in either tissue 
studied. Furthermore, DDT actually increased 
18:2 levels in both tissues. If 20:3606-to- 
20:4606 desaturase inhibition accounted for 
increased 18:2 in this study, then DDT should 
have decreased 20:4606 levels and this was not 
observed. Darsie et al. (9) have suggested that 
DDT induces a functional EFA deficiency in 

hepatic microsomal phospholipids. If such a 
deficiency exists, it was not reflected in changes 
in total liver fatty acids, or in other measures of 
EFA deficiency considered in our study. 

The effects of DDT on tissue fatty acid 
composition reported here are not readily 
explained. Tinsley and Lowry (3) suggested 
that DDT-induced changes in liver fatty acid 
composition may be related to proliferation of 
hepatic SER; such proliferation would tend to 
increase liver 18: 2 and 20:46o6 levels in support 
of SER membrane biosynthesis. In our study, 
DDT did increase hepatic 18:2 levels, but the 
pesticide produced no significant changes in 
20:4606. If SER proliferation was the primary 
cause of liver fatty acid changes, then 20:4606 
levels would presumably have risen along with 
18:2. 

In the liver, DDT caused significant increases 
in levels of both 18:26o6 and 20:3609 in EFA- 
deficient rats. These observations are anoma- 
lous since fatty acids of the w6 series have 
been shown to inhibit 20:3609 biosynthesis 
(13). One can speculate that DDT blocked 
6o6-inhibition of  20:3609 synthesis. 

Within the limits of  the experimental design 
used, it is apparent that while DDT did produce 
changes in rat liver, including size and fatty acid 
composition, and in rat tail skin fatty acids, the 
pesticide did not alter or induce physiological 
aspects of essential fatty acid deficiency, 
including the severity of dermatitis, changes in 
feed efficiency and changes in growth and final 
body weight. However, while DDT may not 
have exacerbated EFA deficiency, and while an 
explanation of thisbiochemical effects remains 
elusive, the pesticide's effect on liver size and 
on the fatty acid composition of both liver and 
tail skin make it clear that chronic DDT inges- 
tion does have an unexplained effect on lipid 
metabolism in the rat. 
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Characterization of Plasma Lipoproteins in Swine 
with Different Propensities for Obesity 
TERRY D. ETHERTON 1 and P.M. KRIS-ETNERTON 2, 
The Pennsylvania State University, University Park, PA 16802 

ABSTRACT 

Yorkshire (lean) and Ossabaw (obese) swine ca. one year of age were used to characterize the 
quantity and composition of plasma lipoproteins in animals with markedly different adiposity. While 
lean swine weighed more (175 vs 88 kg for obese), they had less backfat than obese swine (2.64 vs 
5.97 cm; P < 0.05). Fasting plasma triacylgtycerol (Tg) and cholesterol (CH) levels were elevated in 
obese swine. Swine plasma lipoproteins were fractionated into very low density lipoprotein (VLDL; 
d < 1.006), low density lipoprotein 1 (LDL1 ; d = 1.019-1.063), low density lipoprotein 2 (LDL2 ; 
d = 1.063-1.09), and high density lipoprotein (HDL; d = 1.09-1.21) by density ultracentrifugation. 
Obese VLDL-Tg, CH and protein (Pr) were elevated more than 2-fold. VLDL from obese swine were 
2-fold larger than VLDL from lean swine. No alterations in LDL~ or LDL 2 composition were ob- 
served. HDL-Tg, CH, Pr and phospholipid levels were significantly higher in obese swine. Plasma and 
VLDL-Tg levels were highly correlated with backfat thickness (r = 0.67 and r = 0.73, respectively). 
There was a positive correlation between adiposity and HDL-CH as well as VLDL-Tg and HDL-CH. 
These data indicate that (a) there are marked alterations in swine plasma lipoprotein composition be- 
tween lean and obese swine; (b) that swine plasma lipoprotein levels may be useful parameters in es- 
timating body composition; and (c) that HDL-CH is positively correlated with adiposity in swine. 

INTRODUCTION 

The plasma lipoprotein profile for miniature 
and lean swine is similar to that reported for 
man. Swine plasma contains 3 classes of lipo- 
proteins: very low density lipoprotein (VLDL), 
2 classes of low density lipoprotein (LDL1 and 
LDL2) and high density lipoprotein (HDL) (1). 
In addition, the apoprotein composition of 
swine HDL is similar to that of the human (2). 
There have been no studies reported to date 
characterizing the lipoprotein profiles of swine 
with different propensities for obesity. Studies 
in man have demonstrated that obese subjects 
have higher circulating triacylglycerol (Tg) 
levels (3) and lower HDL-cholesterol levels 
(4,5) than normal subjects. The elevation in 
plasma triacylglycerol levels is primarily attrib- 
utable to an elevation of VLDL triacylglycerol 
(5). 

In swine, the adipose tissue mass can under- 
go prolific expansion during growth. At birth, 
the adipose tissue mass may comprise 1-2% of 
body weight whereas by 6 months of age this 
may be as high as 40-50% (6). In comparison 
with other species, relatively tittle is known 
about the role of plasma lipoproteins in the 
accretion of adipose tissue during animal 
growth. Work recently conducted in our 
laboratory has demonstrated a progressive 
decrease in adipocyte fatty acid synthesis 
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2Nutrition Program, College of Human Develop- 
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during the growth of adipose tissue (7). Pal- 
mitate esterification increases during this same 
interval, suggesting that adipose tissue expan- 
sion becomes more dependent on fatty acids 
derived from plasma for Tg synthesis within the 
adipocyte (7). To assess the involvement of 
plasma lipoprotein Tg as a source of fatty acids 
for intraceUular esterification, it is necessary to 
determine whether lipoprotein profiles are 
different between lean and obese swine prior to 
conducting studies to ascertain whether these 
differences may be involved in the development 
of obesity in swine. Data reported herein 
indicate that marked differences exist in VLDL 
and HDL composition between lean and obese 
swine. 

MATERIALS AND METHODS 

A breed of swine (Ossabaw) with a marked 
propensity for obesity has been extensively 
studied in our lab (8-10). This obesity, genetic 
in nature, is not associated with a marked 
hyperphagia (11) and displays many of the 
endocrine and metabolic phenomena associated 
with obesity in man and other animal models 
(12). In particular, nonfasting insulin levels are 
elevated (12), plasma growth hormone levels 
are suppressed (12) and obese swine have higher 
rates of lipogenesis and gluconeogenesis (9). 

Female swine ca. 10-12 months of age were 
used for these experiments. Lean Yorkshire 
swine (N--16) weighed 175 + 7 kg and obese 
Ossabaw swine (N=22) weighed 88 + 2 kg. 
Yorkshire swine were used to depict animals 
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which do not have a propensity for obesity. 
One indirect measurement routinely used to 
assess adipose tissue mass in swine is average 
backfat thickness. This measurement is highly 
correlated with body fat content (13) and is the 
average thickness of adipose tissue from the 
epidermis to the fascia covering the skeletal 
muscle dorsal to the first rib, last rib and last 
lumbar vertebrae. Therefore, while lean swine 
weighed more, they had significantly less 
backfat than obese swine (2.64 + .15 cm vs 
5.97 + .20 cm, P < 0.05). Some of the swine 
were pregnant; however, no statistical differ- 
ences in VLDL, LDL1, LDL2, or HDL compo- 
sition were found between nonpregnant and 
pregnant animals within a breed. Furthermore, 
there was no breed x group interaction. 

Blood samples were collected (0900 hr) after 
an overnight fast via exsanguination. Blood was 
collected into centrifuge tubes containing 
EDTA (1 mg/ml blood). Plasma was prepared 
by centrifugation for 15 min at 2500 rpm at 4 
C. Sodium azide was added to the plasma to a 
final concentration of 0.02%. Typically, sepa- 
ration of lipoprotein fractions was begun 
immediately after collection of plasma. How- 
ever, some samples were stored overnight at 4 C 
before commencement of lipoprotein fraction- 
ation. Plasma was fractionated by ultracentrif- 
ugation using established procedures (14). 
Previous results indicate that swine plasma has 
2 LDL-like particles. Thus, VLDL, LDL1, 
LDL 2 and HDL were isolated from the plasma 
of each animal at d < 1.006, 1.019-1.063, 
1.063-1.09 and 1.09-1.21, respectively (15). 
Density adjustments were made by addition of 
solid KBr. Density measurements were made 
with pycnometers. Lipoprotein fractions were 
obtained by ultracentrifugation in a Beckman 
L2-65B centrifuge using a Beckman SW-40 
rotor at 15 C. VLDL were isolated by centrif- 
ugation for 1.1 x 10 s g m i n ,  LDL1 and LDL2 
for 1.4 x 108 g min, and HDL for 2,7 • 108g 
rain. HDL were collected and subjected to 
recentrifugation (2.7 X 108 g min) to remove 
traces of albumin. Lipoprotein purity of all 
fractions was determined with agarose gel 
electrophoresis (16). 

Plasma lipoprotein composition was deter- 
mined for each animal by measuring triacyl- 
glycerol ( 17,18), cholesterol (19), phospholipid 
(20) and protein (21). Each parameter was 
assayed in triplicate. Deoxycholic acid (200 ~1 
of 5% solution) was used to remove the turbid- 
ity associated with lipid for all protein assays 
(22). Apoprotein B content was measured 
following precipitation with tetramethylurea 
(23). Each plasma sample was spun at d = 
1.006-1.019 to determine if an intermediate 

density lipoprotein (IDL) was present. No IDL 
was observed in any of the plasma samptes from 
lean or obese swine with agarose gel electro- 
phoresis nor was there any discernable triacyl- 
glycerol, cholesterol, phospholipid or protein 
present in this density fraction. 

Statistical comparisons were conducted by 
Analysis of Variance (ANOVA). Treatment 
differences for all measured parameters be- 
tween lean (N-~16) and obese swine (N=22) 
were determined using an F-test. Linear regres- 
sion and correlation coefficients were calcu- 
lated for selected parameters (24). Statistical 
measurements were conducted to discern if the 
slope of the regression line for lean and obese 
swine differed from each other for each com- 
parison. Since the slopes were not different, 
linear regression analyses were conducted for 
both groups together. 

RESULTS 

Fasting plasma Tg was significantly elevated 
in obese swine (Table I). Although statistically 
significant, plasma cholesterol levels were only 
modestly elevated in obese swine (77 vs 85 
mg% for lean and obese swine, P<0.05). Unlike 
all other measurements, there were statistical 
differences for plasma cholesterol values from 
pregnant and nonpregnant obese swine. How- 
ever, the variation attributable to these differ- 
ences was appropriately partitioned by the 
ANOVA so that breed effects (i.e., comparisons 
of lean vs obese) could be tested. From the 
ANOVA, a confidence interval of the difference 
between average plasma cholesterol values for 
lean and obese swine was computed. The 
resulting 95% confidence interval indicated that 
the difference between obese (/~1) and lean (gt:) 
swine was significantly different (0.05<gh- 
/12<15.6 ). Thus, from 2 criteria, plasma chol- 
esterol values were judged to be significantly 
elevated; however, it is important to note that 
the difference was not appreciable. The content 
of Tg, cholesterol and protein in d < 1.006 was 
greater in plasma from obese swine (Table I). 
Apoprotein B levels as a percentage of total 
VLDL protein were similar for lean and obese 
swine (7.6 vs 7.0%, respectively). VLDL-Tg 
levels in particular were elevated more than 
2-fold. The composition of LDL1 differed in 
lean and obese swine; LDL1 isolated from lean 
swine contained more Tg and PL. However, the 
composition of LDL2 in lean and obese swine 
was similar. All parameters measured in the 
HDL fraction (d = 1.09-1.21) were higher in 
obese swine (Table I). 

About 80% of the plasma Tg was associated 
with VLDL in the lean whereas 90% of plasma 
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Tg was associated with VLDL in the obese 
swine. Although cholesterol was transported 
principally by the 2 LDL fractions, there were 
differences in the relative proportion of  chol- 
esterol present. More than 80% of plasma 
cholesterol was transported by LDL1 and 
LDL2 in lean swine. LDL1 and LDL2 from 
obese swine accounted for less than 70% of the 
cholesterol in the plasma. 

There was a marked shift in the proportion 
of phospholipid, protein and cholesterol 
transported by HDL between the 2 groups. A 
greater proportion of lipoprotein phospholipid, 
protein and cholesterol was transported by 
HDL from obese swine. The proportion of 
plasma cholesterol transported in the HDL 
fraction was ca. 14 and 21% for lean and obese 
swine, respectively. This shift in prominence by 
lipoproteins of  d = 1.09-1.21 between lean and 
obese swine was not noted for Tg, which 
comprised a very modest proportion of HDL 
(ca. 3% of total lipoprOtein Tg was associated 
with HDL of lean and obese swine). 

The relative proportions of plasma Tg and 
cholesterol transported by the respective 
lipoprotein fractions were based on the quan- 
tity of Tg and cholesterol recovered in all the 
lipoprotein fractions. Recovery of  total chol- 
esterol in the density fractions compared to 
plasma values was ca. 65% for both lean and 
obese swine. Recovery of total Tg in the 
density fractions was 82 and 68% of the mea- 
sured plasma values for obese and lean swine, 
respectively. Relative differences in recovery of 
Tg or cholesterol in the density fractions vs 
plasma levels was presumably because of 
losses during subsequent ultracentrifugation 
and washing of  higher density fractions (25). 
The relative difference in recovery of Tg in the 
density fractions between lean and obese swine 
likely reflects the fact that a greater proportion 
of plasma Tg is transported in the higher 
density fractions in lean swine. Thus, a propor- 
tionally greater loss of Tg in density fractions 
subsequent to VLDL would be expected. 

To clarify the association of obesity with 
selected lipoprotein parameters, linear regres- 
sion analyses were conducted. Plasma triacyl- 
glycerol levels increased with increasing backfat 
thickness (Fig. 1). The proportion of variation 
that was attributable to the independent 
variable, backfat thickness, was 45% ( r2=  .45). 
The correlation coefficient and coefficient of 
determination between VLDL-Tg and backfat 
thickness was greater (Fig. 2) than for plasma 
triacylgycerol backfat thickness. Fifty-three 
percent of  the variation in VLDL-Tg levels was 
associated with changes in backfat thickness. 
Our results indicate that a positive linear 
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relationship exists between swine HDL-chol- 
esterol levels and obesity (Fig. 3). From data 
presented in Figures 2 and 3, it is evident that a 
positive relationship exists between HDL- 
cholesterol and VLDL-Tg. 

DISCUSSION 

Studies to elucidate the role of lipoproteins 
in the accretion of swine adipose tissue are 
contingent upon the characterization of plasma 
lipoproteins from lean and obese swine. In 
particular, a determination of the differences in 
the lipoprotein profile between lean and obese 
swine is necessary to contribute to our under- 
standing of adipocyte growth as influenced by 
lipoprotein composition. Recent investigations 
have shown both binding and internalization of 
various lipoproteins to isolated rat adipocytes 
(26). What occurs subsequently, however, in 
terms of fatty acid or triacylglycerol synthesis 
and the accretion of lipid in the adipocyte has 
not been elucidated. We have documented that 
obese swine have elevated plasma Tg and 
cholesterol levels compared with lean swine. 
Furthermore, these differences are manifested 
as marked alterations in VLDL and HDL 
composition. It is unlikely that these obser- 
vations result from differences in feed intake 
since obese swine are not markedly hyperphagic 
(11); furthermore, in this experiment, lean and 
obese swine were fed similar amounts of feed/ 
kg body weight. 

The diet fed to the swine is analogous to 
other high carbohydrate diets reported to 
induce hypertriglyceridemia in the rat (27,28) 
as well as man (29). It is unlikely that the 
amount of dietary carbohydrate in our diet had 
an appreciable effect on VLDL-Tg levels. Two 
studies with miniature pigs have indicated that 
plasma triacylglycerol and VLDL-Tg levels are 
unaltered by decreasing the carbohydrate and 
increasing the dietary lipid content of the diet 
(30,31). However, feeding diets containing 
1.5-3% cholesterol in addition to 15-20% lard 
or tallow (weight basis) causes marked increases 
in plasma cholesterol (30,31). This increase in 
plasma cholesterol is manifested largely as an 
a-migrating lipoprotein referred to as HDL c 
(cholesterol induced) in d = 1.02-1.087 (31). 
Whether the addition of dietary lipid or chol- 
esterol will induce similar alterations in the 
composition and type of lipoproteins and 
apoprotein content in obese swine is unknown.  

Although apoprotein B levels as percentage 
of VLDL protein were not different for lean 
and obese swine, the absolute quanti ty of 
apoprotein B was higher in obese swine because 
of the elevation in VLDL protein levels. Since 

apoprotein B levets on an absolute basis were 
higher in obese swine, this infers that part of 
the difference in VLDL-Tg is because of differ- 
ences in particle number. Other evidence such 
as the ratio of phospholipid (PL) to Tg as an 
approximation of particle size (32,33) supports 
the contention that a difference also exists in 
particle size. A relative decrease in PL:Tg ratio 
is indicative of an increase in particle size; 
VLDL PL:Tg was .48 for lean swine and .24 for 
obese swine, which suggests that VLDL particle 
size is different between lean and obese swine. 

It is unclear whether this increase in VLDL- 
Tg reflects a perturbation in hepatic production, 
extrahepatic removal or a combination of both. 
In man, hypertriglyceridemia is associated with 
several factors. Increased plasma FFA levels 
increase hepatic VLDL-Tg production in obese 
subjects (34,35). It has been shown that plasma 
insulin is elevated in obese subjects and this is 
highly correlated with elevations in VLDL-Tg 
levels (36,37). Wangsness et al. (12) have 
reported elevated plasma insulin levels in obese 
swine. Based on our results and those of Wangs- 
ness et al. (12), the increased VLDL-Tg in obese 
swine may reflect an augmented hepatic tri- 
glyceride production which is secondary to 
elevated insulin levels. This contention is 
further supported by evidence that insulin can 
augment hepatic lipoprotein synthesis and 
secretion in man (36). Although lipoprotein 
removal rates were not measured, data reported 
suggest that removal of VLDL by extrahepatic 
tissue is not decreased in obese swine; rather it 
may be increased. Lee and Kauffman (38) 
measured lipoprotein lipase (LPL) activity in 
swine adipose tissue during growth to 6 months 
of age and observed that LPL activity/cell 
progressively increased during adipose tissue 
growth. We have found that adipocyte palmi- 
tate esterification increases markedly with 
increasing adiposity in swine at a time when 
glucose conversion to triacylglycerol decreases 
(7). It has not been resolved if this increase in 
esterification is the result of an enhanced use of 
plasma FFA or reflects elevated LPL activity, 
thereby increasing the availability of fatty acids 
for intracellular esterification. Nonetheless, 
these findings, in conjunction with the report 
by Reaven et al. (27) documenting that rat 
adipose tissue LPL was slightly higher in 
hypertriglyceridemic rats, indicate that removal 
of VLDL-Tg may not be impeded in obese 
swine. Furthermore, based on the limited LPL 
data at hand, the obese swine may actually have 
an accelerated rate of VLDL-Tg removal by 
adipose tissue. 

Our results are the first to indicate that 
LDL1 and LDL2 composition of plasma from 
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obese swine is similar to lean swine. The com- 
position of plasma LDL1 and LDL2 from lean 
and obese swine agrees with data previously 
reported demonstrating that the major chol- 
esterol transport lipoproteins in swine are low 
density lipoproteins (31). 

Of considerable importance is the finding 
that a positive correlation exists between 
adipose tissue mass and HDL cholesterol in 
swine with markedly different propensities for 
obesity. The relationship between adiposity and 
HDL cholesterol in man is not yet clear. While 
numerous investigators have reported an inverse 
correlation between HDL cholesterol and 
adiposity, confounding factors such as diet, 
exercise and alcohol consumption make inter- 
pretation of the data difficult (39). However, in 
most instances, 10% or less of the variation in 
HDL cholesterol is attributable to differences in 
adiposity (39). 

Investigations of the lipoprotein profile of 
obese Zucker rats have demonstrated a signifi- 
cant increase in all lipoprotein classes concom- 
mitant with a massive hyperlipidemia (40). 
Plasma cholesterol and triglyceride levels are 
markedly elevated in obese rats. Although HDL 
composition is similar between lean and obese 
rats, HDL levels are 2-fold higher in obese 
animals (40). The HDL moiety of genetically 
obese mice is cholesterol-enriched; however, 
plasma triglyceride levels are normal (41). 

Our data do not agree with investigations 
conducted on humans which have reported an 
inverse correlation between plasma Tg and HDL 
cholesterol (42) and VLDL-Tg and HDL 
cholesterol (43). Moreover, our results are 
different from investigations conducted in 
other genetically obese species (40,41). There- 
fore, relationships and correlations among 
plasma Tg and VLDL-Tg, adiposity and HDL 
cholesterol are unclear at this time. Whether 
changes in HDL-cholesterol between lean and 
obese swine can be manifested by diet, weight 
loss or exercise is worthy of investigation. 

The correlation between VLDL-Tg and 
adiposity suggests that measurements of plasma 
VLDL-Tg levels may be useful in predicting 
adipose tissue mass in swine. In animal agri- 
culture, there is a continuing need for simple 
techniques to assess body composition in the 
live animal. Other methods are available for 
estimation of composition and include measure- 
ments of subcutaneous adipose thickness (13), 
total body water (44), body density (45) and 
body potassium content (46). However, mea- 
surements of body density, potassium and body 
water are rather detailed procedures to use for 
meat animals. Based on previous work indi- 
cating that backfat thickness is highly corre- 

lated with obesity (13), the results of this 
experiment suggest that inclusion of VLDL-Tg 
levels as a variable in a multiple regression 
equation with backfat thickness may increase 
the accuracy of predicting body adipose tissue 
mass. 
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Studies on Phospholipase Activities 

in Neurospora crassa mycelia 
DEB N. C H A K R A V A R T I ,  ] BULBUL C H A K R A V A R T I  and PARUL CHAKRABARTI ,  
Department of Chemistry, Bose Institute, Calcutta 700 009, India 

ABSTRACT 

Phospholipase A activity has been detected in mycelial homogenate of Neurospora crassa. A 
submycelial fraction, obtained by differential centrifugation containing the highest specific activity 
of phospholipase A has been shown to contain ca. 66% phospholipase A~ and 34% phospholipase A 2 
activity along with lysophospholipase and degergent-stimulated phospholipase D activity. Phospho- 
lipase A activity bound to N. crassa mycelia also has been observed. 

INTRODUCTION 

A large number of studies have been carried 
out on the chemical and biochemical aspects of 
the deacylation of phosphoglycerides by 
phospholipase A 1 (EC 3.1.1.32) and phospho- 
lipase A2 (EC (3.1.1.4) of animal tissues. 
Activities of these 2 enzymes have also been 
described in different microorganisms. Phos- 
pholipase AI apparently is the predominant 
lipolytic enzyme of bacteria (1). Comparatively 
few studies have been carried out on phospho- 
lipase A activity in fungi (2-5). 

In N e u r o s p o r a  crassa , lysophospholipase 
(EC 3.1.1.5) activity has been previously 
described in its cell-wall fragments (6). In this 
paper, the presence of phospholipase A 1 and 
phospholipase A2 in the mycelia of N. crassa is 
reported along with lysophospholipase and a 
detergent-stimulated phospholipase D (EC 
3.1.4.4) activity. A 20,000 X g pellet fraction, 
containing the highest specific activity (sp act) 
of phospholipase A, has been used for detailed 
study of some enzyme properties. 

MATERIALS AND METHODS 

Growth of N. crassa 

Stock culture of N. crassa ITCCF 1701 
(wild, mating allele A) was obtained from the 
Indian Agricultural Research Institute (India). 
The culture medium used for growth was 
based on Dox and Thom's modification of 
Czapek's medium (7) and consisted of glucose 
(5%), NaNO3 (0.2%), KH2PO 4 (0.1%), Mg804" 
7H20 (0.05%), KC1 (0.05%), FeSO4" 7H20 
(0.001%), yeast extract (0.05%) and malt 
extract (0.05%), all w/v. Yeast and malt 
extracts were obtained from Centron Research 
Laboratories, India. Other chemicals used were 
GR grade, supplied by E. Merck, Germany. 

IV. crassa conidia from stock cultures were 
transferred to Erlenmeyer flasks (500 hal) 

1present address: Department of Biochemistry, 
University of Oxford, Oxford, England. 

containing 100 ml of the sterile culture medium 
already described solidified with 2% Bacto Agar 
(Difco Laboratories, Detroit, MI) and incubated 
at 34 C for 6-7 days, and a conidial suspension 
was prepared with the mature conidia (8). 

For obtaining vegetative mycelia of N. 
crassa,  Erlenmeyer flasks (250 ml), each con- 
taining 50 ml of the sterile liquid culture 
medium, were inoculated with 107 fresh 
conidia and incubated at 34 C without shaking. 
After 5-7 days, the mycelia were harvested by 
filtration and washed several times with dis- 
tilled water. Mycelial growth was measured by 
determination of mycelial dry weight (9). 

Preparation of Mycelial Homogenate 

Harvested mycelia were blotted to remove 
excess moisture, disrupted by grinding with 
twice its weight of precooled neutral alumina 
(Sarabhai M. Chem., India) in a mortar and 
pestle at 2-4 C using 0.25 M sucrose and cen- 
trifuged 3 times at 1,500 x g for 15 rain at 
2-4 C. The final supernatant, viz. mycelial 
homogenate, was used. 

Differential Centrifugation 
of Mycelial Homogenate 

The mycelial homogenate was successively 
centrifuged at 12,000 x g for 30 min; 20,000 
x g for 30 min; and 110,000 x g for 60 min at 
2-4 C, 3 times in each case. The ultimate 
supernatant (soluble supernatant) and the 
pellets obtained in each case were suspended in 
0.25 M. sucrose and assayed for enzyme activ- 
ity. 

Protein Estimation 

Protein was estimated by the Biuret method 
(10). 

Assay of Phospholipase A Activity 

A: H y d r o l y s i s  o f  a q u e o u s  s u s p e n s i o n  o f  egg 
y o l k  p h o s p h o g l y c e r i d e s .  The substrate-egg yolk 
suspension was prepared in 0.9% NaCI as 
described by Marinetti (11). In our assay 
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system, the initial absorbance at 925 nm was 
0.4 instead of 0.6. This change had no effect on 
the nature of the enzyme activity-time curve. 
Incubation conditions were essentially the same 
as described by Marinetti  (11). The assay 
mixture consisted of 1 ml substrate, 0.5 ml 
enzyme preparat ion and 4.5 ml 0.9% NaC1. 
Unless otherwise mentioned,  enzyme assays 
were carried out  at 40 C for 10 min, One turbi- 
dimetric unit of  phospholipase A activity was 
taken to be equal to the change of  absorbance 
of 0.1 at 925 nm/min. Specific activity (sp 
act) was expressed as units/mg protein. For  
quantitative determination of lysophospho- 
glycerides formed, the reaction was stopped 
with 5 ml of chloroform/methanol  (2:1,  v/v) 
and lysoglycerophosphatides were identified, 
separated by thin layer chromatography (TLC) 
and estimated as described in assay method B. 

B: Hydrolysis o f  phosphoglycerides in 
mixtures o f  aqueous buffer and ether or meth- 
anolic ether. Substrate phosphatidylcholine 
(PC) L-a-(~7-dipalmitoyl  ) and phosphatidyl-  
ethanolamine (PE) L-a-(~-'pdipalmitoyl),  both 
of synthetic A grade, were obtained from 
Calbiochem, LaJolla, CA. Lecithin-(1-stearyl- 
2-oleoyl) was obtained from Applied Science 
Laboratories, Inc., State College, PA. Crude egg 
PC and egg PE were isolated from hen egg 
yolk (12) and purified by preparative TLC 
(Silica Gel H [ E .  Merck, Germany] 0.35 mm/ 
20 x 20 cm, solvent system-chloroform/ 
methanol/water  [65:25:4,  v/v/v] ). 

Incubation conditions were modified from 
Kates (13). The assay mixture consisted 9 f 
0.5 ml of buffer solution (0.2 M boric acid- 
borax buffer, pH 7.2 for mycelial homogenate 
or 0.2 M acetic acid-sodium acetate buffer, 
pH 5.5 for 20,000 x g pellet), 0.1 ml 1 M CaC12 
solution, 0.5 ml enzyme preparation and 4.08 
/amol glyeerophosphatide substrate dissolved in 
1 ml organic solvent (diethyl ether or diethyl 
ether/methanol  [95:5 or 90:10, v/v]).  Assays 
were performed in 10-ml screw-capped tubes 
and incubated at 40 C for 3 hr under continu- 
ous shaking. The reaction was stopped with 5 
ml of  chloroform/methanol  (2:1, v/v) and 
lysoglycerophosphatides were identified and 
estimated by TLC as described next. In the 
control, the enzyme was added after addit ion 
of the solvent mixture. The separated compo- 
nents were identified by spraying the developed 
TLC plates (Silica Gel H, 0.35 mm/20 x 20 cm, 
solvent system, chloroform/methanol /water  
[65:25:4,  v/v/v]),  with ninhydrin reagent (14) 
for PE and lysophosphatidylethanolamine 
(LPE), Dragendorff reagent (15) for PC and 
lysophosphatidylcholine (LPC) and molyb- 
denum blue reagent (16) for PC, LPC, and PE, 

LPE. For  quantitative measurement of lyso- 
phosphoglycerides formed, the compounds 
were visualized with iodine vapor (17-19), 
the necessary bands were scraped off and 
extracted 3 times with 5 ml of chloroform/ 
methanol/water  (65:25:4,  v/v/v). Suitable ali- 
quots of the combined extracts were taken for 
phosphorus estimation. Organic phosphate was 
first converted to inorganic phosphate (20) and 
the inorganic phosphate estimated (21). Blanks 
were measured following a similar procedure by 
removal of  an equal area of adsorbent from the 
plate. 

Authent ic  phosphoglycerides used in TLC 
were a generous gift from Professor S. Numa, 
Kyoto  University, Kyoto,  Japan. 

C: Assay o f  phospholipase A activity bound 
to fungal mycelia. Incubation conditions were 
essentially the same as described by Blain et al. 
(5). The assay mixture consisted of 4.08 
/2tool dipalmitoyl  PC dissolved in 1 ml diethyl 
ether/methanol  (95:5,  v/v), 80-100 mg defatted 
mycelial powder prepared by the method of  
Blain et al. (5) and 80 /al water. Assays were 
performed in 10-ml screw-capped tubes at 37 C 
for 3 hr under continuous shaking. The sub- 
strate was omit ted in the control. The rest of 
the method was similar to that in assay method 
B. 

Gas Liquid Chromatography (GLC) 

Methyl esters of fat ty acids in LPC were 
prepared according to Luddy et al. (22). These 
were analyzed by gas tiquid chromatography 
(GLC) in a F&M model  700 R Gas Chromato- 
gram equipped with a flame ionization detector  
and a 15% diethylene glycol succinate polyester  
supported on 60-80 mesh Gas-Chrom P column 
(Applied Science Laboratories Inc.) at 170 C. 

Analysis of Water Soluble 
Products of Hydrolysis 

After  the chosen period of incubation, 
5 ml chloroform/methanol  (2:1, v/v) was added 
to the reaction mixture in assay method (B) 
followed by 4 ml water. Layers were allowed 
to separate. The aqueous phase was collected, 
concentrated in a stream of nitrogen and 
analyzed by ascending paper chromatography 
Whatman No. 1 paper, developing solvent 
system inethanol/98% formic acid/water (80: 
13:7, v/v/v) for analysis of  water soluble 
glycerophosphoryl  bases. Developed chromato- 
grams were visualized by spraying with molyb- 
denum blue reagent (16) for both  glycerophos- 
phorylcholine (GPC) and glycerophosphoryl-  
ethanolanline (GPE), ninhydrin reagent (14) 
for GPE and Dragendorff reagent (15) for 
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GPC. Standard L-a-GPC and L-a-GPE were 
obtained from Sigma Chemical Co., St. Louis, 
MO. 

General Comments 

Any result expressed here is a mean value of  
5 separate determinants. Standard error is + 5%. 

RESULTS 

Phospholipase A Activity 
in the Mycelial Homogenate 

The ability of the mycelial homogenate 
obtained from 5-day-old N .  crassa mycelia 
(16 mg protein/ml) as an enzyme source to 
hydrolyze solutions of egg PC, dipalmitoyl PC, 
egg PE and dipalmitoyl PE, respectively, in 
ether; ether/methanol (95:5, v/v); ether; and 
ether/methanol (90:10, v/v) was examined by 
assay method B. Separate control experiments 
in which either the substrate or the enzyme was 
omitted showed the absence of  any nonenzy- 
marie formation of LPC or LPE. Under these 
conditions, 4.08 #mol  dipalmitoyl PC was 
hydrolyzed to 2.2 /~mol LPC in 3 hr, corres- 
ponding to 53.9% hydrolysis. 

Clearing Action on the Turbidity 
of Egg Yolk Suspension 

Mycelial homogenate obtained from 5-day- 
old N .  crassa  mycelia (1 mg protein/ml) was 
tested for its clearing action on the turbidity 
of a suspension of  hen egg yolk in 0.9% NaC1 
(11) by assay method A. Considerable phospho- 
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FIG. 1. Clearing of the turbidity of an egg yolk 
suspension with time by the mycelial homogenate 
from iV. crassa. The assay mixture consisted of 1 ml 
egg yolk suspension, 0.5 ml enzyme preparation 
(500 ug protein) and 4.5 ml 0.9% NaC1. Enzyme was 
omitted in the control which consisted of 1 ml egg 
yolk suspension and 5 ml 0.9% NaC1. Incubation was 
carried out at 41 C. Absorbance was monitored at 
925 nm. 

lipase A activity is present in the mycelial 
homogenate. Both nonenzymatic decrease of 
absorbance and formation of LPC and LPE 
were absent. An initial lag period observed 
(11) in the clearing of egg yolk suspension by 
some phospholipase A2 also was absent. The 
clearing of the turbidity of egg yolk suspension 
by the mycelial homogenate was linear with 
time, at least up to 10 min (Fig. 1). The effect 
of different amounts of protein in the mycelial 
homogenate on the phospholipase A activity 
was determined by the turbidimetric method 
(Fig. 2). Enzyme activity increased linearly 
with increased amounts of mycelial protein in 
the incubation mixture, up to 500 ktg protein. 
A good correlation was obtained between 
enzyme activity in terms of turbidimetric 
assay units and the net amount of  LPC (and 
LPE) formed (Fig. 3). Figure 3 shows that 

~'020 
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o ~  , , , 
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FIG. 2. The relationship between phospholipase A 
activity and the amount of protein of the mycelial 
homogenate from N. crassa. The assay mixture con- 
sisted of 1 ml egg yolk suspension, 0.5 ml enzyme 
preparation and 4.5 ml 0.9% NaC1. Incubation was 
carried out at 41 C for 10 min. 
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FIG. 3. Relationship between change in absorbance 
at 925 nm and LPC or LPE formed in the egg yolk 
clearing method. The assay mixture consisted of 1 ml 
egg yolk suspension, 0.5 ml enzyme preparation 
(150 ~g or 225 #g or 300 #g or 400 tzg protein in 
different experiments) and 4.5 ml 0.9% NaCL The 
reaction was carried out at 41 C for 10 rain. 
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1 turbidimetric unit of phospholipase A activity 
is equivalent to formation of 345 /ag LPC/min. 

Variation of Phospholipase A Activity 
in Mycelial Homogenate with Growth 

Variation of phospholipase A activity in the 
mycelial homogenate with age of the mycelium 
was determined (Fig. 4) by assay method A. 
Highest sp act of phospholipase A was observed 
during the late stationary phase of the asexual 
growth of  the fungal mycelium at the interval 
of 132-155 hr. In all subsequent studies, unless 
otherwise stated, mycelia were harvested during 
this time interval. 

Sucrose (0.25 M) or NaCI (0.9%) 
As Disruption Medium 

Phospholipase A activity was determined by 
assay method A using mycelial homogenate 
(1 mg protein/ml) in 0.25 M sucrose or 0.9% 
NaC1. The average sp act of phospholipase A 
was 62.5% higher in mycelia disrupted in 0.9% 
NaC1 than that in 0.25 M sucrose. 

Differential Centrifugation Studies 

Six-day-old N .  crassa  mycelia were disrupted 
in 0.25 M sucrose and the mycelial homogenate 
was subjected to differential centrifugation. 
The total and the mean sp act of phospholipase 
A in the fractions thus obtained were deter- 
mined (Table I). Different pellets obtained were 
suspended in 0.25 M sucrose and preparations 
containing 100/2g protein/ml used for determi- 
nation of phospholipase A activity by assay 
method A. 

The 20,000 x g pellet contained the highest 
sp act of  phospholipase A. Also, the sp act of 
phospholipase A in the 20,000 • g pellet was 
64% higher when suspended in 0.9% NaC1 than 
that in 0.25 M sucrose. In all subsequent 
studies, mycelia were disrupted in 0.25 M 
sucrose and the 20,000 • g pellet suspended in 
0.9% NaC1 was used. 

i 
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FIG. 4. Variation of phospholipase A activity in 
N.. erassa mycelial homogenate with asexual growth of 
the fungus. The vertical lines show the range of values 
obtained for dry mycelial weight/50 ml MgZ medium. 
The line (o--e) shows the specific activity at different 
phases of growth. The assay mixture consisted of 1 ml 
egg yolk suspension, 0.5 ml enzyme preparation 
(500 tzg protein) and 4.5 ml 0.9% NaC1. Incubation 
was carried out at 41 C for 10 min. 

Properties of Phospholipase A 
in the 20,000 • g Pellet 

The optimal temperature of phospholipase A 
activity was 40 C (Fig. 5). Upon storage at 
-20 C for 17 hr, there was a 38.1% loss of 
phospholipase A activity. Lyophilization had 
no adverse effect on phospholipase A activity. 
The activity was unaffected during storage at 
0 C for at least 7 days. After heating the 
enzyme preparation to 60 C for 5 min, the sp 
act of the enzyme was doubled. Exposure to 
80 C for 5 min caused a 50% decrease in sp 
act, whereas at a higher temperature (5 rain at 
100 C), the enzyme activity was almost com- 
pletely abolished. Presonication of the enzyme 
preparation for 10 min in an Ultrasonic Cleaner 
(Laboratory Supplies Co. Inc., Hicksville, NY) 
had an activating effect (70%) on the phospho- 

TABLE I 

Total and Mean Specific Activities of Phospholipase A 
in Fractions Obtained by Differential Centrifugation 

Fractions Total activity 
Mean specific activity 

(units/mg protein) 

1,500 X g supernatant  
12,000 X g pellet 
20,000 X g pellet 

110,000 X g pellet 
110,000 X g supernatant 

122.11 
30.12 
88.56 

8.31 
238.92 

0.43 
0.50 
3.20 
0.45 
1.40 
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lipase A act ivi ty.  All p rope r t i e s  were deter-  
mined  us ing  assay m e t h o d  A. 

In Table  II, t h e  in f luence  of  several acti- 
va to rs  and  inh ib i to r s  on  the  phospho l ipase  A 
act ivi ty  is summar ized .  TLC analysis  (Silica 
Gel  H, 0 .35 m m / 2 0  x 20 cm, so lvent  systems-  
c h l o r o f o r m / m e t h a n o l / w a t e r  [ 6 5 : 2 5 : 4 ,  v /v /v]  
and  d i i sobu ty l  ke tone /g lac ia l  acet ic  ac id /wa te r  
[ 4 0 : 2 5 : 5 ,  v /v /v]  in separa te  expe r i m en t s )  of  
hp ids  i sola ted f rom assay m i x t u r e  con ta in ing  
de te rgen t s  showed  the  f o r m a t i o n  of  consider-  
able a m o u n t s  o f  phos pha t i d i c  acid (PA).  Con-  
t ro l  e x p e r i m e n t s  showed  the  absence  of  forma-  
t ion  of  PA b o t h  n o n e n z y m a t i c a l l y  in the  
presence  of  de te rgen t s  and  enzymat i ca l ly  in the  
absence  of  de tergents .  Th i s  suggests ac t iva t ion  
of phospho l ipase  D act iv i ty  in the  p resence  of  
de tergents .  The  op t i m a l  pH of  phospho l ipase  
A act ivi ty was ca. 5.5 (Fig. 6). 

Effect of Substrate Concentration 

The  effec t  o f  subs t ra te  c o n c e n t r a t i o n  (s) on  
the  ini t ia l  ra te  of  hydro lys i s  (v) of  L-a-dipalmi-  
toy l  PC ( syn the t i c )  by  phospho l ipase  A in the  
20 ,000  x g pel le t  was s tud ied  by  assay m e t h o d  
B and  t he  a p p a r e n t  K m (5)  was d e t e r m i n e d  to 
be ca. 4 .4  x 10 -3 M (Fig. 7). 

Type of Phospholipase A Activity 

In  s tudies  on  t he  t y p e  o f  phospho l ipase  A 
act ivi ty  in the  20 ,000  • g pel le t  (1 mg p r o t e i n /  
ml) ,  e n z y m e  reac t ions  were carr ied ou t  as in 
assay m e t h o d  B. LPC f rac t ions  were separa ted  
by  TLC and  ana lyzed  by  GLC for f a t t y  acid 
compos i t i on .  

In ini t ia l  exper imen t s ,  i t  was con f i rmed  t h a t  
the  f a t ty  acids in LPC f o r m e d  u p o n  enzymic  
hydro lys i s  of  PC by the  20 ,000  • g pel le t  
or ig ina ted  f rom the  subs t ra t e  PC only  and  n o t  

~176  

~5 40  

TEMPERATURE(~) 

FIG. 5. Determination of optimal temperature of 
phospholipase A activity in the 20,000 • g pellet from 
N. crassa. The assay mixture consisted of 1 ml egg 
yolk suspension, 0.5 ml enzyme preparation (20 #g 
protein) and 4.5 ml 0.9% NaCI. Incubation was carded 
out for 10 min. 

f rom any  e n d o g e n o u s  source since 16 :0  was t he  
on ly  f a t t y  acid in LPC o b t a i n e d  f rom dipal- 
m i t o y l  PC. 

LPC fo rmed  by hydro lys i s  o f  1-stearyl-2- 
oleoyl  lec i th in  (PC) by  the  20 ,000  x g pel le t  
con t a ined  33.8% stearic  and  66.1% oleic acid 
ind ica t ing  t ha t  66 .1% act iv i ty  resul ted  f rom 
phosphol ipase  A1 (EC 3.1 .1 .32)  and 33.8% 
act iv i ty  resul ted  f rom phospho l ipase  A2 (EC 
3.1.1.4) .  

Lysophospholipase Activity 

E n z y m e  reac t ions  were carr ied out  for  1, 
3 and  12 hr  as descr ibed in assay m e t h o d  B 
using 20 ,000  x g pel le t  (1 mg  p ro t e in /ml ) .  The  
aqueous  layer  was ana lyzed  by  paper  chro-  

TABLE II 

Influence of Several Activators and Inhibitors on Phospholipase A Activity 

Activators and Activation Inhibition 
inhibitors Concentration (%) (%) 

Calcium ion 16.6 X 1 0  -4  M 31.2 -- 
Magnesium ion 16.6 X 10 -4 M 12.5 - 
Cadmium ion 12.5 X 10 -4 M - 100 
Zinc ion 8.3 X 10 -s M -- 100 
Ethylene diamine 

tetraacetic acid 16.6 X 1 0  -4  M - 100 
Diethyl ether 1.7% (v/v) 19.0 -- 
Ethanol 1.7% (v/v) - 8.5 
Triton X-100 0.1% (v/v) - 59.3 
Sodium deoxycholate 

(DOC) 0.1% (v/v) 17.4 - 

Influence of the activators and inhibitors were determined by assay method A except 
that of Triton X-IO0 and DOC which were determined by using assay method B. 
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FIG. 6. Determination of optimal pH of phospho- 
lipase A activity in the 20,000 X g pellet from N. 
crassa. The assay mixture consisted of 4.08 /~mol 
synthetic PC dissolved in 1 ml diethyl ether/methanol 
(95:5, v/v), 0.5 ml enzyme preparation (1 mg protein), 
0.5 ml 0.2 M buffer (acetic acid-sodium acetate buffer 
[pH range 3.5-5.5] or citrate-phosphate buffer [pH 
range 6-7] or boric acid-borax buffer [pH range 7.5~ 
8.5]), and 0.1 ml 1 M calcium chloride solution, and 
incubated at 40 C for 3 hr. 
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FIG. 7. Effect of substrate concentration (s) on 
initial rate of hydrolysis (v) of L-a-dipalmitoyl PC 
(synthetic) by the phospholipase A in the 20,000 • g 
pellet. The reaction mixture consisted of PC dissolved 
in 1 ml diethyl ether/methanol (95:5, v/v), 0.5 ml 
enzyme preparation (1 mg protein), 0.5 ml 0.2 M 
acetic acid-sodium acetate buffer (pH 5.5), 0.1 ml 1 M 
calcium chloride solution and incubated at 40 C. 
Initial rate of PC hydrolysis was determined by 
estimating the amount of LPC formed during a 1 hr 
period. 

matography for detection of glycerophos- 
phoryl bases. No lysophospholipase activity 
could be detected up to 3 h r  of incubation. 
However, in the reaction mixture incubated for 
12 hr, egg PC in ether and dipalmitoyl PC in 
ether/methanol (95: 5, v/v) were hydrolyzed to 
GPC. Control experiments showed the absence 
of nonenzymic formation of GPC. Under 
similar conditions, egg PE in ether and dipal- 
mitoyl PE in ether/methanol (90: 10, v/v) were 
hydrolyzed to GPE after 12 hr of  incubation. 

Acyltransferase Activity 

Palmitoyl LPC was prepared by the action 
of 20,000 x g pellet (4.5 mg protein/ml) as 
described in assay method B. LPC fraction was 
separated by TLC; 2.01 /.tmol palmitoyl LPC 
was sonicated in 0.5 ml of 0.2 M acetic acid- 
sodium acetate buffer (pH 5.5) in an Ultrasonic 
Cleaner (Laboratory Supplies Co. Inc.) for 10 
min. This was incubated with 0.5 ml of 20,000 
X g pellet suspended in 0.9% NaC1 (2 mg 
protein/ml) at 37 C for 4 hr with occasional 
shaking. The reaction mixture was extracted 
3 times with chloroform/methanol (2:1, v/v) 
and analyzed as described in assay method A. 
About 48% conversion of LPC to PC was 
observed. Control experiments showed the 
absence of endogenous or nonenzymic forma- 
tion of  PC. The remaining aqueous layer after 
solvent extraction was analyzed by paper 
chromatography for detection of GPC. No GPC 
was detected. 

Bound Phospholipase A 
Activity in Mycelia 

Six- to 7-day-old defatted mycelia were 
tested for the presence of phospholipase A 
activity bound to fungal mycelia by assay 
method C; 10% hydrolysis of  PC to LPC 
occurred in a 3 hr period. It is evident from 
control experiments that the net enzymic LPC 
formation possibly denotes hydrolysis of only 
substrate PC since the amount of endogenous 
PC remained unaffected under the conditions 
of assay. 

DISCUSSION 

The turbidimetric assay method A has been 
shown (11) to be specific for phospholipase A 
activity and has been used in this study to 
detect this activity in the mycelial homogenate 
or mycelial subfraction of N .  crassa .  Figure 2 
shows that the relationship between enzyme 
activity and protein concentration is linear up 
to a certain limit, after which it attains a 
plateau value. All enzyme activities have been 
determined with protein concentration in the 
linear part of the curve. Similar high corre- 
lations between enzyme activity in terms of  
turbidimetric assay units and the products 
formed as observed here has been reported 
(11,23). However, this method has some 
limitation because pH optimum (24), positional 
specificity and apparent K m (25) cannot be 
measured by this method. Therefore, assay 
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method B, in which phospholipase A activity 
has been measured by the estimation of net 
lysophosphatides formed, has been used for 
these purposes. 

Like some other catabolic enzymes (8) of 
N. crassa, the phospholipase A activity also is 
maximal in late phases of  growth. The sp act 
is considerably higher when the mycelia are 
disrupted in 0.9% NaC1 rather than in 0.25 M 
sucrose. However, the subcellular particles have 
a tendency to aggregate as clumps during 
differential centrifugation in the presence of  
the 0.9% NaCI but not in the presence of  the 
0.25 M sucrose (26). For this reason, mycelia 
has been disrupted in 0.25 M sucrose and the 
enzymatic properties of the most active frac- 
tion have been measured by suspending it in 
0.9% NaC1, which is a potential activator (27) 
of phospholipase A2-catalyzed reactions. 

Table I shows that the total activity is 
highest in the 110,000 x g supernatant, but the 
sp act is maximal in the 20,000 x g pellet, 
indicating the maximal purity of phospholipase 
A in this fraction. Therefore, all further studies 
have been carried out with this fraction. In- 
creases in total activity in the soluble super- 
natant in comparison to the mycelial homoge- 
hate may result from removal of  some inhib- 
itors during differential centrifugation. Similar 
observations have been reported previously 
(28). 

The fractions obtained during differential 
centrifugation are identified as follows: the 
12,000 x g penet fraction is designated a 
mitochondrial fraction (29,30). It has not yet 
been possible to obtain any definite idea about 
the exact nature of  the 20,000 x g pellet. This 
may be identical to the subcellular protease 
particles isolated from N. crassa (28) or may 
represent fungal lysosome (31). The 110,000 x 
g pellet may be designated a microsomal 
fraction by analogy with similar organisms (32). 

Increases in phospholipase A activity in the 
20,000 x g pellet by sonic disintegration 
possibly indicates its bound nature like that of 
Dictyoste l ium (33). EDTA inhibits the phos- 
pholipase activity in the 20,000 x g pellet. The 
addition of Ca ++ ion does not restore the 
activity of  the enzyme and the formation of a 
nondissociable and inactive enzyme-Ca++-EDTA 
complex is suggested (11). 

Phospholipase D is active in the presence of  
the detergents used. 

The Michaelis constant (K m) has little value 
as a constant measuring enzyme-substrate 
affinity in biphasic phospholipolytic reactions. 
However, in such reactions, the applicability 
of Michaelis-Menten kinetics has often been 
examined (34-36) and the term "apparent K m ' '  

is generally used (5). Here, also, apparent K m 
is ca. 4.4 x 10 -a M. 

In studies on the presence of  phosphogly- 
ceride acyl transferase activity in the 20,000 • 
g pellet, no GPC formation could be detected. 
This possibly indicates that under the condi- 
tions described, the formation of PC from LPC 
was brought about by the acyl transferase 
reaction, LPC + fatty acyl CoA = PC (37), 
rather than by the reaction 2 LPC = PC + GPC 
(38-40). In this situation, endogenous fatty 
acids and cofactors, e.g., possibly take part in 
the acyl transferase reaction. Phospholipase A 
and acyl transferase apparently constitute the 
Lands Cycle (41) in the 20,000 x g pellet of 
N. crassa. 

Like many other insoluble phospholipases 
(35,42), attempts to solubilize and isolate the 
Neurospora enzymes in a very pure state by 
using conventional preparatory techniques have 
not been very successful. However, detergents 
do have some adverse effects, e.g., change in 
apparent affinity of the enzyme for the sub- 
strate (34), and formation of  large aggregates 
elutable in the void volume of the Sephadex 
G-200 column (42). Purification of the intra- 
cellular phospholipases is complicated possibly 
because they usually are bound to membranous 
structures (43). 
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Selectivity in Incorporation, Utilization and Retention 

of Oleic and Linoleic Acids by Human Skin Fibroblasts 1 
MIRIAM D. ROSENTHAL, Department of Biochemistry, 
Eastern Virginia Medical School, Norfolk, VA 23501 

ABSTRACT 

Fetal human fibroblasts were grown in culture medium containing 10% fetal bovine serum supple- 
mented with [1-1"C] linoleate or [1J4C] oleate. At all concentrations of exogenous fatty acids, the 
incorporation of oleate was greater than that of linoleate. With increased medium fatty acid concen- 
trations, linoleate in triacylglycerol (TAG) could be increased from 13 to 75% of the total incorpo- 
rated; at each concentration, relatively more linoleate than oleate was in TAG. When the cells were 
exposed to exogenous oleate/linoleate mixtures, the composition of the mixture determined the 
extent of incorporation of both fatty acids. When the mixture was primarily linoleate, scarce oleate 
was used preferentially for phospholipids (PL); no such specificity for scarce linoleate was observed. 
Addition of exogenous fatty acids resulted in a shift of previously incorporated 1"C fatty acids from 
phospholipid into TAG; retention of oleate in PL was greater than that of linoleate. Incorporation of 
oleate into phospholipids was also higher than that of linoleate from exogenous fatty acid mixtures 
which were 80% saturated. It is suggested that normal human fibroblasts have adapted to the low 
levels of exogenous polyunsaturated fatty acids in culture media by increased use of oleate in phos- 
pholipid. Even when the cells are supplemented with linoleate, the preferential use of oleate in phos- 
pholipid groups is retained. 

INTRODUCTION 

Mammalian cells in culture normally  obtain 
much of their  fa t ty  acids from serum in the 
growth medium (1,2), and their fat ty acid 
compos i t ion  reflects that  of  the med ium (3). 
Fetal  bovine serum, used in culture media  for 
many  serum-requiring cell lines, is very low in 
essential fa t ty  acids (4). Cells in culture exhibi t  
lower  polyunsatura ted  fat ty  acid (PUFA)  
levels, principally l inoleate plus arachidonate,  
and higher levels of  oleate than do corres- 
ponding tissues in vivo (5). Growth  of  cells in 
medium wi thout  lipids results in a fur ther  
decrease in P U F A  and an increase in oleate (6). 

Human  skin fibroblasts readily incorpora te  
exogenous  fa t ty  acids into cellular lipids (7,8), 
and exchange previously incorpora ted  fat ty  
acids with those in the culture medium (7). 
Like t ransformed cell lines, their  fa t ty  acid 
compos i t ion  can be modif ied  extensively by 
medium supplementa t ion  with fat ty acids (9). 
Fur thermore ,  these cells respond to increased 
med ium concent ra t ions  of  free fa t ty  acids by 
synthesizing tr iacylglycerol  droplets  (10), thus 
providing an alternative metabol ic  fate for 
incorpora ted  fa t ty  acids. 

This s tudy examines  the specificity of  
l inoleate and oleate use by GM-10 fibroblasts 
grown in medium containing fetal bovine 
serum. It  was hypothes ized  that  these cells 
might  exhibi t  preferential  incorpora t ion  of 
linoleic acid, and that,  especially when l inoleic 

1 Presented in part at the ASBC Meeting, Dallas, 
April 1979. 

acid was relatively scarce, it might be incor- 
porated into phospholipid rather tha~, triacyl- 
glycerol.  Our results indicate, however,  that 
under  a wide variety of  exper imenta l  condi- 
tions, there is a small, but  consistent ly signifi- 
cant preference for oleate rather than l inoleate 
in phospholipid synthesis. 

MATERIALS AND METHODS 

Cell Culture and Fatty Acid Supplementation 

GM- 10 cells, human diploid fibroblasts 
derived from skin of  a 3-month  fetus (General  
Mutant  Cell Reposi tory ,  Camden, NJ), were 
propagated in Eagle's Minimum Essential 
Medium, supplemented with 10% noninacti-  
vated fetal bovine serum (both  from Grand 
Island Biological Co., Grand Island, NY) at 
37 C in a humidif ied,  5% CO2 atmosphere.  
Replicate  25-cm 2 flasks were seeded with 3-4 x 
10 cells in 4.0 ml med ium;  all exper iments  
used cells between 15 and 30 generations in 
culture. Medium supplementa t ion  with fat ty 
acids was done 24 hr  after subculture,  when the 
cells were actively mitot ic  (7). 

[ 1-14C] Linoleic acid (51.0 mCi /mmol )  and 
[ 1-14C] oleic acid (48.0 mCi /mmol )  were 
obta ined f rom New England Nuclear Corp., 
Boston,  MA. Radiolabeled fat ty  acids were 
greater than 99% free fat ty  acid as de termined 
by thin layer chromatography  (TLC). Upon  
methy la t ion  with Boron  t r ich lor ide /methanol ,  
gas liquid chromatography  (GLC) and 14C 
detec t ion  using a Packard 804 Gas Flow Pro- 
por t ional  Counter ,  the [ 14C] oleate and [ 14C]- 
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linoleate were 94-97% pure; no labeled im- 
purity represented more than 1.0% of the total  
radioactivity. Linoleic acid (Grade III) and oleic 
acid (Sigma grade) from Sigma (St. Louis, MO) 
were greater than 98% pure by GLC. Fa t ty  acid 
solutions were stored in hexane under N2 
at -20 C; concentrations were confirmed by 
t i trat ion (11). For  each experiment,  aliquots of  
fat ty  acid and [14C] fat ty  acid solutions were 
evaporated to dryness under  N2 and redissolved 
in dilute NaOH. The resulting sodium salts were 
filter sterilized and added to serum before 
dilution with culture medium. Alternatively, 
solutions of fat ty acids in 95% ethanol were 
added directly to the serum; the final ethanol 
concentration in the culture medium was 0.2%. 

Delipidized fetal bovine serum, prepared by 
acetone/ethanol (1 : 1, v/v) extraction according 
to Rothblat  et al. (12), was used to replace 
fetal bovine serum in some experiments;  
extraction was 93% effective as determined 
by GLC. Protein standardization of the solvent 
extracted serum was done according to Lowry 
et al. (13). When 1.3 /~g/ml a- tocopherol  
(phosphoric acid ester, disodium salt, ICN, 
Cleveland, OH) was added to the cultures, it 
was solubilized in pluronic F-68 (BASF Wyan- 
dotte Corp., Wyandotte,  MI), with a final 
detergent concentration of  0.025% (14). 

Lipid Extraction 

After  growth with supplemented fatty acids, 
usually for 24 hr, the cells were washed twice 
with calcium- and magnesium-free Earle's Basic 
Salt Solution and detached from the surface 
with 1.5 ml/flask of 0.05% trypsin in Earle's 
Salts (GIBCO). Each cell suspension in trypsin 
was transferred to a 40-ml conical tube contain- 
ing 4.0 ml acetone plus 2 /~g a- tocopherol ;  
2.5 ml of 0.025% methyl  cellulose in 0.9% 
NaC1 was used to rinse each flask. Cellular lipids 
were then extracted directly in a mixture of 
ethyl acetate/acetone/cell  suspension (2:1:1 
v/v) (15). Medium samples were extracted in 
6 vol of ethyl acetate/acetone (2:1). Each 
sample was mixed, heated to 85 C, vortexed 
vigorously and incubated at 65 C for 40 min 
with a 1 min vortexing at 20 mill. The solvent 
mixture was then centrifuged at 2000 rpm at 
4 C for 10 min, and the organic phase removed 
and stored at -20 C under N2 for subsequent 
analysis. 

Thin Layer Chromatography 
and Scintillation Counting 

Aliquots of the lipid extracts were redis- 
solved in small volumes of chloroform/meth-  
anol (1:1, v]v) and applied to Silica Gel H 

ACID UTILIZATION 839 

coated thin layer chromatographic plates 
(Applied Science, State College, PA). The plates 
were developed by ascending chromatography 
in petroleum ether/diethyl  ether/acetic acid 
(82:18:1,  v/v) for separation of neutral lipid 
classes. After removal of phospholipids at the 
origin, the neutral lipid spots were visualized 
with iodine. Duplicate plates were developed 
in chloroform/methanol/acet ic  acid/water (50: 
30:8:4,  v/v) for separation of phospholipids. 
Appropria te  reference mixtures were cochro- 
matographed with the samples. 

Aqueous samples were assayed for radio- 
activity in 1.0 ml ACS (Amersham, Arlington 
Heights, IL). Samples of lipid extracts and 
neutral lipid spots were dissolved in 15 ml 
of 0.4% Omnifluor (New England Nuclear) 
in toluene/ethanol  (2:1, v/v). Phospholipid 
spots were redissolved in 1.0 ml water to which 
ACS scintillation fluid was then added; radio- 
activity measurements were done with a Beck- 
man LS-250 liquid scintillation counter. 

R E SU L TS 

Incorporation of [1J4C] Linolaate 
and [1J4C] Oleata 

GM-10 fibroblasts in monolayer  cu l tu re  
readily take up both [1J4C]l inoleate  and 
[1J4C]olea te  from medium containing fetal 
bovine serum. Table I shows that, in a repre- 
sentative experiment,  62.5% of the [1J4C] - 
oleate and 50.8% of the [ 1J4C] linoleate were 
incorporated i n  24 hr. In this system, incor- 
porat ion of  exogenous fat ty  acids is linear with 
t ime for at least 6 hr and continues to increase 
for over 48 hr; the apparently diminished 
incorporation rate after 6 hr results from 
turnover and release of incorporated acyl 
groups (10). Incorporat ion varied somewhat 
with cell density, cell generations in culture and 
the lot  of  fetal bovine serum. Uptake of 0.5- 
1.0 /aCi/flask [ I J4C] l ino lea te  was lower than 
that of [ 1J4C] oleate in each of  13 independent 
experiments with 3 different lots of fetal 
bovine serum, with a significance of p < 0.001 
(paired t-test). 

The lipid extracts contained 95% of the 
incorporated 1141J4C] linoleate or [ 1-14C] oleate; 
96% of  the [ C]l ipids were phospholipids and 
triacylglycerols. In the experiment shown in 
Table I, 21% of. the [14C]lipid was triacyl- 
glycerol for linoleate-fed cells, but  only 14% for 
oleate-fed cells; the localization of relatively 
more of the incorporated [1-14C]linoleate in 
triacylglycerol was significant at p < 0.001 for 
the series of  13 experiments. Neither addition 
to the medium of the fat ty acids in ethanol 
rather than as aqueous soaps, nor the presence 
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of a-tocopherol in the medium, significantly ~ 60 
altered the results just described. The net effect ~, 
of both the lower incorporation rate of [1-14C]- 
linoleate than [1J4C] oleate and the higher 
percentage of incorporated linoleate in triacyl- ~ 4o 

that the absolute amount of ,~ glycerol w a s  

supplemented linoleate incorporated into phos- 
pholipids was less than 75% that of supple- ~- 
mented oleate. ~ zo 

Fetal bovine serum contains 210-280 nmol/  
ml free fatty acid. The lot used for most of ,~ 
these experiments contributed 22.8 nmol/4 
ml oleate and 5.7 nmol/4 ml linoleate when = o o 
present at 10% in the culture medium. The 
20.8 nmol of [ 1-14C] oleate was thus diluted by 
the corresponding serum free fatty acid to a 
greater extent than was the 20.8 nmol [ 1-14C]- 
linoleate. On a total mass basis, the greater 
uptake of oleate than linoleate and the more 
extensive use of oleate in phospholipids were 
even more pronounced than indicated by 
percentage incorporation. 

Minimal Fatty Acid Supplementation 

To determine if the addition of fatty acids 
to the medium was responsible for the observed 
synthesis of triacylglycerol, [1-14C] oleate and 
[ IJ4C] linoleate were each added to a series of 
flasks in decreasing amounts, so that they 
contributed from 10.0 to 0.9 nmol/ml fatty 
acid to the culture medium. The results (Fig. 1) 
indicated that the differences between oleate 
and linoleate incorporation remained with 
decreased concentrations of medium supple- 
mentation, and, by extrapolation, should occur 
with a zero level of fatty acid supplementation. 
Thus, at this density, GM-10 cells would incor- 
porate 57% of the serum oleate (13.0 nmol/  
flask) and 50% of the serum linoleate (2.85 
nmol/flask) in 24 hr. 

Figure 1B shows that with decreased exoge- 
nous [14C] fatty acid concentrations, the 
extent of use of incorporated fatty acids in 
triacylglycerol decreased. The percentage of 
incorporated [ 1j4C] linoleate in triacylglycerol 
remained higher than that of [1-14C]oleate. 
By extrapolation, 13% of the linoleate and 9% 
of the oleate incorporated from medium with 
10% fetal bovine serum alone would be in 
triacylglycerol. On a mass basis, however, oleate 
incorporation into triacylglycerol (0.78 nmol/  
flask) would be greater than that of linoleate 
(0.37 nmol/flask). Apparently, synthesis of 
triacylglycerol from exogenous fatty acids is 
a normal occurrence for GM-10 fibroblasts 
grown in medium with fetal bovine serum. 
Furthermore , both the relatively greater incor- 
poration of oleate than linoleate, and the use of 
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FIG. 1. Effect of minimal medium supplementa- 
tion with fatty acids on incorporation of [1-14C]- 
linoleate and [1-14C]oleate. GM-10 fibroblasts were 
seeded at 2.5 • 105 cells/flask. Replicate flasks were 
incubated for 24 hr with 0.14-2.5 pCi [ 1J4C] linoleate 
or [1J4C] oleate as described in Table I. A: Uptake of 
[a4~] fatty acid in triacylglyeerol (TAG). O-O, 
[1-14C]linoleate; X-X [1- C]oleate. The arrows 
indicate the added [~4C] fatty acid concentration used 
in Table I. 

a higher percentage of incorporated linoleate in 
triacylglycerol, suggest that despite the low 
concentration of linoleate in fetal bovine 
serum, there is a lack of preferential use of 
serum linoleate in phospholipids. 

We also examined incorporation of 2.7 pM 
fatty acid from 4.0 mt of culture medium in 
which the fetal bovine serum was replaced 
with delipidized serum protein. Incorporation 
of [14C] otcate was 9.19 nmol/flask (mean of 3 
independent experiments) ; that of linoleate was 
9.05 nmol/flask. Of the incorporated fatty 
acids, 8.72 nmol oleate and 8.40 nmot linoleate 
were in phospholipid, whereas 0.25 nmol 
oleate and 0.29 nmol linoleate were in triacyl- 
glycerol. Even with fatty acid concentrations 
below those of serum-supplemented media, 
there was greater use of oleate than linoleate in 
cellular phospholipids. 
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Effect of Saturated Fatty Acids on 
Incorporation of Oleate and Linoleate 

Phospholipids in vivo commonly contain 
one saturated and one polyunsaturated fatty 
acid. To determine if the incorporation of 
linoleate into phospholipids by human fibr0- 
blasts would be enhanced by saturated fatty 
acids, replicate flasks were incubated with 
mixtures of oleate and linoleate plus either 
palmitate or stearate in medium containing 
delipidized fetal bovine serum; each fatty acid 
was ~4C-labeled in turn. As shown in Table II, 
the exogenous fatty acids were not incor- 
porated into cellular lipids in quite the same 
proportions as supplied in the medium. For 
example, with increased saturation of the 
exogenous mixture, the percentage of oleate 
uptake increased and that of palmitate de- '~ 
creased. In all cases, however, the extent of "~ 
linoleate incorporation was less than that of = r 

oleate. With 50% saturated fatty acids, the 
percentage use of linoleate was less than oleate 
at a ratio of exogenous oleate-to-linoleate of 
either 1:4 or 4:1. The more extensive uptake 
of oleate than linoleate was reflected directly 
in a greater incorporation, on a mass basis, of -~ 
oleate into phospholipid when the two were =~ 
equimolar in the medium�9 Thus, even when = 
there is extensive use of saturated fatty acids, ~ 
oleate is the preferred unsaturated fatty acid <~ 
for phospholipid synthesis in these cells. ~- 

Saturated fatty acids promote less triacyl- 
glycerol synthesis than do unsaturated ones 
(M.D. Rosenthal, unpublished data)�9 Although .~. 
there was little accumulation of neutral lipids, :~ 
small amounts of all [14C] fatty acids were 
located in triacylglycerol. Incorporation of 
fatty acids on a mass basis indicated more .2 
oleate than linoleate in triacylglycerol from *~ 
equimolar exogenous mixtures (data not 
shown)�9 Expressed as a percentage of incor- o 
porated fatty acid in TAG, however, the two 
were similar at ca. 4% in 80% palmitate and 
10% in 80% stearate mixtures. 

Increased Medium Fatty 
Acid Concentrations 

Higher exogenous free fatty acids concen- 
trations resulted in increased incorporation 
of both oleate and linoleate; incorporation on 
a percentage basis decreased less than 2-fold 
with the 80-fold increase in concentration 
(Table III). Oleate incorporation was higher 
than that of linoleate, both in terms of the 
supplemented fatty acid alone (percentage 
basis) and total nmol/flask, including the 
contribution of serum free fatty acids. With 
increased oleate or linoleate accumulation, 
discrete triacylglycerol droplets became appar- 
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ent in the cytoplasm; similar lipid droplets have 
been described in L cells (6). The GM-10 ceils 
retained their characteristic morphology except 
at the highest medium fatty acid concen- 
trations. The accumulation of lipid droplets 
was accompanied by esterification of a greater 
percentage of the incorporated fatty acids into 
triacylglycerol; at comparable exogenous fatty 
acid concentrations, relatively more of the 
incorporated linoleate than oleate was esteri- 
fled into triacylglycerol. Thus, at these higher 
fatty acid concentrations as well, GM-10 cells 
use oleate in phospholipids to a far greater 
extent than linoleate. 

Use of Oleate/Linoleate Mixtures 

To extend the observation that linoleate and 
oleate were used differently from free fatty 
acid mixtures such as that of fetal bovine 
serum, GM-10 ceils were incubated with mix- 
tures of oleate and linoleate, with a total 
supplemented fatty acid concentration of 140 
/aM, resulting in substantial triacylglycerol 
accumulation while maintaining viable, actively 
mitotic cells. As in Table III, when a single 
fatty acid was added, incorporation of [ 1-14C]- 
oleate was greater than that of [ 1-14C] linoleate. 
From any given fatty acid mixture, however, 
the percentage incorporation of oleate and 
linoleate were identical (Fig. 2A). Thus, the 
incorporation of [1J4C]oleate was depressed 
when it was diluted with linoleate rather than 
oleate. 

Figure 2B shows that in oleate/linoleate 
mixtures which were 95-97.5% oleate, distri- 
bution of incorporated [1-14C]oleate and 
[1-14C]linoleate between phospholipid and 
triacylglycerol was similar. With increased 
linoleate in the fatty acid mixture, the per- 
centage of incorporated [1-14C]linoleate in 
phospholipid declined whereas that of [ 1-14C] - 
oleate did not. Thus, when exposed to excess 
linoleate, these cells preferentially used scarce 
oleate for phospholipid and stored relatively 
more of the incorporated linoleate in triacyl- 
glycerol. Similar results (not shown) were 
obtained when the oleate/linoleate mixtures 
were added to the culture medium with de- 
lipidized serum protein rather than fetal bovine 
serum. The ratio of [ 1-14C] oleate in phospha- 
tidylcholine to that in phosphatidylethanol- 
amine (PC/PE) decreased from 6.4 in 100% 
oleate to 5.0 when the [1-14C]oleate was 
diluted with linoleate. The PC/PE ratio of the 
incorporated [ 1-14C] linoleate remained 7.1-7.2 
throughout the range of mixtures. These data 
suggest that when oleate is relatively scarce, it 
is used preferentially for PE and also for 
phosphatidylinositol plus phosphatidylserine. 
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FIG. 2. Effect of different oleate/linoleate mix- 
tures on incorporation of [1-14C] linoleate and [1J'CJ- 
oleate. Replicate flasks were incubated for 24 hr m 
MEM plus 10% FBS plus 0.5 t~Ci [1-~4C]linoleate or 
[1-~4C]oleate, plus nonradiolabeled fatty acids to 
result in the indicated oleate/linoleate mixtures. Total 
supplemented fatty acid concentration was 140 ~M. 
Uptake of [~4C] fatty acid as a percentage of that 
added to the medium. B: Percentage of incorporated 
[~4C] fatty acids in phospholipids (PL). O--O, [ 1-14C] - 
linoleate; X--X, [ 1-~aC] oleate. 

Pulse-chase Studies 

In order to examine the metabolism of 
linoleate and oleate after incorporation into 
cellular lipids, cells were labeled with the 
respective [14C] fatty acids and then grown in 
medium without radioactivity. Table IV shows 
that medium supplementation with 100 /aM 
fatty acid greatly enhanced release of previ- 
ously incorporated [ 14C] fatty acids. Nearly all 
of this increase was in the form of free fatty 
acids; more [14C]fatty acids were released 
with linoleate supplementation than with 
oleate. In the absence of fatty acid supplemen- 
tation, [ 1-14C] oleate and [ 1-14C] linoleate were 
released to a similar extent. With addition of 
100/aM fatty acid, release of [ 1-14C] oleate was 
greater than that of [ 1-14C] linoleate. Although 
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TABLE IV 

Effect of Added Oleate and Linoleate on Release of Previously Incorporated [ 1-14C] Fatty Acid 

Released fatty acid 
(10 -a • dpm/flask Total b Phospholipid e Free fatty acid e Aqueous phase e 

[ l-t4C] Linoleate: 
Control 76.4 -+ 0.3 13.7 17.1 42.5 
Added oleate 170.3 +- 2.3 13.1 110.2 38.3 
Added linoleate 228.3 -+ 1.1 d 14.4 162.1 43.1 

[ 1-14C] Oleate : 
Control 64.4 -+ 1.4 11.0 17.0 33.8 
Added oleate 205.6 • 1.7 c 14.4 156.8 29.6 
Added linoleate 264.5 -+ 3.5c, d 15.4 208.9 33.9 

a Replicate flasks of GM-10 cells were incubated for 24 hr with 0.65 #Ci/flask [ 1J4C]linoleate or [ 1-14C]- 
oleate as described in Table !; initial corporation was 778.2 • 10 a and 798.3 • 103 dpm/flask for [1-14C]- 
linoleate and [ 1J4CI oleate, respectively. Each flask was then rinsed twice with sterile EBSS and the cells incu- 
bated for a second 24 hr in MEM plus 10% FBS (control) with 100 #M fatty acid added as indicated. 

bTotal medium radioactivity;means -+ SE, n = 3. 
CDifference between values for [ IJ4C]linoleate and [ 1J4C] oleate, with released fatty acid expressed as a 

percentage of initial incorporation, has p < 0.05. 
dDifference between effects of added oleate and added linoleate has p < 0.05. 
e2.0 ml of medium from each flask was extracted with 4.0 ml acetone and 8.0 ml ethylaeetate as described 

in Materials and Methods. T h e  aqueous phase was separated and the lipids analyzed by TLC. 

abso lu te  levels of  [ t4C] f a t t y  acid release var ied 
wi th  cell dens i ty  and  age of  the  cul ture ,  t he  
d i f fe rences  observed in Table  IV, and  Table  V 
were s ignif icant  in each  of  3 i n d e p e n d e n t  
exper imen t s .  

Medium s u p p l e m e n t a t i o n  wi th  f a t ty  acids 
resul ted  in t r ans fe r  of  previous ly  i n c o r p o r a t e d  
[ 1-14C] l inoleate  and  [ 1-14C] oleate  f rom phos-  
pho l ip id  to t r iacylglycerol  (Tab le  V). With  
e i the r  fatty, acid in the  chase  m ed i um ,  relat ively 
more  [ 1 - 4 C ] l i n o l e a t e  was t r ans fe r red  t han  
was [1-14C]oleate .  A l t h o u g h  more  [1 - t4Cl -  
o lea te  was released as free f a t t y  acid, r e t e n t i o n  
of  [ 1-14C] oleate  in p h o s p h o l i p i d s  was greater  
t h a n  t h a t  o f  [ 1-14C]linoleate.  This  d i f fe rence  
was qui te  p r o n o u n c e d  wi th  t he  l ino lea te  chase ;  
44 .0% of  the  ini t ial ly i n c o r p o r a t e d  [ 1 J 4 C ]  
oleate  b u t  on ly  35.1% of  the  [ 1 J 4 C ] l i n o l e a t e  
r ema ined  in pbospho l ip id .  T he  losses o f  b o t h  
[14C] f a t t y  acids f rom p h o s p h o l i p i d s  occur red  
d i s p r o p o r t i o n a t e l y  f rom PC. These  results ,  like 
those  ob t a ined  wi th  use of  o lea te / l ino lea te  
mix tures ,  ind ica te  the  p re fe ren t i a l  use of  
o lea te  for  phospho l ip id s  w h e n  diploid  h u m a n  
f ibroblas t s  are cha l lenged wi th  excess exoge- 
nous  l inoleic  acid. 

DISCUSSION 

These  s tudies  have d e m o n s t r a t e d  tha t  
GM-10 n o r m a l  h u m a n  skin f ib rob las t s  t ake  up  
and  es ter i fy  o lea te  s o m e w h a t  more  readi ly  
t h a n  l inolea te  f rom m e d i u m  c o n t a i n i n g  e i t he r  
fe ta l  bov ine  se rum or  del ip id ized se rum pro te in .  
Of  t he  i n c o r p o r a t e d  f a t t y  acids, re lat ively more  

l inolea te  is es ter i f ied in t r iacylg lycero l ;  es- 
pecial ly when  it is l imi ted ,  oleate  is used 
pre fe ren t ia l ly  for  phosphol ip id .  By cont ras t ,  
Yosh ida  sa rcoma  ceils p re fe ren t ia l ly  incorpo-  
ra te  l ino lea te  r a t h e r  t h a n  oleate  f rom a var ie ty  
of  exogenous  f a t t y  acid mix tu re s  (16) .  The  ra te  
of  es te r i f ica t ion  of  l inolea te  in to  phospho -  
l ipids by  Ehr l i ch  ascites t u m o r  cells is grea ter  
t h a n  t h a t  of  oleate  (17) .  A l t h o u g h  L 1210 
m u r i n e  l eukemia  cells i n c o r p o r a t e  o lea te  more  
extens ive ly  t h a n  l inolea te  (18) ,  the  excess 
o lea te  is in t r iacylglycerol ,  w i th  similar  a m o u n t s  
of  the  2 f a t ty  acids i n c o r p o r a t e d  in to  p h o s p h o -  
lipid. Since the  s tudies  o n  t u m o r  cells used 
f a t ty -ac id -poor  a l b u m i n  in place of  serum, ou r  
resul ts  may  resul t  f r om di f ferences  in g rowth  
cond i t i ons  a n d / o r  those  b e t w e e n  n o r m a l  and  
t r a n s f o r m e d  cells. 

B o t h  e x o g e n o u s  f a t t y  acids (6)  and  l iyper-  
t r ig lycer idemic  serum (19)  s t imula te  tr iacyl-  
g lycerol  a c c u m u l a t i o n  in cul ture .  Spec to r  et  
al. (9)  have d e m o n s t r a t e d  t ha t  exogenous  f a t t y  
acids s t imula te  t r iacylglycerol  synthes is  whereas  
cel lular  p h o s p h o l i p i d  and  choles te ro l  c o n t e n t  is 
unchanged .  S u p p l e m e n t a t i o n  of  m e d i u m  con-  
t a in ing  fetal  bov ine  se rum wi th  up  to 100 
n m o l / m l  oleate  or  l ino lea te  does  n o t  affect  the  
g r o w t h  ra te  o f  these  cells. A l t h o u g h  exogenous  
f a t t y  acids m o d i f y  t he  acyl  prof i le  o f  cel lular  
t r iacylglycerol  to  a grea ter  e x t e n t  t h a n  t h a t  of  
p h o s p h o l i p i d  (9) ,  th is  s t udy  indica tes  t h a t  a t  
any  c o n c e n t r a t i o n  o f  exogenous  f a t ty  acid, 
re lat ively more  o f  the  i n c o r p o r a t e d  l inolea te  
t h a n  oleate  is es ter i f ied i n to  t r iacylglycerol .  
F u r t h e r m o r e ,  t he  da ta  suggest tha t ,  of  those  
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free f a t t y  acids no rma l ly  p resen t  in  fetal  bov ine  
serum,  a h igher  pe rcen tage  of  the  l inolea te  
i n c o r p o r a t e d  in to  cellular l ipids should  be  in 
t r iacylglycerols .  

S te rn  and  Pu l lman  (5)  have  s h o w n  tha t  
a d a p t a t i o n  of  h e p a t o c y t e s  to cu l ture  involves 
loss of  m i t o c h o n d r i a l  acyl-CoA: glycerol-3- 
p h o s p h a t e  acyl  t ransferase.  Rel iance  on  the  
mic rosoma l  e n z y m e  enables  those  cells to  
synthes ize  d i m o n o u n s a t u r a t e d  phospho l ip id s  
and  thus  m a i n t a i n  m e m b r a n e  f luidi ty  despi te  
a scarci ty  o f  p o l y u n s a t u r a t e d  f a t t y  acids. T he  
h e p a t o c y t e s  c o n t i n u e  to  es ter i fy  oleate  ins tead  
of  sa tu ra ted  f a t t y  acids in the  1-posi t ion of  
phosphog lyce r ides  even w h e n  the  cu l tu re  
m e d i u m  is s u p p l e m e n t e d  w i th  l inoleate .  A 
similar e n z y m a t i c  a d a p t a t i o n  in h u m a n  skin 
f ibroblas ts  migh t  expla in  the  p re fe ren t i a l  use 
of  scarce o lea te  in  phospho l ip id .  The  grea te r  
i n c o r p o r a t i o n  of  o lea te  t han  l inoleate  f rom 
mix tu re s  of  80% pa lmi t a t e  or  s teara te  would  
suggest t h a t  these  cells also syn thes ize  1-satu- 
ra ted ,  2 - m o n o u n s a t u r a t e d  phospho l ip id s  in 
p re fe rence  to the  1-saturated,  2 -polyunsa tu-  
ra ted  species c o m m o n  in vivo. 

This  s tudy  indicates  t h a t  the  p re fe ren t i a l  
use of  o lea te  relat ive to  l ino lea te  in p h o s p h o -  
l ipids is more  p r o n o u n c e d  in PE t h a n  in PC. A 
similar  exc lus ion  of  excess po lyeno ic  f a t ty  acids 
f rom PE has  been  r epo r t ed  in L cells (20) .  
S u p p l e m e n t a t i o n  of  L cells wi th  l inoleic acid 
pe r tu rbs  t he  u n s a t u r a t i o n  o f  phospho l ip id s  of  
the  cell h o m o g e n a t e  more  t h a n  those  of  t he  
p lasma m e m b r a n e ;  th is  suggests a cellular 
m e c h a n i s m  for  min imiz ing  possible  increases  in 
cell m e m b r a n e  f lu idi ty .  
T h e  loca l iza t ion  of  relat ively more  i n c o r p o r a t e d  
l inoleate  t han  oleate  in t r iacylglycerol  by  
GM-10 cells may  rep resen t  a s imilar  h o m e o -  
s tat ic  mechan i sm.  

A n u m b e r  of  relat ively n o r m a l  cell l ines 
appa ren t ly  requi re  p o l y u n s a t u r a t e d  f a t t y  acids 
(21-23) ;  s tudies  in which  serum is c o m p l e t e l y  
replaced wi th  h o r m o n e s  use med ia  wh ich  
con ta in  l inoleic  acid (24) .  No r e q u i r e m e n t  for  
l inoleate  has, however ,  been  d e m o n s t r a t e d  in 
WI-38 h u m a n  lung  f ibroblas ts ,  even at  se rum 
p ro t e in  c o n c e n t r a t i o n s  of  100 # g / m l  (25) .  
Diploid  h u m a n  f ibroblas t s  re ta in  the  abi l i ty  to  
e longate  and  f u r t h e r  desa tu ra te  b o t h  l ino lea te  
and  l ino lena te  (26 ,27)  and  to  conver t  arachi-  
donic  acid to  p ros t ag land ins  (28).  A b o u t  10- 
15% of  i n c o r p o r a t e d  l ino lea te  is mod i f i ed  in t he  
first  24 h r  (26) ;  the  longer  cha in  po l yuns a t u -  
ra ted  f a t t y  acids are f o u n d  in b o t h  p h o s p h o -  
l ipid and t r iacylglycerol  (Rosen tha l ,  u n p u b -  
l ished data) .  While subs tan t i a l  levels of  poly-  
u n s a t u r a t e d  f a t t y  acids appa ren t ly  are no t  
requi red  for  g r o w t h  of  these  cells in  cu l tu re ,  

t race  a m o u n t s  of  l ino lea te  may  be  requi red  for  
p ros tag land in  synthes i s  and  poss ibly  op t ima l  
cell g rowth .  F u r t h e r  inves t iga t ion  is requi red  to 
d e t e r m i n e  if cells dep le ted  in p o l y u n s a t u r a t e d  
f a t t y  acids migh t  exh ib i t  p re fe ren t i a l  use o f  
l inoleate .  
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Microbiological Studies Investigating Mutagenicity 
of Deep Frying Fat Fractions and Some of Their Components 
M. SCHEUTWINKEL-REICH, G. INGEROWSKI and H.-J. STAN, Institut far Lebensmittelchemie 
der Technischen Universit~it Berlin, MLiller-Breslau-Str. 10, 1000 Berlin 12, Germany 

ABSTRACT 

In this study, the Salmonella/microsome mutagenicity test according to Ames et al. (Mutation Res. 
31:347, 1975) was performed in order to detect possible mutagenicity of oxidized deep frying fat 
fractions. Furthermore, the mono-, di-, tri- and tetrahydroxyoctadecanoic acids and the hydroper- 
oxide of linoleic acid were investigated as model test substances. The Ames assay was carried out with 
and without metabolic activation including preincubation and liquid culture procedures as described 
by Mitchell (Mutation Res. 54:1, 1978). The results show no mutagenic effects for the oxidized 
fractions of deep frying fats nor for the model test substances. At higher concentrations, however, 
limited test reliability resulted from direct toxic effects on bacterial growth. 

INTRODUCTION 

Long-term feeding experiments in animals 
have shown that processed deep frying fats may 
have deleterious biological effects. Of special 
toxicological interest are certain fat fractions 
which arise in considerable amounts during the 
deep frying process and which can be isolated 
by analytical methods. These fractions are 
(a) the polar fraction, according to Guhr and 
Waibel (1), consisting of dimeric and polymeric 
triglycerides, and (b) the oxidized fatty acid 
fraction (2), which is isolated as the petroleum 
ether insoluble residue. The amount of these 
fractions serves as the legal basis for determin- 
ing the acceptability of a given fat for use in 
Germany. The transesterification of these fat 
fractions yields a complex mixture in which 
hydroxy fatty acids can be detected by gas 
chromatography-mass spectrometry (GC-MS) 
(3,4). Although th is  complex mixture has not  
yet been analyzed completely, m o n o - a n d  
dihydroxy fatty acids were found in consider- 
able amounts (5). 

Complementing the toxicological studies 
in animals, we performed the Salmonella/ 
microsome mutagenicity test according to 
Ames et al. (6) in order to detect possible 
mutagenicity of the described fat fractions, 
as well as the mono-, di-, tri- and tetrahydroxy 
octadecanoic and hydroperoxyoctadecadienoic 
acids as model substances. 

EXPERIMENTAL 

Test Substances 

The polar fraction according to Guhr and 
Waibel (1) and the oxidized fatty acid fraction 
according to DGF standard method C-III 3 
(77) (2) were obtained from processed deep 
frying fats from the local catering trade. These 

fractions were a generous gift of C. Gertz 
(Hagen, Germany). The model substances were: 
(a) 12-hydroxyoctadecanoic, and (b) 9,10- 
dihydroxyoctadecanoic acid (Serva, Heidelberg, 
Germany) ; (c) 9,10,12-trihydroxyoctadecanoic 
and (d) 9,10,12,13-tetrahydroxyoctadecanoic 
acid were produced by specific oxidation of the 
unsaturated fatty acids (7,8); (e) 9-hydro- 
peroxyoctadeca-10,12-dienoic acid was ob- 
tained via enzymatic oxidation of linoleic 
acid according to Mathew et al. (9). 

The solvents dimethyl sulfoxide and ethanol 
and the positive control substances, benzo(a)- 
pyrene, 2-aminoanthracene, 9-aminoacridine 
and sodium azide were commercially available 
(Merck, Darmstadt; Serva, Heidelberg, Ger- 
many). 

Bacterial Strains 

All bacterial tester strains were obtained 
from Professor B.N. Ames. We used the histid- 
ine auxotrophic strains of Salmonella typhi- 
murium TA 1535 and TA 100 for the detection 
of base pair and TA 1537, TA 1538 and TA 98 
for frameshift mutations. For each day's experi- 
ment, a fresh overnight culture was prepared 
containing 0.9-1.3"109 viable cells/ml. The 
tester strains were routinely checked for their 
genotypes (R-factor, uvrB deletion, rfa-muta- 
tion). 

Assay Procedure 

The Salmonella/microsome test was per- 
formed according to the original protocol of 
Ames et al. (6) and of de Serres and Shelby 
(10) with and without metabolic activation 
effected using rat liver homogenate. Rat liver 
homogenate was obtained from Aroclor-1254- 
induced Wistar rats. Fifty mg/plate of the 
centrifuged homogenate (S-9 fraction) were 
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used in the assay. The protein content was 4.4 
rag/plate (11). The preincubation procedure 
was also performed according to Ames et al. 
(6). The test compound was preincubated for 
30 min at 37 C with "S-9 mix" and the liquid 
suspension of the tester strain TA 100. The 
liquid medium assay was performed according 
to Mitchell (12) with S. typhimurium TA 100. 

Description and Value of the Ames Test 

The Ames test is a short-term mutagenicity 
test which uses various histidine-dependent 
S. typhimurium strains as indicator organisms. 
Under the influence of mutagenic substances, 
some bacteria revert back to the histidine 
nondependent wild type. These revertants are 
able to grow on a histidine-free minimal agar. 
The number of colonies which grow is counted 
and compared to a control showing the spon- 
taneous mutation rate. The number of rever- 
tants/plate increases as the amount of muta- 
genie substance present increases. Such a 

response-relationship is of great significance 
when assessing mutagenicity of a compound. 
This relationship must be checked in all exper- 
iments using standard mutagens (13). 

However, many substances are only effective 
mutagens after metabolic activation in mam- 
mals. The Ames assay is useful in that it allows 
one to simulate the mammalian metabolism. 
For this purpose, a liver fraction taken from 
rats is isolated which contains the mixed 
function oxidases and cytochrome P448,4so 
along with soluble enzymes. This S-9 fraction 
is used with cofactors as metabolizing system 
(S-9 mix). 

The value of the Ames test is the relatively 
good agreement between the data obtained in 
this test and the data obtained from carcino- 
genic experiments using animals. In several 
extensive studies designed to examine the 
ability of the Ames test to detect carcinogenic 
or noncarcinogenic chemicals in animal cancer 
tests, over 90% of the 200 carcinogens tested 

TABLE I 

Mutagenic Activity of Deep Frying Fat Fractions and Model Substances 
with Salmonella typhimurium in the Ames Assay 

Revertants per plate (mean of 3 plates) 

Concentrat ion TA 1535 TA 100 TA 1537 TA 1538 TA 98 

Test substance (~g/plate) -S-9 +S-9 -S-9 +S-9 -S-9 +S-9 -S-9 +S-9 -S-9 +S-9 

Control  ( E t O H )  7 9 . 1 0  a 11 31 106  105  19 9 16 4 5  24  51 
C o n t r o l ( D M S O )  1 1 0 . 1 0 3  10  2 6  107  1 1 0  2 0  14 17 3 8  2 6  51 
B e n z o ( ~ ) p y r e n e  1 3 8 7  52 7 9  1 0 8  

2 1 0 0 7  127  1 5 2  192  
5 1 6 1 0  1 8 3  3 4 4  4 1 0  
7 1 6 0 0  139 2 7 2  5 9 9  

N H 2 - a n t r a c e n e  0 . 2 5  4 7  
0 .5  8 9  
1 2 0 3  

N H  2 - a c r i d i n e  10 4 0  
20  9 3  

N a N  3 5 1 2 7 7  
l 0  2 5 7 5  
2 0  4 2 5 0  

O x i d i z e d  ~ t t y  5 0 0  3 4  5 8  
a c i d  ~ a c t i o n  1 0 0 0  10  23  9 4  99  14 10  14 34  2 9  4 8  

2 5 0 0  11 18  1 2 0  1 0 0  11 9 13 21 2 6  27  
5 0 0 0  6 19  101 1 0 0  10  6 13 17  2 0  16  

P o l a r  ~ a c t i o n  5 0 0  2 6  6 0  
1 0 0 0  7 2 2  1 1 2  125  16 7 13 5 6  2 8  61 
2 5 0 0  13  2 2  1 0 9  1 2 0  17 6 15 4 9  31 55 
5 0 0 0  11 2 3  1 0 8  1 3 0  17 10 11 4 6  2 8  56  

1 8 : 0 - O H  5 0 0  10  21 106  1 1 3  15 4 15 3 4  24  4 7  
1 0 0 0  10  13 1 0 7  1 0 l  15 4 14 2 0  21 51 
2 5 0 0  a 10  10  71 41  b 18  5 19 13 14  41  

1 8 : ~ ( O H ) 2  5 0 0  13 3 0  9 0  9 9  17 9 12 4 7  2 8  54 
1 0 0 0  10  2 9  71 7 8  15 14 16 4 0  4 0  6 3  
2 5 0 0  a 12 21 9 b 15 b 15 8 19 4 6  25  6 0  

1 8 : ~ ( O H )  3 5 0 0  12 3 2  105  1 3 8  15 9 14 52  16 5 6  
1 0 0 0  8 17 102  1 4 2  18  15 12 3 6  2 3  5 8  
2 5 0 0  12 17 lOS  1 2 9  c 17 11 16 4 4  19  54 

2 8 : 0 - ( O H ) 4  5 0 0  l l  2 4  111  1 1 6  17 13  17 55 2 2  58  
1 0 0 0  10 15 1 1 0  1 4 5  12 12 9 4 5  17 59  
2 5 0 0  12 1 9  9 6  1 5 4  c 14  15 10  51 19  51 

l S : 2 - O O H  10 11 31 1 0 0  1 2 4  9 10  22  4 8  19 4 5  
50  12 37  1 2 4  1 3 0  13 9 15 4 0  2 9  4 4  

1 0 0  4 21 1 0 4  7 0  c 7 5 3 c 12  c 3 4  3 9  
2 5 0  _ c  _ c  _ c  _ c  c _ c  _ c  _ c  31 3 8  
5 0 0  _C _C _C _C _C _C _C _C C C 

a p r e c i p i t a t i o n  o f  the test s u b s t a n c e .  

b B e g i n n i n g  o f  tox ic i ty .  

C E v i d e n c e  o f  t o x i c i t y ,  a p p a r e n t  as  t h i n n i n g  o f  b a c t e r i a l  b a c k g r o u n d  l a w n .  
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TABLE 1I 

Results Obtained with the Liquid Culture Test According to Mitchell 
with Salmonella typhimurium TA 100 

Amount Revertants per plate Survivors X 109 per plate Corr. mutation rate 
Test substance 0zg) (mean of 3 plates) (mean of 2 plates) X 1 0  9 

Control (DMSO) 100.10 a 80 4.2 
Benzo(a)pyrene 10 660 4.6 128 

20 900 1.1 752 
18:0-(OH)a 4000 50 4.9 -6 

10000 50 4.8 -6 
14000 60 3.4 -6 
20000 40 2.2 -18 

18:0-(OH)4 3300 120 6.6 6 
4600 90 5.6 2 
6600 100 5.4 4 

were positive (13-18). In contrast  to carcino- 
genic exper iments  with animals which are 
costly and t ime-consuming,  the Ames  test is 
relatively easy and inexpensive to perform: 
Because of  the difference be tween human and 
bacterial  cells, such tests are suitable only as 
prel iminary tests. 

RESULTS A N D  DISCUSSION 

Table I shows the results obtained in the 
Ames  assay using deep frying fat fractions and 
mode l  test substances. All tests were per formed 
in parallel with (+ S-9) and wi thout  (- S-9) 
metabol ic  act ivat ion;  I00  /~1 of  each o f  the 2 
solvents d imethyl  sulfoxide (DMSO) and 
e thanol  (EtOH) were used as cont ro l  plates to 
show the spontaneous  muta t ion  rates. F r o m  
these results, the  spontaneous muta t ion  rates 
differ according to the tester  strain used. A 
sample usually is considered mutagenic  if it 
brings about  a 2-fold or  greater increase in the 
muta t ion  rate. In order to assure the test 
system was working properly,  especially with 
regard to the act ivi ty of  the S-9 preparat ion,  
positive mutagenic  substances were run simul- 
taneously in the assays. The test range is 
l imited (a) by precipi ta t ion of  the test sub- 
stance, and (b) by the dose, which is toxic  to 
the test bacteria. Toxic  effects  can be seen 
when the number  of  spontaneous  revertants  
diminishes, fol lowed by the disappearance o f  
the background lawn of  nonrever tant  bacteria.  
These toxic  effects  are well demonst ra ted  with 
the: hydroperox ide  of  l inoleic acid as shown in 
Table I. In contrast  to the standard mutagens,  
it can be seen that  all the  tested substances 
do not  increase the muta t ion  rates significantly. 
There is only a slight increase observed with 
tri- and t e t r ahydroxyoc tadecano ic  acid and the 
tester  strain TA 100. However ,  the doubling 
of  the  spontaneous mutat ion rate is no t  reached. 

The conclusion drawn f rom the results summar-  
ized in Table I is that  no mutagenic  effect  is 
observed with the tested samples using the 
Sa lmonel la /microsome test according to Ames  
et al. 

A modi f ica t ion  of  the Ames  assay described 
was designed to increase its sensitivity to weak 
mutagens (6). The sample was pre incubated for 
30 min at 37 C with the  S-9 mix  and a liquid 
suspension of  the tester  strain. This preincu- 
bat ion effects a longer  contact  be tween  sub- 
stance, metabol i tes  and the bacteria. We per- 
formed the pre incubat ion  procedure  with the  
most  sensitive tester  strain, TA 100, and the  
2 deep frying fat fract ions as well as the 9- 
hydroperoxyoc tadeca-  10,12-dienoic acid. Once 
more,  there was no mutagenic  effect.  

Ano the r  possibility to enhance the sensi- 
t ivity o f  the bacterial short- term mutagenic i ty  
assays is the liquid cul ture test. This type  o f  
assay was per formed according to Mitchell  (12). 
In this assay, the test substance and metabol l tes  
formed by the S-9 mix  were incubated with 
the tester  strain in a l iquid medium.  During the  
first hr, the bacteria were held in a minimal  
med ium;  for the 3 hr  t h a t  fol lowed,  they  were 
allowed to grow in a nut r ien t  broth.  After-  
wards, the bacteria were plated out  onto  a 
minimal  agar to find the number  o f  revertants  
and onto  a nutr ient  agar to es t imate  the num- 
ber o f  survivors. In this way, the difficulties 
incurred by toxic  effects  are el iminated.  Table 
II shows a summary  o f  the results obtained 
with the liquid culture test using S. typhi- 
murium TA 100 and tri- and te t rahydroxy-  
octadecanoic  acid. These 2 compounds  were 
selected because o f  a slight increase in the 
muta t ion  rates with TA 100, which was ob- 
served at the  highest concent ra t ion  possible 
using the Ames  assay. An increase in the 
amount  of  the test compounds  used was no t  
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possible because of their toxic effects on the 
tester strain. The results of  the liquid culture 
test reported in Table II were expressed as 
corrected mutation rates: 

Corr. muta t ion  rate = 

Revertants - Revertants 
Test Control 

Survivors 

In this test, a substance is considered to be 
m u t a g e n i c  i f  a d o s e - r e s p o n s e  r e l a t i o n s h i p  is 
o b s e r v e d  as  c a n  be  s e e n  w i t h  b e n z o ( c O p y r e n e .  
T h e  r e s u l t s  o f  t h e  t e s t e d  h y d r o x y  f a t t y  ac ids  
o n l y  s h o w  c o r r e c t e d  m u t a t i o n  r a t e s  a r o u n d  
ze ro .  I t  c a n  t h e r e f o r e  be  c o n c l u d e d  t h a t  n o  
m u t a g e n i c  e f f e c t s  are  d e t e c t a b l e  u p  to  t h e  
h i g h e s t  c o n c e n t r a t i o n  t h a t  c a n  be  d i s so l ved  
u n d e r  t e s t  c o n d i t i o n s .  

T o  s u m m a r i z e  o u r  r e s u l t s , w e  we re  ab le  t o  
d e m o n s t r a t e  t h a t  t h e  d e e p  f r y i n g  fa t  f r a c t i o n s  
as wel l  as t h e  h y d r o x y  f a t t y  a c i d s  a n d  t h e  
h y d r o p e r o x i d e s  u s e d  as m o d e l  s u b s t a n c e s  were  
n o t  m u t a g e n i c  in v a r i o u s  m o d i f i c a t i o n s  o f  
t h e  S a l m o n e U a / m i c r o s o m e  assay .  H o w e v e r ,  it 
s h o u l d  be  e m p h a s i z e d  t h a t  f u r t h e r  inves t i -  
g a t i o n s  w i t h  t e s t  s y s t e m s  o t h e r  t h a n  b a c t e r i a  
a re  n e c e s s a r y  to  c o m e  to  a d e f i n i t e  d e c i s i o n  
r e g a r d i n g  t h e  m u t a g e n i c i t y  o f  t h e s e  s u b s t a n c e s .  
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Origins of the Cholesterol in Milk 
CAROL A. LONG ] ,  STUART PATTON and ROBERT D. McCARTHY, Department of 
Food Science, The Pennsylvania State University, University Park, PA 16802 

ABSTRACT 

Studies were conducted to investigate the origin of milk cholesterol in the ruminant. In the first 
experiment, [ 1-14C] sodium acetate was infused into one side of the udder of a lactating goat via the 
teat canal whereas in the second, [1,2-3H] cholesterol was injected intravenously and concurrently 
with a [14C]acetate intramammary infusion. In both experiments, blood and milk samples were 
collected at intervals for 6 days postinjection. Maximum unesterified cholesterol specific activity 
(sp act) in whole milk appeared at 78 hr after intravenous injections of 3H cholesterol and within 
3-7 hr after infusion of [~*C] acetate. Virtually all the tritium in milk was associated with unesterified 
cholesterol. The sp act of ~4C-labeled cholesterol was only 20% of gland-synthesized decanoic acid. 
Decanoic acid is known to be completely synthesized in the mammary gland, and, like cholesterol, 
acetate is its precursor. The results indicate that, although some milk cholesterol is synthesized in the 
mammary gland, it is derived principally from serum cholesterol. The data show also that serum 
cholesterol equilibrates with membrane cholesterol of the lactating cell prior to its secretion in milk. 

INTRODUCTION 

Although cholesterol is present in all mam- 
malian milks, its origins are not well estab- 
lished. Cholesterol and its esters are associated 
primarily with milk fat globules (1,2); however, 
20% of the total cholesterol is in the skim milk 
(2,3). Milk cholesterol may be derived by 
transfer from blood or from de novo synthesis 
from acetate within the mammary gland (4-13). 
Studies on the relative contribution of blood 
serum cholesterol and mammary gland-synthe- 
sized cholesterol to milk of  the goat, as well as 
other species, have involved either oral or 
intravenous administration of radioactive pre- 
cursors to the animals (5,6,9,14,15). Raphael 
et al. (12) used an abomasal injection of [ '~C]- 
cholesterol to study transport of dietary chol- 
esterol into goat milk. However, the relation- 
ship between the transfer of blood cholesterol 
into milk and the capacity of  ruminant mam- 
mary tissue to synthesize milk cholesterol has 
never been evaluated in vivo. 

MATERIALS AND METHODS 

Two mid-lactation goats (1500 ml milk/day) 
from the University herd were held in metab- 
olism stalls and fed a usual diet of hay, grain 
and water. 

Experiment 1 

After completely milking both sides of the 
udder, 250 /.tCi of [1,2J4C]sodium acetate 
(53.5 mCi/nmol;  New England Nuclear Corp., 
Boston, MA) in 10 ml of 0.9% NaC1 were 
infused via the teat canal into the left mam- 

ICurrent address: Department of Food Science 
and Technology, University of Nebraska, Lincoln, 
NE 68583. 

mary gland. Milk was collected at 3, 7 and 12 
hr postinfusion, then every 12 hr up to 144 hr. 
After 144 hr, the radioactivity measurements of 
the activities in the milk were too low for 
useful analysis. Milk samples from the left and 
right glands were kept separate. Concurrently 
with milking, 10-ml blood samples were taken 
from a cathether in the right jugular vein. 

Experiment 2 

This experiment was similar to experiment 1 
except that 6 hr before [14C]acetate was 
infused into the mammary gland, a colloidal 
suspension of [ 1,2-3H] cholesterol (250 #Ci, 
44.0 Ci/nmol; New England Nuclear Corp.) 
was injected into the jugular vein via the 
implanted catheter. Colloidal cholesterol was 
prepared by dissolving 0.25 mg of unlabeled 
cholesterol with the tracer cholesterol in 0.25 
ml of  95% ethanol and adding 10 ml of 0.9% 
NaC1 (16). The goat was milked dry 6 hr after 
the [3H]cholesterol injection, which was 
immediately followed by mammary gland 
infusion of  the [14C] acetate. Blood and milk 
samples were taken at 1, 2, 4 and 6 hr after 
injection of tritiated cholesterol and at the 
previously designated milking times relative 
to acetate infusion. 

Fractionation Procedures 

Milk samples collected from the infused and 
noninfused mammary glands were treated in 
an identical manner. Portions (10-ml) of the 
uncooled whole milk samples were saved for 
lipid analyses. Other aliquots of uncooled 
milk samples were separated promptly into 
skim milk and a compacted layer of  fat globules 
by centrifugation in 50-ml tubes at 1085 x g 
for 20 min at ambient temperature. Skim milks 
were decanted from under the fat globule 
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layers. 
All solvents were redistilled in glass. Total 

lipids were extracted from the whole milks, 
skim milks and globule fractions by the Roese- 
Gottlieb procedure (17). Solvents were re- 
moved from the lipid extracts with a rotary 
evaporator at 40 C. Lipids from 5 ml of blood 
serum were extracted according to the Folch 
et al. method (18). The solvent was removed 
under nitrogen. 

Cholesterol Analysis 

Unesterified cholesterol in the lipid samples 
was quantitatively isolated using digitonin/ 
Celite columns as described by Schwartz et al. 
(19) and as modified by Witte (20). Modifi- 
cations included reduction of sample size to 
ca. 0.5 g and addition of 1.0 mg of stigmasterol 
as an internal standard. Cholesterol was quanti- 
fied using a Hewlett Packard 5750 gas chro- 
matograph with a 6 ft x 1/8 in. glass column 
packed with 3% SP-2100 and 80/100 mesh 
Supelcoport (Supelco, Inc., Bellefonte, PA). 
Separation was effected at 265 C and 40 ml/ 
min helium carrier gas flow rate, with injector 
and detector temperatures at 300 C. Calcula- 
tion of the absolute weight of cholesterol was 
performed by an internal standardization 
technique (21) and by comparison to a stan- 
dard curve. 

Decanoic Acid Specific Activity 

The specific activity (sp act) of decanoic 
acid, a fatty acid synthesized from acetate 
almost exclusively within the gland (22), was 
determined for the whole milk samples from 
the infused and noninfused sides. Triglycerides 
from the hexane/benzene fraction of the 
cholesterol isolations were purified by thin 
layer chromatography (TLC) on silica gel plates 
(E. Merck, Darmstadt, Germany), using a 
petroleum ether/diethyl ether/acetic acid (80: 
20:1, v/v/v) solvent system. The area corres- 
ponding to triglycerides following visualization 
by brief exposure to iodine vapors was scraped 
from the plate and the triglycerides eluted from 
the silica gel with chloroform. 

Triglyceride fatty acids were methylated 
by transesterification with methanol containing 
boron trifluoride (23). Known volumes of the 
methyl ester extracts were chromatographed on 
a Hewlett Packard 5750 gas chromatograph 
equipped with a 6 ft x 1/8 in. stainless steel 
column packed with 15% DEGS on acid-washed 
Chromosorb W (Supelco, Inc.). Column temper- 
ature was programmed from 80 C to 175 C at 
4 C/rain with the helium carrier gas flow rate 
at 36 ml/min. Peak area of methyl decanoate 
was measured and the ester was quantified by 

comparison to areas on a standard curve for 
methyl decanoate (Applied Science Division, 
Milton Roy Co. Lab. Group, State College, PA). 

Radioactive methyl decanoate was isolated 
by trapping the column effluent (from a heated 
outlet (245 C) in a glass U-tube filled with 
sand) during the retention time determined 
with standard methyl decanoate. Traps were 
maintained in a Dry Ice/acetone bath and had 
a recovery efficiency of 80%. Methyl decanoate 
trapped on the sand was eluted into a scintil- 
lation vial with 3 5-ml portions of scintillation 
fluid. 

Cholesteryl esters were isolated by TLC as 
previously described for triglycerides. After 
elution, the cholesteryl esters were saponified 
by adding 2 ml of 0.5 N NaOH in methanol 
to the sample and refluxing for 10 rain. Follow- 
ing addition of 2 ml of 6 N HC1, fatty acids and 
cholesterol were extracted with petroleum 
ether/diethyl ether (1:1, v/v). Cholesterol was 
separated from fatty acids by the McCarthy and 
Duthie method (24) and quantified by gas 
chromatography as described previously. 

Radioactivity Measurements 

Radioactivity measurements were performed 
with a Packard TriCarb Liquid Scintillation 
Spectrometer (Model 3330, Packard Instrument 
Co., Inc., Downers Grove, IL). Samples were 
counted in 10 ml of Quantafluor Scintillar 
(Mallinckrodt, Inc., St. Louis, MO) unless 
otherwise noted. Counting times were estab- 
lished on the basis of 1% counting error. In 
experiment 2, 3H and 14C were assayed simul- 
taneously. 

RESULTS 

Specific activity of unesterified cholesterol 
from whole milk obtained from the infused and 
noninfused sides of the udder during the first 
24 hr following infusion of [1,2-14C]sodium 
acetate in experiment 1 are shown in Table I. 
Cholesterol sp act from the infused side were 
much higher than those from the noninfused 
side. This also occurred in experiment 2 (data 
not shown). About 0.1% of the 14C appeared in 
milk cholesterol 3 hr after the [14C]acetate 
infusion. Maximal sp act in milk cholesterol 
occurred within 7 hr postinfusion, followed by 
a slow, steady decline. 

Cholesterol sp act values [3H, 14C]in whole 
milk from experiment 2 are presented in 
Figure 1. Specific activities for [ 14C] cholesterol 
rose rapidly after [14C]acetate infusion fol- 
lowed by a gradual decline. Tritiated chol- 
esterol increased initially and reached a plateau 
of maximal sp act at 78 hr after intravenous 
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TABLE I 

Specific Activity of Unesterified Cholesterol in 
Whole Milk following Infusion of [ 1,2-]4C]- 

Sodium Acetate (Experiment 1) 

Milk 
Postinfusion Unesterified cholesterol 

time Infused Noninfused 
(hr) gland gland 

dpm/mg 

3 3366 22 
7 3558 0 

12 2891 0 
24 2554 499 

~4 
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Q. 
E3 

>.. 

~ 3 

b-_ z 
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o3 
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s 
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9' 

' I I I I I 
30 54 78 102 126 150 

POSTINJECTION TIME (HR) 

FIG. 1. Specific activity of unesterified cholesterol 
in whole milk following intravenous injection of 
[1,2-3H]eholesterol (o- -o)  and intramammary infu- 
sion of [1,2-14C] sodium acetate (=--=). Acetate was 
infused into the mammary gland via a teat canal 
6 hr after injection of cholesterol. 
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inject ion of  [3H]choles terol .  This data is 
similar to that  repor ted  for the  guinea pig (5), 
rat (7) and goat (11). 

Specific act ivi ty o f  tr i t iated cholesterol  in 
b lood and milk over  t ime is given in Figure 2. 
Af te r  a sharp decline within the  first 2 hr, the  
sp act of  b lood serum cholesterol  gradually 
increased 4-12 hr  pos t in jec t ion  after  which it 
decreased very gradually. On the o ther  hand,  
3H cholesterol  activity in whole milk  rose for  
42 hr  fol lowing int ravenous inject ion of  triti- 
ated cholesterol.  Af te r  78 hr, milk cholesterol  
act ivi ty  leveled and by the sixth day it ap- 
proached the serum sp act values. 

The  concent ra t ion  of  cholesteryl  esters in 
whole milk was ca. 5% of  the total  cholesterol ,  
which agrees with l i terature values (12). To ta l  
lipid extracts  and unesterif ied cholesterol  
f ract ions isolated f rom 10 ml  o f  whole milk had 
virtually identical  3H activity values in samples 
f rom 13- through 150-hr post inject ion.  At  no 
t ime did cholesterol  act ivi ty fall be low 90% of  
the total  lipid activity and in 8 out  of  13 
samples it  was 100%. Closeness of  the  activity 
values for the 2 fract ions indicates that  labeling 

of  the  milk cholesterol  ester f ract ion by the 
t r i t ia ted cholesterol  was ex t remely  l imited.  
Fol lowing [14C]acetate infusion (exper iment  
2), label was incorpora ted  only into the fat ty  
acid mo ie ty  of  milk cholesterol  esters. 

Figure 3 shows the activity f rom [14C]- 
acetate which was incorpora ted  into milk  chol- 
esterol and decanoic acid (exper iment  1). This 
comparison may  give an indicat ion o f  the 
cholesterol-synthesizing capacity o f  the mam- 
mary gland since decanoic acid is only  syn- 

6 i 
2 03 

5 

I 

rx-..x 

0 12 24 

;~4 4~ & 9'6 t~'o ,~,4 ,~,a POSTINFUSION 
POSTINJECTION TIME (HR) TIME ( H R) 

FIG. 2; Specific activity of unesterified chol- 
esterol in blood serum (e - -e )  and whole milk (o--o)  
following intravenous injection of [1,2-3H]chol - 
esterol. 

FIG. 3, Specific activities of cholesterol (m--m) 
and decanoic acid ( X - - X )  synthesized by the mam- 
mary gland following inttamammary infusion of 
[ 1,2J4C] sodium acetate (experiment 1). 
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thesized in the mammary gland (22) and 
cholesterol and fatty acids are secreted into 
milk in a fairly constant ratio. Because the 
synthesis cycle of fat globules in the goat is 
4-6 hr (25), the best time to make a comparison 
is at the plateau area between 3 and 12 hr post- 
infusion. During that time interval, sp act of 
cholesterol was found to be diluted by ca. 
80% compared to the decanoic acid activity. 
This suggests that ca. 20% of the milk chol- 
esterol is synthesized from acetate in the 
mammary gland and 80% is derived from the 
blood. 

DISCUSSION 

The results of this study confirm that there 
are 2 sources of milk cholesterol, namely, the 
blood and de novo synthesis in the mammary 
gland (5,6,9). The criterion by which to decide 
whether [1,2J4C] acetate was used by mam- 
mary tissue for synthesis of milk cholesterol 
rests on a comparison of the sp act of chol- 
esterol in milk samples isolated from the 
infused and noninfused mammary glands. If 
the sp act of the cholesterol from the infused 
side was greater than that from the noninfused 
side, the cholesterol was synthesized primarily 
by the gland. If the radioactive acetate was 
absorbed from the infused gland and the chol- 
esterol synthesized in another tissue of the 
body, it would be transported by the blood 
equally to both glands. This is based on the 
evidence that there is no exchange or diffusion 
of substances between halves of the udder 
(26,27). 

As a result of the large amount of acetate 
production in the rumen and its subsequent 
mobilization in blood to various body tissues, 
including the mammary gland for milk fat 
synthesis, it is likely that dilution of radio- 
active acetate with unlabeled acetate took 
place. This, in turn, could cause the sp act 
values for [14C]cholesterol in milk from the 
noninfused side of the mammary gland to be 
very low (Table I). The decidely greater amount 
of [ 14C]acetate incorporated into milk chol- 
esterol from the infused side of the udder 
indicates that some milk cholesterol is syn- 
thesized de novo in the mammary gland. 
Although the [14C] acetate infusion experi- 
ments alone do not lend themselves to any 
quantitative interpretation, concurrent study of 

14 . . . .  [ C] acetate mcorporatmn into decanolc acid 
suggests that ca. 80% of milk cholesterol is 
of blood origin. Cholesterol-feeding experi- 
ments with goats conducted by Mills et al. (9) 
have shown that a smaller amount of milk 
cholesterol, 50-60%, is derived from blood. 

However, since serum cholesterol is readily 
transported to the mammary gland (12), it 
seems this would obviate the need for extensive 
glandular de novo synthesis. 

The rapid initial disappearance of serum 
[3H]cholesterol followed by reappearance in 
blood a short time later (Fig. 2) agrees with 
observations for the goat (12), rat (28) and 
human (29). An increased appearance of 
labeled cholesteryl esters in blood serum 
occurred in this study which is similar to 
observations described by Nilsson and Zilver- 
smit (28). This phenomenon indicates active 
lecithin:cholesterol acyltransferase (LCAT) ac- 
tivity in plasma of the lactating goat. The very 
low amount of tritium label in whole milk 
cholesterol compared to blood serum shortly 
following intravenous injection of  [3HI chol- 
esterol (Fig. 2) implies that a negligible amount 
of injected cholesterol traveled directly to the 
mammary gland. The bulk of injected chol- 
esterol was cleared by the liver and incorpo- 
rated into serum lipoproteins prior to uptake 
by the mammary gland (29). 

Little is known about the involvement of 
very low density, low density and high density 
lipoproteins for cholesterol transport into 
mammary cells of the ruminant (30,31). Even 
transport of dietary cholesterol to mammary 
gland by chylomicrons, which has been exten- 
sively investigated in the rat (5), is an unsettled 
issue for ruminants (30). Lipids are transported 
to peripheral tissues via serum protein carriers. 
Phillippy and McCarthy (32) reported that 
maximal serum albumin sp act appeared in milk 
12 hr after [12SI]serum albumin was injected 
intravenously into a goat. The rapid peak 
appearance of radioactive serum albumin in 
milk reported by these scientists compared 
with the much longer and more gradual increase 
of serum [3H]cholesterol to a plateau in milk 
found in our study (Fig. 4) implies that chol- 
esterol is not transported into milk in the form 
of a serum protein-cholesterol complex such as 
a lipoprotein. The lack of any tritium in milk 
cholesterol esters (see preceding) also supports 
this contention. Rather, serum-derived chole- 
esterol apparently equilibrates throughout 
mammary cell membranes prior to its transfer 
into milk. A similar conclusion was drawn by 
Easter (8) in studies of serum cholesterol 
transport into rat milk. The persistent release 
of cholesterol synthesized in the mammary 
tissue from acetate into milk over a 150-hr 
period (Fig. 1) also implies an origin of milk 
cholesterol in the membrane pool of the 
lactating cell. 

The closeness of the total and unesterified 
cholesterol activities for 3H labeling makes it 
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FIG. 4. Comparison of  the transfer of  cholesterol 
(o---o) and serum albumin ( X - - •  from blood into 
milk following intravenous injection of [I ,2-3H]- 
cholesterol or [1251] serum albumin into the lactating 
goat (serum albumin data taken from ref. 32). 

apparent that virtually all of the cholesterol 
which enters milk intact from the bloodstream 
is in the unesterified form. The ultimate coinci- 
dence in sp act of serum and milk unesterified 
cholesterol (Fig. 2) also is indicative of this 
possibility. Absence of any aH activity in the 
cholesterol esters of milk, even though mea- 
sured only in the initial 48-hr sample collec- 
tion period, is puzzling and does not  concur 
with data previously reported. After abomasal 
injection of [14C] cholesterol, Raphael et al. 
(12) had observed a significant and unique 
cyclic labeling pattern of milk cholesteryl esters 
in goats. A contribution to serum cholesterol 
metabolism by intestinal mucosa may account 
for this discrepancy. 
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Experimental Nephrotic Syndrome in the Rat Induced 
by Puromycin Aminonucleoside: Hepatic Synthesis 
of Lipoproteins and Apolipoproteins 1 
E. GHERARDI ,  M. MESSORI, R. ROZZI and S. C A L A N D R A  2, Istituto di Patologia Generale, 
Universit~ degli Studi di Modena, Via Campi 287, 41100 Modena, italy 

ABSTRACT 

Hepatic synthesis of lipoproteins and apolipoproteins was investigated in male Wistar rats with 
severe nephrotic syndrome induced by puromycin aminonucleoside by incubating liver slices with a 
mixture of 14C-amino acids. Labeled lipoproteins were separated by preparative ultracentrifugation 
from the incubation medium after the addition of carrier plasma. The incorporation of 14C-amino 
acids into very low density lipoproteins (VLDL) (1.006 g/ml), low density lipoproteins (LDL) (1.006- 
1.063 g/ml) and high density lipoproteins (HDL) (1.063-1.210 g/ml) was increased in nephrotic liver 
6.1-, 5.7- and 5.0-fold, respectively. The measurement of radioactivity associated to apolipoproteins 
isolated by SDS-PAGE documented an increased incorporation into apolipoprotein E (apoE) of 
nephrotic VLDL (33.1% vs 20% of the total radioactivity incorporated into VLDL apoproteins) and 
a markedly increased incorporation into apohpoprotein A-I (apoA-I) of nephrotic HDL (44.3% vs 
16.3% of the total radioactivity incorporated into HDL apoproteins). In nephrotic liver, the total 
incorporation of amino acids into apolipoproteins (apoVLDL + apoLDL + apoHDL) was increased 
12.6 times for apoA-1, 6.4 times for apoB, 5.0 times for apoE, 4.2 times for apoC + apoA-ll and 2.5 
times for apoA-IV. We suggest that, in nephrotic liver: (a) the synthesis of VLDL, LDL and HDL is 
increased, and (b) the total synthesis of apoA-I is selectively incresed when compared to that of the 
other apolipoproteins. 

INTRODUCTION 

Although it has been suggested for several 
years that  an increased hepat ic  synthesis of  
plasma l ipoprote ins  may  be the crucial factor  in 
the origin of  bo th  human  (1,2) and experi- 
mental  (3-6) nephrot ic  hyper l ipopro te inemia ,  
few studies have focused on the hepat ic  syn- 
thesis o f  l ipoprote ins  in nephrot ic  animals 
(7-10) and the actual role of  the hepat ic  over- 
p roduc t ion  of  l ipoproteins  in the pathogenesis  
of  nephrot ic  hyper l ipopro te inemia  is not  yet  
f irmly established. Fur thermore ,  the ques t ion 
can be raised as to whether  the increased 
synthesis of  l ipoprote ins  which is thought  to 
occur  in nephrot ic  liver is conf ined to some 
classes of  plasma l ipoprote ins  or involves all 
t ipoprote in  species as a nonspecif ic  response to 
the loss o f  plasma protein in the urine. 

The  involvement  of  all l ipoprote in  species is 
part icularly interest ing since we recent ly  found 
(5) that, in nephrot ic  rats, the  concen t ra t ion  of  
all plasma l ipoprote ins  is markedly  elevated and 
their  apoprote in  compos i t ion  is a b n o r m a l -  
apol ipoprote in  E (apoE) is elevated in bo th  

1preliminary reports of this work were presented 
at the Annual Meeting of the European Society for 
the Study of the Liver (Dtisseidorf, September 13-15, 
1979); at the 5th International Symposium on Athero- 
sclerosis (Houston, November 6-9, 1979) and at the 
Annual Meeting of the Italian Society for the Study 
of the Liver (Rome, December 14-15, 1979). 

2To whom correspondence should be addressed. 

very low densi ty l ipoproteins  (VLDL)  and low 
density l ipoproteins  (LDL);  apol ipoprote in  A-I 
(apoA-I)  is present in LDL;  apoA-I is increased 
and apol ipoprote in  A-IV (apoA-IV) and apo- 
l ipoprote in  (apoE) are diminished in high 
density l ipoproteins  (HDL).  

Since it is u n k n o w n  whether  these changes 
result f rom the hepat ic  overproduc t ion  of  
abnormal  l ipoprote in  particles or whether  they  
represent  the result of  an altered intravascular 
or cellular metabol ism of  plasma l ipoproteins,  
we have under taken  this s tudy in an a t t empt  to 
answer the fol lowing quest ions:  (a) whether  the 
synthesis of  some l ipoprote ins  and/or  apo- 
l ipoproteins  was selectively s t imulated in 
nephrot ic  liver and ( b ) t o  what  extent  the 
hepat ic  overproduc t ion  of  plasma l ipoproteins  
could account  for the changes of  concent ra t ion  
and apoprote in  compos i t ion  of  l ipoprote ins  of  
nephrot ic  rat plasma. 

MATERIALS AND METHODS 

Materials 

Puromycin  aminonucleos ide  (6-dimethyl-  
�9 t * t �9 . . 

amino [3 -amino-3  - deoxynbosy l ]  purlne) was 
obta ined from Sigma Chemical  Co. (St. Louis, 
MO). Eagle's basal medium was obta ined f rom 
Wellcome Research Laborator ies  (Beckenham, 
England). The mix ture  of 14C-amino acids was 
purchased f rom New England Nuclear  (Drei- 
eich, West Germany) .  Instagel was from Pack- 
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ard Instrument Co. (Downers Grove, IL). Other 
reagents were obtained from C. Erba (Milan, 
Italy). 

Animals 

Twenty-four male Wistar rats (285-300 g in 
weight) were used in this study. Twelve rats 
were made nephrotic by 7 injections of puro- 
mycin aminonucleoside (20 mg/kg) over a 
period of 7 days and 12 rats were used as 
controls. Food intake was restricted in the 
control rats at the mean value of food con- 
sumption of the nephrotic group. The develop- 
ment of the disease was monitored by daily 
measurement of the protein loss in the urine 
(5). The animals used in this study were the 
same as those employed in a previous study 
from this laboratory (11). 

Blood Samples 

Seven rats from each group were used as 
blood donors. Five days after the withdrawal of 
the chemical, they were bled from the carotid 
artery. K3EDTA (1.3 g/ l )  was used as anti- 
coagulant. Plasma was separated, pooled and 
stored at 4 C for 24 hr before use. 

Incubation of Liver Slices 

Five nephrotic and 5 control rats were killed 
by decapitation and livers were rapidly removed 
and washed in cold 0.154 M NaC1, pH 7.4. 
Liver slices (117-168 mg) were prepared from 
each animal in duplicate and incubated in 2.5 
ml of Eagle's basal medium containing 0.5 mM 
bovine serum albumin and 0.5 mM palmitic 
acid. Each flask contained 4/~Ci of a mixture of 
14C-amino acids. The incubations were carried 
out in a Dubnhoff metabolic shaker at 125 
oscillations/min at 37 C under an atmosphere 
of Oz/CO2, 95:5 for 2 hr. At the end of the 
incubation, the medium was collected and 
centrifuged at 600 g for 10 min in order to 
remove particulate material. The supernatants 
of the liver slices of the animals of each group 
were pooled together before the addition of 
carrier plasma. Plasma from control rats was 
added to the pooled supernatants of control 
liver slices, whereas plasma of nephrotic rats 
was added to the pooled supernatants of neph- 
rotic liver slices. These supernatants were sub- 
sequently dialyzed against NaC1 0.154 M con- 
taining EDTA 10 -3 M, pH 7.4, until  radioactiv- 
ity of the dialysis buffer reached negligible 
values. 

Liver slices were washed 3 times with 
dialysis buffer, homogenized in 2 ml of NaC1 
(0.154 M) and stored at -20 C for 3-4 weeks 
before the measurement of intraceUular protein 
synthesis. 

Measurement of Intracellular and 
Extracellular Protein Synthesis 

Aqueous trichloroacetic acid was added to 
an aliquot of homogenated liver slices or of 
incubation medium to a final concentration of 
50 g/1. Protein was sedimented at 1,500 g for 
10 min and the supernatant discarded. The 
pellet was then washed 3 times with trichloro- 
acetic acid (50 g/ l )  to remove residual tri- 
chloroacetic acid soluble radioactivity. After 
the third washing, the amount of radioactivity 
in the trichloroacetic acid soluble fraction was 
usually less than 3-4% of the radioactivity 
associated with the pellet. The pellet was finally 
dissolved in 1 ml of 0.1 N NaOH and trans- 
ferred into a scintillation vial. 

Samples were counted in a Packard C 2425 
Tri Carb liquid scintillation spectrometer after 
the addition of 15 ml of Istagel. 

Separation of Lipoproteins from 
the Supernatant of Liver Slices 

An aliquot of supernatant supplemented 
with carrier plasma was taken for the separation 
of plasma lipoproteins by preparative ultra- 
centrifugation. With the addition of appropriate 
carrier plasma prior to ultracentrifugation, we 
assumed that the floating properties of the 
newly secreted lipoproteins were similar to 
those of lipoproteins circulating in plasma. 
VLDL (1.006 g/ml), LDL (1.006-1.063 g/ml) 
and HDL (1.063-1.210 g/ml) were separated in 
a Beckman Ls6_ ultracentrifuge using a 50 ti- 

5 
tanium rotor at 4 C as reported previously (5). 
No attempt was made to quantify the radioac- 
tivity associated with lipoproteins and/or apo- 
lipoproteins which were present in the 1.210 
ml infranate. 

Measurement of Lipoprotein Synthesis 

Bovine serum albumin (1 rag) was added to 
aliquots of each lipoprotein fraction which 
were then precipitated by trichloroacetic acid 
at a final concentration of 50 g/1. Samples were 
further processed as described for the measure- 
ment of intracellular and extracellular protein 
synthesis. 

Separation of Apolipoproteins by 
Sodium Dodecyl Sulfate Polyacry|amide Gel 
Electrophoresis (SDS-PAGE) and Measurement 
of Radioactivity Associated to Isolated 
Apolipoproteins 

Lipoprotein protein was measured according 
to Lowry et al. (12). Small aliquots of lipo- 
protein solution were heated at 100 C for 2 min 
after the addition of 2% sodium dodecyl sulfate 
and 5% 2-mercaptoethanol. Fifty/ag of protein 
were then applied to 10% polyacrylamide gels 
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containing sodium dodecyl sulfate (13). The 
protein bands corresponding to apolipoprotein 
B (apoB) (origin of the gel), apoA-IV (MW = 
44-46,000), ApoE (MW = 33-35,000), apoA-I 
(26-28,000) and apolipoprotein C (apoC) + 
reduced apolipoprotein A-II (apoA-II) (MW = 
6-12,000) were cut and transferred into glass 
scintillation vials. After the addition of 0.2 ml 
32% H202, the vials were incubated at 50-60 C 
for 8-10 hr until  the solution was completely 
clear. One ml of distilled water was then added 
and the content of the vials was flushed with 
N 2 in order to remove dissolved 02.  

Instagel (15 ml) was then added and the 
samples counted after normal light and tem- 
perature adaptation. Blank samples containing 
unlabeled apoproteins previously separated by 
SDS-PAGE were prepared as described for the 
labeled samples and the resulting counts were 
subtracted in order to eliminate spurious 
counts. 

Measurement of Radioactivity 
Associated to Albumin 

Aliquots of ultracentrifugal residue (> 1.210 
g/ml) obtained from supernatants of both 
control and nephrotic liver slices were pro- 
cessed as described for the measurement of 
intracellular and extracellular protein synthesis. 
After 3 washings in trichloroacetic acid (50 g/l), 
the pellet was suspended in trichloroacetic acid 
(50 g/l) in 75% ethanol. Protein was sedimented 
at 1,500 g for 10 min and radioactivity was 
measured in the trichloroacetic acid soluble 
fraction (14). 

Statistical Methods 

Data obtained from single animals within 
each group were expressed as the mean + 
standard deviation. The difference between 

groups was calculated using Student's t-test. 
When the data were obtained from pooled 
material, they were expressed as the mean of 
duplicate determinations. 

R ESU LTS 

Synthesis of Intracellular 
and Extracellular Proteins 

The incorporation of 14C-aminoacids into 
intracellular and extracellular proteins by 
control and nephrotic liver is shown in Figure 
1. In nephrotic rats, the incorporation of 
]4C-amino acids into intracellular and extra- 
cellular proteins was 2.1- and 2.6-fold, respec- 
tively, of the corresponding value found in the 
control rats. 

Synthesis of Lipoproteins and Albumin 

The 14C-amino acid incorporation into 
plasma lipoproteins by control and nephrotic 
fiver slices is shown in Figure 2. In nephrotic 
liver, the rate of incorporation of 14C-amino 
acids into VLDL, LDL and HDL was 6.1-, 5.7- 
and 5.0-fold, respectively, of the values found 
for the corresponding lipoproteins secreted by 
control livers. The 14C-amino acid incorpo- 
ration into plasma albumin was 40,635 dpm/ 
g/hr in nephrotic liver and 12,852 dpm/g/hr in 
the control liver. 

Synthesis of Apolipoproteins 

The percentage distribution of radioactivity 
among the various apoproteins separated by 
SDS-PAGE is shown in Table I. In nephrotic 
rats, the percentage of radioactivity associated 
to apoA-I of HDL was strikingly increased and 
so was, although to a lesser extent, the radio- 
activity found in apoE of VLDL. The relative 
incorporation of 14C-amino acids into both 

TOTAL ~ T E ~  
INCORPOflATfON OF ICAMINO~ ACID S INTO HEPATIC 

LIPOPFIOTEINS 

[ ]  m 
,5OO 

EXm~CELLCN-AR 

FIG. 1. Incorporation of 14C-amino acids into 
intraceUular and extraceUular proteins by control and 
nephrotic liver slices. Data represent the mean -+ 
standard deviation from 5 animals in each group. 

[ ]  cont r~s [ ]  nephmtlcs 

s o  

VLIDL LDL HOL 

FIG. 2. Incorporation of 1*C-amino acids into 
plasma lipoproteins secreted by control and nephrotic 
liver slices. Data represent the values obtained after 
pooling the supernatants from 5 duplicate incubations 
of liver slices of each groups of rats. 
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apoA-IV and  apoC + apoA-II  appa ren t ly  was 
reduced  in all l ipoplrotein fract ions.  T he  to ta l  
i n c o r p o r a t i o n  of  4C-amino acids in to  the  
indiv idual  apo l ipop ro t e in s  was ca lcula ted  f rom 
the  data  r epo r t ed  in Figure 2 and  Tab le  I. Tab le  
II shows tha t ,  in n e p h r o t i c  rat  liver: (a) the  rate 
of  i n c o r p o r a t i o n  of 14C-amino acids in to  all 
apo l ipop ro t e in s  was increased,  and (b)  this  
increase was m u c h  h igher  in  the  apoA-I  t h a n  in 
the  o t h e r  apo l ipopro te ins .  

DISCUSSION 

In  this  s tudy ,  we inves t iga ted  the  hepa t i c  
synthes is  of  serum l ipopro te ins  and  apol ipo-  
p ro te ins  in n o r m a l  ra ts  and  in ra ts  wi th  a severe 
n e p h r o t i c  s y n d r o m e  induced  by p u r o m y c i n  
aminonuc leos ide .  As an  expe r i m en t a l  app roach ,  
we e m p l o y e d  liver slices i n c u b a t e d  wi th  t4C- 
amino  acids and  measu red  the  rad ioac t iv i ty  ha 
the  l i popro te ins  and  apo l ipop ro t e in s  secre ted 
i n to  the  m e d i u m  and  separa ted  by prepara t ive  
u l t r acen t r i fuga t ion  af te r  the  add i t i on  of  carr ier  
plasma.  In b o t h  con t r o l  and  n e p h r o t i c  liver, t he  
i n c o r p o r a t i o n  o f  14C-precursor occur red  in all 
l i pop ro t e in  classes (Fig. 2). T he  ma jo r  incor-  
po ra t i on  was f o u n d  in H D L  and,  to  a lesser 

ex ten t ,  in VLDL.  Surpris ingly,  however ,  a 
fair ly high n u m b e r  of  c o u n t s  was f o u n d  in the  
LDL f rac t ion  (Fig. 2);  th is  obse rva t ion  appar-  
en t ly  is in con t r a s t  to  o t h e r  s tudies  which  
ind ica ted  t h a t  t he  i n c o r p o r a t i o n  of  a m i n o  acids 
in to  se rum l ipopro te ins  secreted by  rat  liver was 
a lmost  exclusively con f ined  to V L D L  (15).  We 
in te rp re t  ou r  resul ts  by  assuming tha t ,  u n d e r  
our  e x p e r i m e n t a l  cond i t ions ,  the re  could  have  
been  a passive exchange  of  newly  syn the t i z ed  
apo l ipop ro t e in s  b e t w e e n  the  l i popro te ins  se- 
cre ted  by  the  l iver and  those  added  as carriers. 
This  i n t e r p r e t a t i o n  is suppo r t ed  by  the  obser-  
va t ion  tha t ,  wheneve r  carr ier  p lasma was used 
in b o t h  in vivo s tudies  (15)  and  isolated per- 
fused liver (16) ,  rad ioac t iv i ty  pers is ted in the  
LDL frac t ion.  Obviously ,  the  poss ib i l i ty  c a n n o t  
be  ruled ou t  t h a t  ra t  liver is capable  Of secret ing 
l i popro te ins  f loa t ing  in the  1 .006-1 .050 g/ml  
dens i ty  in terval  (LDL) ,  as can  be infer red  f rom 
liver pe r fus ion  s tudies  p e r f o r m e d  wi th  a non -  
rec i rcu la t ing  m e d i u m  (17)  and  f rom k ine t ic  
da ta  (18) .  

Our  obse rva t ions  ind ica te  t ha t  the  14C-amino 
acid i n c o r p o r a t i o n  in to  serum l i pop ro t e in s  
secre ted by  n e p h r o t i c  liver was 5-6-fold h igher  
t h a n  the  one  f o u n d  in the  liver of  con t ro l  rats. 

TABLE I 

Percent Distribution of Radioactivity among Apolipoprotein Fractions 

ApoC + 
ApoB ApoA-IV ApoE ApoA-! ApoA-II 

VLDL-C 26.3 10.4 20.0 5.2 29.3 
VLDL-N 29.2 5.0 33.1 3.5 25.5 
LDL-C 25.1 8.4 15.3 12.0 36.6 
LDL-N 25.2 4.4 14.0 18.7 29.5 
HDL-C 4.1 8.9 27.9 16.2 29.6 
HDL-N 5.1 3.5 15.9 44.3 20.3 

Percentage distribution of radioactivity among apolipoproteins separated by SDS-PAGE. 
VLDL-C, LDL-C and HDL-C indicate the corresponding lipoproteins from control rats  
whereas VLDL-N, LDL-N and HDL-N indicate the corresponding lipoproteins from neph- 
rotic.rats. Data represent values obtained after pooling the supernatants from 5 duplicate 
incubations of liver slices of each animal. 

TABLE II 

Total Incorporation of ~4C-Amino Acids into Apolipoproteins 
by Liver Slices (in dpm/g]hr) 

ApoC + 
ApoA-I ApoA-IV ApoB ApoA-II ApoE 

Controls 193 157 244 526 397 
Nephrotics 2435 388 1572 2220 1978 
Nephrotics/ 

controls 12.6 2.5 6.4 4.2 5.0 

Total incorporation of ~4C-amino acid into individual apolipoproteins by control and 
nephrotic liver slices. Data were calculated from those reported in Fig. 2 and Table I. 
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Interest ing is this apparent increased synthesis 
of  l ipoproteins  that  was associated with an 
enhanced hepat ic  incorpora t ion  of  3H-water 
and SH-palmitate into neutral  lipids, as we 
repor ted  in a previous communica t ion  (19). 
Thus, it is apparent  that  an increased hepatic  
lipogenesis may be one of  the factors which 
promotes  the synthesis of  apol ipoprote ins  in 
the liver o f  nephrot ic  animals. Taken together ,  
our findings are in good agreement  with previ- 
ous studies carried out  using liver slices (7), 
isolated and perfused rat liver (8) microsomes 
(9), which indicated that  the hepat ic  synthesis 
of  serum l ipoproteins  was increased in rats with 
nephrot ic  syndromes induced by ant ikidney 
serum. A fur ther  support  to our data comes 
from a recent  in vivo study (10) which demon-  
strated that,  in rats with nephrot ic  syndrome 
induced by puromycin  aminonucleoside,  the 
incorpora t ion  of  14C-leucine into 1.063 g/ml 
l ipoproteins  (VLDL + LDL) was increased 5.2 
t imes and into 1.063 1.210 g/ml  l ipoproteins  
(HDL) 2.9 times. 

We also observed that,  in nephrot ic  rats, the 
relative incorpora t ion  of  amino acids into apoE 
associated to V L D L  and into  apoA-I associated 
to HDL was increased (Table I). We think this 
finding may explain the increased apoE conten t  
of  V L D L  and the increased apoA-I con ten t  of  
HDL we observed in the plasma of nephrot ic  
rats (5). Obviously,  these conclusions should be 
taken with caut ion since we are aware that  
during the isolation of  l ipoprote ins  by prepar- 
ative ul t racentr i fugat ion there may be selective 
loss of  some apol ipoprote ins  (e.g., apoE [19] ). 
Since in this s tudy we did not  quant i fy  the 
radioact ivi ty present in any apoprote in  o f  the 
d > 1.210 g /ml  infranate,  the actual incorpor-  
at ion of  14C-amino acid into apoE and possibly 
in to  apoA-I might have been underes t imated.  
With these l imitat ions in mind, it may be 
notable  that  in nephrot ic  rats the total  incor- 
pora t ion of  amino acids into individual apo- 
l ipoproteins  was increased at different  rates 
(Table II). The incorpora t ion  of  amino acids 
into apoA-IV, apoC + apoA-II,  apoE and apoB 
showed 2.5-, 4.2-, 5.0- and 6.4-fold increases, 
respectively,  whereas the incorpora t ion  into 
apoA-I showed a 12.6-fold increase. Whichever 
the mechanism underlying these differences 
may be, the increased synthesis of  apolipo- 
proteins which occurs in nephro t ic  liver appar- 
ent ly  is selective and concerns mainly the 
synthesis of  apoA-I. In theory,  it can be argued 
that  our  conclusion concerning the dis t r ibut ion 
of  radioact ivi ty  in the various apoprote ins  is 
based on a no t  yet  proven assumption,  i.e., that  
the newly secreted apoprote ins  have an electro- 
phoret ic  mobi l i ty  in SDS-PAGE similar to 

that  of  the corresponding apoprote ins  asso- 
ciated to the f ipoproteins circulating in p l a s m a .  
We think that there is evidence indicating this 
assumption is valid at least for apoA-I and 
apoE. Felker  et al. (20) observed that  the 
mobi l i ty  of these 2 apol ipoprote ins  isolated 
f rom VLDL and HDL newly secreted by the 
isolated and perfused rat liver does superimpose 
to that  of  the corresponding apoproteins  
isolated f rom plasma V L D L  and HDL. 

Very recently,  Marsh and Sparks (21) 
repor ted  that  fiver of  rats with nephrot ic  
syndrome induced by puromycin  aminonucleo-  
side which had been perfused with a non- 
recirculating medium secreted 2-3 t imes the 
amount  of  l ipoproteins  produced by control  
fiver. These authors fur ther  documented  that  
apoA-I conten t  of  nascent HDL was increased 
f rom 16 to 52% in nephrot ic  rats and that  the 
total  secretion of  apoA-I was 8.4-fold higher in 
nephrot ic  than in control  liver. In addit ion,  
they  found that the secretion o f  apoB, apoE 
and apoC was slightly increased (apoB and 
apoE) or unchanged (apoC). These data further  
support  the results obta ined in our  study. 

Our observations, as well as those of pre- 
vious studies (7-10,21),  would strongly suggest 
that  the hepatic  overproduct ion  of  serum lipo- 
proteins may be responsible for the increased 
levels of  l ipoproteins  found in nephrot ic  plasma 
(5). It seems likely, however,  that  o ther  factors, 
such as a defect  in the intravascular or  cellular 
catabolism of  some plasma l ipoproteins,  may be 
involved in the  pathogenesis of  nephrot ic  
hyp er l ipoproteinemia.  
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and Lipoprotein Lipids 
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ABSTRACT 

Triglycerides containing cis- and trans-12-octadecenoic acid (12c-18:1 and 12t-18:1) and cis-9- 
octadecenoic acid (9c-18:t) labeled with deuterium were fed to 2 young adult male subjects. These 
fatty isomers each contained a different number of deuterium labels, which allowed mass spectrom- 
etric analysis to distinguish among them after they were fed as a mixture. This approach results in a 
direct comparison of the absorption and distribution of these 3 monoenoic acids into blood plasma 
and lipoprotein lipids. Plasma lipid data indicated that all phospholipid fractions selectively incorpo- 
rate 12c-18:1 and 12t-18:1 in preference to 9c-18:1. Discrimination against 12c-18:1 and 12t-18:1 
compared to 9c-18:1 was found in the plasma neutral lipids, with a strong discrimination against 
12t-18:1 incorporation into the cholesteryl ester fraction. Considerable reduction in the percentage 
of linoleic and arachidonic acid was observed when 12-18:1 isomers were incorporated in plasma 
trigtyceride, phosphatidylcholine and sphingomyelin samples. Chylomicron lipid analyses indicated 
that all isomers were well absorbed. Variation was observed in the relative distribution of 12c-18:1, 
12t-18:1 and 9c-18:1 between the very low density, low density and high density lipoprotein lipid 
classes. No desaturation of 12c-18:1 to linoleic acid was detected. 

INTRODUCTION 

Positional isomers of fatty acid are found in 
foods that contain partially hydrogenated 
vegetable fat (1,2). cis- and trans-Octadecenoic 
acid positional isomers occur in these oils and 
normally have the double bond distributed 
between the 7 through the 14 positions. 

Various aspects of metabolic studies with 
individual cis and trans positional octadecenoic 
acid isomers have been reviewed recently by 
Lanser (3), Lands (4), Wood (5) and Holman 
(6). Studies using both animal and in vitro 
models have been used to characterize various 
effects and enzymatic reactions involving fatty 
acid isomers. Results of human experiments 
designed to measure the effect of partially 
hydrogenated vegetable oils have been reviewed 
by Emken (7). 

Only one study using isotope-labeled fats has 
been reported that describes the in vivo absorp- 
tion and distribution of a specific fatty acid 
isomer into various human neutral blood lipids 
(8) and phospholipids (9). In that study, the 
uptake of deuterium labeled cis- and trans-9- 
octadeeenoic acids (9c-18:1 and 9t-18:1) by 
human plasma, erythrocyte and platelet neutral 
and phospholipids was followed. Definite 
differences were found in the relative degree of 
incorporation of 9t-18:1 compared to 9c-18:1 
into various blood lipid fractions. This investi- 
gation is an extension of these studies and 

compares the absorption and distribution 
of trans-12-octadecenoic acid (12t-18:1) and 
cis- 12-octadecenoic acid ( 12c- 18 : 1) relative to 
9c-18:1 in individual lipid classes isolated from 
human plasma, chylomicrons (CHYLO), very 
low density lipoprotein (VLDL), low density 
lipoprotein (LDL) and high density lipoprotein 
(HDL) fractions. 

EXPERIMENTAL 

Triple-labeled Methodology 

An experimental approach employing triple- 
labeled methodology was used. This technique 
is an extension of earlier dual-labeled method- 
ology but involves feeding a mixture of 3 
triglycerides. Each pure triglyceride contained 
one of  the 3 differently labeled fatty acids 
(8-10). Triple-labeled methodology consists of  
labeling each of 3 different fatty acids with a 
different number of deuterium atoms. Thus, 
when the mixture is fed, each of  the labeled 
fatty acids can be quantitatively measured by 
mass spectroscopic analysis. Unlabeled fatty 
acids do not interfere with the analysis. Since 
all the labeled fatty acids are fed at the same 
time, each subject serves as his own control and 
analytical errors are identical for each fatty 
acid. An additional advantage of triple-labeled 
studies over single-labeled studies is that vari- 
ation resulting from dietary, genetic, or bio- 
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logical effects are reduced. This results in data 
that are more precise than if each labeled fatty 
acid were fed at different times to the same 
subject. Triple-labeled studies also allow 3 times 
more data to be obtained from each subject 
than do single-labeled studies. 

Deuterated Fats Fed 

Synthesis of deuterated fatty acids and their 
conversion to triglycerides have been described 
previously (11-13). Each triglyceride contained 
one deuterated fatty acid. The amount and 
identity of the labeled fats in the triglycerides 
fed to each subject are summarized in Table I. 
A different labeling pattern was used for each 
of the mixtures to reduce the possibility of a 
systematic error that would bias the data. The 
rationale for this precaution is similar to the 
reverse-labeling technique recommended for 
dual radioisotope experiments. If the isotopes 
influence the metabolism, then variation in the 
labeling pattern should produce a noticeable 
difference between data from similar experi- 
ments, and that data should follow a pattern 
related to the labeled fats. 

Subjects, Sample Preparation and Sampling 

The subjects were 2 Caucasian males, ages 28 
and 26. They were in excellent health as judged 
by medical exminations and had no history of 
congenital ailments. Their weight, blood 
pressure, serum cholesterol and triglyceride 
levels were normal. The subjects were placed on 
a 1800-kcal diet normally prescribed for 
diabetics for 1 wk before the feeding study and 
did not eat for 10 hr before the feeding study. 
A normal lunch and evening meal were allowed 
the day the labeled fats were fed. The subjects 
were fed the mixture of deuterated triglycerides 
(TG) in place of their normal breakfast. The TG 
were emulsified with calcium caseinate (Saver- 

tone | 100; 30 g), dextrose (30 g), sucrose (15 
g) and water (200 ml). Emulsification was 
achieved by blending the caseinate and sugars 
with water heated to 60-65 C. The deuterated 
fat mixtures were heated to 60 C and slowly 
blended with the warm mixture of other 
materials. The final mixture had the texture 
and consistency of a milk shake, and it was 
cooled to 15 C before feeding. Blood samples 
were drawn at 0, 2, 4, 6, 8, 12, 15, 24 and 48 
hr. Other details of the feeding and sampling 
procedures were similar to those described 
previously (8,9). 

Analysis of Blood Lipids 

Plasma lipids were isolated by previously 
described procedures (8,9). Preparative ultra- 
centrifugation was used to isolate lipoprotein 
fractions from serum samples (14,15). The 
purity of the isolated lipoprotein fractions was 
Verified b ~  electrophoresis using the Pfizer 
Pol-E-Film ~) system. Previously described pro- 
cedures were used to extract and fractionate 
the various lipid classes and convert the fatty 
acids from these individual lipid classes to their 
methyl esters (9,16-18). Gas chromatography- 
mass spectrometry (GC-MS) analysis of the 
deuterated fatty methyl ester derivatives was 
accomplished as reported elsewhere (19). The 
accuracy of the GC-MS data was estimated by 
analysis of weighed standard mixtures con- 
taining 9c-18:1-d0, 9c-18:'1-d2, and 9t-18:l-d 4. 
Standard deviations of +0.3% were obtained for 
those standards representative of the samples 
encountered in this study. Acyl position 
analysis of phosphatidylcholine. (PC) was 
accomplished using phospholipase A2 from 
Ophiophagus hannah venom (20). 

Calculation of Selectivity Factors 

Selectivity values for 12t-18:1 and 12c-18:1 

T A B L E  I 

D e u t e r a t e d  F a t t y  A c i d s  in T r ig lyce r i de s  Used  in H u m a n  S tud ie s  a 

T o t a l  R a t i o  in fed  m i x t u r e  
w e i g h t  

S u b j e c t  M i x t u r e  fed  (g) 12 t/9c 12c/9c 12 t/12c 

1 9 c - 1 8 : 1 - 9 , 1 0 - d  2 28 .5  0 .97  1 .05 0 .98  
1 2 c - 1 8 : 1 - 9 , 1 0 , 1 5 , 1 5 , 1 6 , 1 6 - d  6 
12t-  1 8 : 1 - 1 5 , 1 5 , 1 6 , 1 6 - d  4 

2 9 c - 1 8 : 1 - 1 4 , 1 4 , 1 5 , 1 5 , 1 7 , 1 8 - d  6 28 .8  1 .10  1 .12 0 . 9 8  
12c- 1 8 : 1 - 1 5 , 1 5 , 1 6 , 1 6 - d  4 
12 t - I  8 :1 -9 ,10 -d~  

a A b b r e v i a t i o n s :  G e n e v a  n u m b e r i n g  s y s t e m  used .  The  f i rs t  n u m b e r  i nd i ca t e s  t h e  p o s i t i o n  o f  t b e  d o u b l e  b o n d ,  
t h e  c o r  t i nd i ca t e s  cis o r  trans a n d  the  18:1  i nd i ca t e s  o c t a d e c e n o i c  ac id .  The  r e m a i n i n g  n u m b e r s  i n d i c a t e  posi -  
t i o n  o f  t h e  d e u t e r i u m  labe l  a n d  n u m b e r  o f  d e u t e r i u m  a t o m s / m o l e c u l e .  
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were used to compare the relative use of each 
fatty acid to 9c-18:1. Selectivity values were 
calculated by determining the logarithm of the 
12t-18:1/9c-18:1 ratio or 12c-18:1/9c-18:1 
ratio found in the lipid fraction divided by the 
ratio in the fed mixture. Based on the standard 
deviation obtained for standard mixtures, the 
accuracy of the selectivity values is better than 
+0.02. Positive selectivity values indicate a 
preferential incorporation of 12t-18:1 or 
12c-18:1, and negative values indicate a dis- 
crimination against incorporation of 12t-18:1 
or 12c-18:1 compared to 9c-18:1. The total 
amount of labeled fat incorporated into the 
various samples varies with time and lipid class. 
Unless otherwise indicated, selectivity data used 
in the figures and tables are for the samples that 
contained the maximal amount of labeled fat. 

R ESU LTS  

Plasma Lipids 

Selectivity values for all plasma lipid classes 
are plotted in Figure 1. 

A striking feature of Figure 1 is the very 
strong incorporation of 12c-18:1 into plasma 
PC, sphingomyelin (SM), and lysophosphatidyl- 
choline (LPC). Positive selections for 12c-18 : 1 
and 12t-18:1 (i.e., positive values) were also 
found for phosphatidylserine (PS) and phospha- 
tidylethanolamine (PE). In contrast to these 
positive 12c-18:1 and 12t-18:1 selectivities, 
neutral lipid selectivities were negative. In all 
fractions, selectivity values for 12t-18:1 were 
more negative than the 12c-18:1 values. A 
second feature of Figure 1 is the large negative 
cholesteryl ester (CE) selectivities for 12t- 18:1. 

Evidence of acyl positional specificity for 
12c- and 12t- 18:1 incorporation into plasma PC 
is given in Table II. Previously reported 9t-18:1 
selectivities are included in Table II for com- 
parison (9). An extremely strong positive 
selection for 12t-18:1 incorporation into the 
1-acyl PC position and a negative selection for 
transfer of 12t-18:1 to the 2-acyl PC position 
was observed. Comparison of the 12t-18:1 
values to previously reported 9t-18:1 selec- 
tivities indicates that the same general distri- 
bution pattern is followed but the magnitude of 
the 12t- 18:1 selectivity values is larger. 

Five samples (3 plasma PC, one PE, and one 
CE), which contained 1.6-28% deuterated 
12c-18:1, were analyzed by GC-MS for deuter- 
ated linoleate. Analyses of these samples did 
not detect desaturation of 12c-18:1 or 12t-18:1 
to deuterated linoleate. 

The fatty acid composition of TG, CE, PE, 
PC and SM plasma lipids from subject 2 are 
listed in Table III. The amount of sample left 

0.8 

0.6 

0.4 

0.2 

~ 0.0 -~ 

-0.2 

-0.4 

-0.6 

- I . 0  T I Y I 1 I I I 1 
TG CE FFA PE PS PC SM LPC 

Plasma Lipid Class 

FIG. 1. Selectivity values for plasma triglyceride 
(TG), cholesteryl ester (CE), free fatty acid (FFA), 
phosphatidylethanolamine (PE), phosphatidylserine 
(PS), phosphatidylcholine (PC), sphingomyelin (SM) 
and lysophosphatidylcholine (LPC). Fatty acid abbre- 
viations: cis-12-octadecenoic acid (12c); trans-12- 
octadecenoic acid (12t). The vertical bars indicate data 
fluctuation due to subject variability. 

TABLE II 

Incorporat ion of  12t-18:1, 12c-18:1 and 
9t-18:1 vs 9c-18:1 into Plasma 1- and 

2-Acyl Phospbatidylcholine a 

Phosphatidyl  
choline 

Selectivity 

1 2 t / 9 c  1 2 c / 9 c  9 t / 9 c  

Total +0.170 +0.580 +0.022 
l -Acyl  +0.727 +0.508 +0.562 
2-Acyl -0.900 +0.651 -0.212 

aAverage of 2 subjects. 

after GC-MS analysis of the plasma lipid frac- 
tions from subject 1 was sufficient for reliable 
GC analysis. The 0-hr plasma sample data, 
included to provide baseline data, are for blood 
samples drawn after the subject had fasted for 
10 hr. The other data are for those samples 
within each lipid class that contained the 
maximal level of deuterated fat. Percentages 
listed as "other" include saturated and unsatu- 
rated C14, C20, C22, C24 and C26 fatty acids. 

Lipoprotein Lipids 

The lipoprotein TG, CE, PC and SM samples 
that contained the maximal amount of deu- 
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Lipid Sample  Fa t ty  acid c o m p o s i t i o n  (%) 

f rac t ion  b t i m e  (hr)  16:0 16:1 18:0 t -18 : l  c-18:1 18:2 20 :4  O t h e r  

T G  0 31.2 2.0 13.1 2.0 11.8 24 .8  9.9 5.3 
6 32.4 1.7 22 .8  4.4 15.0 15.2 4.7 4.0 

CE 0 12.8 3.1 1.5 0.3 15.6 53.7 5.7 7.3 
24 14.2 2.2 1.5 0.4 18.5 53.3 6.2 3.7 

PE 0 21.6 8.1 14.2 0.7 9.0 6.4 20.5 19.6 
6 29.7 11.2 14.0 2.8 12.3 8.6 9.9 11.5 

PC 0 32.3 2.2 16.4 2.1 10.2 22 .0  I0 .1  4.6 
12 37.0 1.7 16.6 4.7 18.0 17.3 2.1 2.5 

SM 0 38.0 5.8 9.3 0.8 8.0 16.6 c 3.0 18.5 
12 45 .6  7.7 10.0 1.0 4.1 3.4 2.5 25.6 

aD a t a  f r o m  subject  2. 

b T G  = t r ig lycer ide ;  CE = choles te ry l  es ter ;  PE = p h o s p h a t i d y l e t h a n o l a m i n e ;  
sph ingomye l in .  

Clneludes 20 :0  which  is 3.8-4.4%. 

PC = phospha t idy l cho l ine  ; SM = 

T A B L E  IV 

Maximal  A m o u n t s  o f  Deu te r a t ed  Fat  I n c o r p o r a t e d  in L ip o p ro t e in  Lipids 

D e u t e r a t e d  fat  c o n t e n t  o f  18 : 1 

Lipid a C H Y L O  V L D L  L D L  H D L  
Subject  class Hr (%) Hr  (%) Hr  (%) Hr (%) 

1 T G  4 82.7 4 39.6 12 13.7 4 20.2 
2 T G  4 83.7 4 52.9 8 32.0 6 34.1 
1 CE 15 6.3 12 7.0 15 3.4 8 6.5 
2 CE 15 12.3 8 36.1 24 7.2 15 9.6 
1 PC 4 34.1 8 12.7 12 28 .0  12 23 .6  
2 PC 12 30.6 8 35.2 12 46 .0  12 42.7 
1 SM -- -- 6 5.9 12 22 .4  6 13.0 
2 SM . . . .  12 15.2 15 44 .8  

aSee Tables  I and I I I  for  abbrevia t ions .  

terium-labeled fatty acids in the octadecenoic 
acid por t ion are listed in Table IV. 

Selectivity values for CHYLO; VLDL, LDL 
and HDL-TG, CE, PE, PC and SM samples are 
plot ted in the following figures. The selec- 
tivities used in these figures are from those 
fractions that contained the maximal total  
amount of  deuterated fats, since data for these 
fractions were the most accurate. 

CHYLO, VLDL, LDL, and HDL cholesteryl 
ester selectivities for 12t- and 12c-18:1 are 
plot ted in Figure 2. The general pat tern for 
selectivities for each l ipoprotein fraction is 
similar to the pattern for plasma selectivities. 
However, the magnitude of  the various selec- 
tivity values differ. All of  the selectivity values 
for the CE lipoprotein samples were negative 
except for the VLDL 12c-18:1, which had a 
small positive value. Selectivities for the 12t- 
18:1 isomer were more negative than for the 

12c-18:1 isomer. Within the individual lipo- 
protein classes, the selectivities for LDL and 
HDL samples were the most negative. 

Selectivities for l ipoprotein TG samples are 
shown in Figure 3. These selectivities are all 
negative; however, the CHYLO selectivities are 
essentially 0.0 for practical purposes indicating 
little discrimination during absorption of 12t- 
and 12c-18:1. Large negative selectivities were 
found for LDL and HDL fractions with VLDL 
having considerably less negative selectivities. 
The selectivity for the 12c- 18:1 isomer were 
significantly less negative than the 12t- 18:1 
isomer in all TG samples. 

PC and SM selectivities for 12t- and 12c- 
18:1 are plot ted in Figures 4 and 5. Again, the 
l ipoprotein selectivities followed the same 
general pat tern as the plasma selectivities 
except for some differences in magnitude. The 
12t- 18:1 selectivities for PC are all positive, but  

LIPIDS,  VOL.  15, NO. 10 



868 E.A. EMKEN ET AL. 

the 12c-18:1 selectivities were 1-2.5 times 
larger than the 12t- 18:1 values. 

Sphingomyelin lipoprotein selectivities in 
Figure 5 also showed large positive selectivities 
and the most variation from plasma SM selec- 
tivity values. VLDL and LDL selectivities for 
12t-18:1 were noticeably less positive than 
HDL selectivities. Selectivity values for 12c- 
18:1 in all the lipoprotein-SM samples were 
much larger than values for the 12t-18:1 
isomer. 

Selectivities for PE lipoprotein samples are 
plotted in Figure 6. The PE selectivities show a 
large amount of fluctuation resulting from 
subject variation, with both positive and 

negative selectivities occurring in the LDL 
samples. The lipoprotein selectivities are 
relatively small, which agrees with the small 
selectivities found for the plasma-PE values in 
Figure 1. Values for only one subject are given 
for VLDL-PE because sufficient sample was not 
isolated from the other subject for GC-MS 
analysis. 

D I S C U S S I O N  

Plasma Lipids 

Triglyceride selectivities are negative for 
both 12t-18:1 and 12c-18:1 compared to 
9c-18:1. These negative selectivities are par- 
tially compensated by large positive selectivities 

0.2 

O.0 

~ -0.2 

-0.4 

-0.6 

-0.8 

-1.0 

Chylo 
T 

! 

VLDL LDL HOL 

12t 12( 

Octadecenoic Acid isomer 

FIG. 2. Selectivity values for chylomicron 
(CHYLO), very low density lipoprotein (VLDL), 
low density lipoprotein (LDL) and high density 
lipoprotein (HDL) cholesteryl esters. See Fig. 1 for 
other abbreviations. 

0.0 

-0.1 

-0.2 
t 

~ -0.3 

-0.4 

-0.5 

-0.6 

Chylo VLOL LDL HDL 

lit h, lit 1~, 12't I~,, 12't 1~, 
Octadecenoic Acid Isomer 

FIG. 3. Selectivity values for chylomicron 
(CHYLO), very low density lipoprotein (VLDL), 
low density lipoprotein (LDL) and high density 
lipoprotein (HDL) triglycerides. See Fig. 1 for other 
abbreviations. 

0.8 

0.6 

0.4 

Chylo VLDL 

0.0 . . . . . . . . . . .  

-0 .1 , , 
12t 12c 

L0L HOL 

12'r 1~, 12't 1'2c 12'r 1'2c 
0ctadecenoic Acid Isomer 

FIG. 4. Selectivity values for chylomicron 
(CHYLO), very low density lipoprotein (VLDL), 
low density lipoprotein (LDL) and high density 
lipoprotein (HDL) phosphatidylcholine. See Fig. 1 
for other abbreviations. 
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i 0 . 4  
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12t 12c 12t 12c 12t 12 
Octadecenoic Acid Isomer 

FIG. 5. Selectivity values for very low density 
lipoprotein (VLDL), low density lipoprotein (LDL) 
and high density lipoprotein (HDL) sphingomyelin. 
See Fig. 1 for other abbreviations. 

LIPIDS, VOL. 15, NO. 10 



FATE OF 12-18:1 ISOMERS IN HUMANS 869 

for 12t-18:1 and 12c-18:1 observed for most 
phospholipid fractions. Thus, the data in Figure 
1 suggests that 12t- and 12c-18:1 may be 
selectively transferred from triglyceride to 
phospholipid. Since triglyceride selectivities for 
12t-18:1 are more negative than those for 
12c-18:1, the positive phospholipid selectivities 
for 12t-18:1 should be correspondingly higher 
if direct transfer from triglyceride to phospho- 
lipid occurs. Experimentally, positive phospho- 
lipid selectivities for 12t-18:1 are much less 
than phospholipid selectivities for 12c- 18: 1. An 
explanation for this difference between the 
12c- 18: I and 12t- 18:1 TG and PL selectivities 
is that 12t-18:1 is catabolized to CO2 and H20 
to a greater extent than 12c-18:1. The negative 
selectivities for 12t-18:1 vs 12c-18:1 plasma 
free fatty acid (FFA) support the probability of 
a higher oxidation rate for 12t- 18:1, since FFA 
are the preferred substrate for lipid oxidation in 
the mitochondria. A second possibility is that 
12t-I 8:1 is selectively removed from the blood 
phospholipids by tissue lipids. 

The plasma selectivities listed in Figure 1 are 
confirmed generally by selectivities that can be 
calculated from rat and chicken feeding studies 
(5,21,22). Considerable differences were noted 
in the magnitude of the selectivities from 
human plasma, rat liver and egg yolk samples. 
However, the qualitative, if not  quantitative, 
agreement between these studies was good 
considering the metabolic differences between 

0.3 

0.2 

0.1 

0.0 

~ -0.1 

-0.2 

-0.3 

-0.4 

-0.5 

VLDL LOL HDL 

. . . . . . .  . . . . . . .  

Octadece,oic Acid Isomer 

FIG. 6. Selectivity values for very low density 
lipoprotein (VLDL), low density lipoprotein (LDL) 
and high density lipoprotein (HDL) phosphatidyl- 
ethanolamine. See Fig. 1 for other abbreviations. 

species and tissue sources. 
Positive selectivities for 12t-18:1 in phos- 

pholipid fractions are generally not quite as 
large as those reported earlier for 9t-18:1. 
Positive 12c-18:1 phospholipid selectivities are 
much larger than those for either 12t-18:1 or 
9t- 18:1. An explanation for the larger 12c- 18: 1 
PC selectivity in Figure 1 is apparent from data 
obtained from the positional analysis of PC (see 
Table II). As shown in Table II, both the 
12t-18:1 and 9t-18:1 isomers are selectively 
incorporated into the 1-acyl-phosphatidyl- 
choline position but not into the 2-acyl posi- 
tion, whereas 12c-18:1 is selectively incor- 
porated into both 1-acyl and 2-acyl PC posi- 
tions. The difference between 12t/9c incor- 
poration into the 1- and 2-acyl PC positions is 
38.4-fold compared to 5.4-fold for 9t/9c. These 
differences in the acyl-PC selectivities for the 
12t- and 9t- 18:1 isomers (see Table II) indicate 
that both double bond configuration and 
double bond position are important in deter- 
mining fatty acid distribution of the isomers. 

The selective incorporation of 12c-18:1 into 
the 2-acyl PC position demonstrates the sensi- 
tivity of acyl CoA:PC transferase to the cis 
double bond position. Since linoleic acid 
(9c,12c-18:2) is reported to be incorporated 
predominately into the 2-acyl position of PC, 
12c-18:1 apparently is being distributed similar 
to 9c,12c-18:2 because of the location and 
configuration of the 12c double bond. These in 
vivo human data are inconsistent with in vitro 
data reported for rat liver microsomes (23,24), 
but our data agree reasonably well with data 
from in vivo rat experiments (25). The main 
difference is that positive selectivities calculated 
from rat data are not as large as found in the 
human experiments. This variability in PC data 
suggests that considerations other than acyl 
CoA:PC transferase specificity are involved in 
fatty acid incorporation. 

Selectivities calculated for plasma CE 
samples were negative for both 12t-18:1 and 
12c-18:1. CE selectivities for 12t-18:1 were 
similar to those reported previously for 9t-18:1 
(8). Selectivities for 12c-18:1 were ca. 3 times 
larger than either the 12t-18:1 or 9t-18:1 CE 
selectivities. This larger selectivity value for 
12c-18:1 probably reflects, in part, the larger 
concentration of 12c-18:1 in the 2-acyl PC 
position that is available for transfer to chol- 
esterol. The negative selectivity for 12c- 18:1 in 
CE samples is surprising considering the avail- 
ability of 12c-18:1 in the 2-acyl PC position for 
transfer of 12c-18:1 to cholesterol by chol- 
esteryl esterase. 

As noted in our previous studies with 
deuterated 9t- 18:1 (8-10), deuterated 12t-18:1, 
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12o18:1 and 9c-18:l isomers were absent from 
plasma lipids 48 hr after feeding. Nonreversible 
accumulation of 12-18:1 positional isomers in 
the plasma lipid classes is not indicated by this 
data. 

Evidence for desaturation of 12c-18:1 to 
9c,12c-18:2 has been reported in pig and hen 
liver extracts, in algae (Chlorella) and in goat 
mammary gland extracts (26). In other species 
investigated, desaturase activity was much less in 
rabbit and mouse liver and no activity was 
detected in rat or hamster liver extracts or in 
yeast (CandMa) (26). In our study, deuterated 
linoleate could not be detected in plasma 
samples that contained varying amounts of 
deuterated 12c- 18:1 and 12t- 18: I. The meth- 
odology used was sensitive enough to detect 
0.5% deuterated linoleate in the undeuterated 
linoleate fraction in these samples. These data 
indicate either that significant 12c-18:1 de- 
saturase activity is not present in human tissue 
or that its activity is depressed because of 
exogenous linoleic acid. 

The effect of 12-18:1 isomers on the fatty 
acid composition of plasma lipids is shown in 
Table III. The CE samples incorporated rela- 
tively small amounts of deuterated fat com- 
pared to the other plasma lipid classes and 
exhibited negative selectivities for both 12t- 
and 12c-18:1. Thus, as may be expected, the 
fatty acid compositions of the 0- and 24-hr CE 
samples were not significantly different. In 
contrast, the percentage of 18:2 in TG, PC and 
SM were reduced considerably when 12t- 
and 12c-18:1 were incorporated into these 
plasma lipids. The percentage of 20:4 in PE and 
PC was also dramatically reduced. These 
reductions in 18:2 and 20:4 percentages 
were much larger than the corresponding 
increase in the 18:1 percentage and may 
partially explain the observation that hydroge- 
nated fats seem to increase essential fatty acid 
requirements (27). Increases in the percentage 
of 16:0 also accompanied the decrease in the 
percentage of polyunsaturated fatty acid in TG, 
PC and SM samples. These results, along with 
the positive selectivities for 12c-18: 1, support 
the concept that the 12c-18:1 isomers may 
have the capability to partially masquerade as 
9c,12c-18:2. 

Lipoprotein Lipids 

Despite the realtively large contribution of 
isomeric fats to the American diet, there have 
been no human studies that have reported the 
distribution of individual isomeric fatty acids 
among individual lipoprotein lipid fractions. 
Investigations in this area would seem potenti- 
ally valuable in light of the widely reported cor- 

relation between LDL and HDL cholesterol 
levels and atherosclerosis (28,29). 

The 12t-18:1, 12c-18:1 and 9e-18:1 fatty 
acids are incorporated approximately equally 
into CHYLO-TG (see Fig. 3). Since 9c-18:1 has 
been shown to be ca. 97% absorbed (30), 
12t-18:1 and 12c-18:1 must also be ca. 97% 
absorbed, because the selectivity values are 
close to 0.0. CHYLO-TG contain a maximum 
of 83.2% deuterated fatty acids compared to a 
maximum of 46.6% in VLDL-TG, 22.9% in 
LDL-TG and 27.2% in HDL-TG (see Table IV). 
For a meal containing 20 g of triglycerides, 
approximately equal amounts of triglycerides 
were reported to be incorporated into CHYLO 
and VLDL during absorption (31). Our results 
show that a maximal total deuterated fatty acid 
incorporation occurs in the 4-hr CHYLO-TG 
and 4-hr VLDL-TG samples. The concept that 
both CHYLO and VLDL are being formed in 
the intestinal mucosal cells is supported by the 
data in Table IV. Maximal incorporation of 
deuterated fats into HDL-TG was found in the 
4-hr (subject 1) and 6-hr (subject 2) samples, 
which indicates HDL also may be formed in 
appreciable amounts in the intestinal mucosal 
cell. 

The short half-life of ca. 15 min reported for 
CHYLO (32) could also account for the total 
deuterated TG in VLDL. If CHYLO-TG and 
VLDL-TG are formed at the same time by the 
intestine in about equal amounts, it is surprising 
that selectivities for each fraction are not nearly 
identical. Based on the lower VLDL-TG selec- 
tivities, CHYLO-TG apparently is hydrolyzed 
to FFA and then incorporated into both 
VLDL-TG and phospholipids after the CHYLO- 
TG has entered the blood stream. 

The selectivity values shown in Figures 2-6 
for liproprotein lipid fractions confirm the 
selectivity values found in total plasma samples, 
although variations from the plasma values were 
found. Differences between the VLDL, LDL 
and HDL selectivities for individual lipid classes 
provide insight into the association of various 
lipid fractions with individual lipoproteins. 

Incorporation of 12t-, 12c-and 9c-t8:1 into 
individual lipid fractions was dependent on the 
lipoprotein fraction to which the lipid was 
associated (see Fig. 2-6). Since LDL and HDL 
half-lives are long compared to deuterated fatty 
acid life times, a rapid exchange or turnover of 
associated lipids must occur as previously 
suggested (33). However, there were significant 
differences in selectivities between all but 4 of 
the lipoprotein samples plotted in Figures 2-6, 
which indicates that exchange is not random 
since the deuterated lipids are not equally 
distributed among CHYLO, VLDL, LDL and 
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HDL. This lack of equilibration indicates that 
individual fat ty acids are either directed into 
individual lipid classes associated with specific 
l ipoproteins or that  lipid fractions containing 
specific fat ty acids are exchanged preferentially 
between l ipoprotein fractions. In either case, 
the mechanism that controls this distribution 
must be sensitive to propert ies associated with 
the fatty acid double bond posit ion or configu- 
ration. The reason for the variation in selec- 
tivity for a specific lipid fraction associated 
with different l ipoproteins is unknown. The 
fact that selection obviously occurs supports 
the concept that the various physical and 
chemical properties of specific fat ty acids have 
an important  biological role. 
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METHODS 

Quantitative Determination of Isomeric Glycerides, 

Free Fatty Acids and Triglycerides 
by Thin Layer Chromatography-Flame Ionization 
Detector System 1 
MASAMICHI  TANAKA,  TOSHIH IRO ITOH 2 and HIROSHI  KANEKO 3, 
Division of Chemistry, School of General Studies, Kitasato University, 
1-15-1 Kitasato, Sagamihara, Kanagawa, 228, Japan 

ABSTRACT 

Partial glyceride mixtures, which include 1-monoglyceride, 2-monoglyeeride, free fatty acid, 
1,2-diglyceride, 1,3-diglyceride and triglyceride, could be separated from each other on a 3% boric- 
acid-impregnated Chromarod S-II (silica gel sintered quartz rod) with either chloroform/acetone 
(96:4, v/v) or chloroform/acetone/acetic acid (l 00:1:1, v/v) as the developing solvent mixtures. The 
components separated on the boric-acid-impregnated rod were automatically quanfitated in a hydro- 
gen flame ionization detector (Iatroscan). The relative responses of 1,2-diglyceride, 1,3-diglyceride, 
free fatty acid and triglyceride were slightly lower than theoretical responses based on weight per- 
centage, whereas 1-monoglyceride and 2-monoglyceride showed slightly higher responses. These 
responses were converged within a maximal error of 5-10% (SD). Boric-acid-impregnated rods could 
be used repeatedly, ca. 5 times without any reconditioning procedure. 

ABBREVIATIONS 

Monoglyceride, MG; diglyceride, DG; free 
fatty acid, FFA; triglyceride, TG; monostearin, 
MS; monopalmitin, MP; distearin, DS; stearic 
acid, SA; tripalmitin, TP; chloroform, C; ace- 
tone, A; acetic acid, HAc. 

INTRODUCTION 

Several methods have been proposed for the 
quantification of the components separated on 
thin layer chromatograms using the hydrogen 
flame ionization detector (FID) (1-4). 

Okumura et al. (5) developed an adsorbent 
sintered thin layer chromatographic quartz rod 
(0.9 • 150 mm) which consists of silica gel 
powder fused by fine glass powder as the 
binding agent. These rods are now commer- 
cially available under the trade name Chroma- 
rod (Iatron Lab. Inc., Tokyo, Japan). In addi- 
tion, an automatic scanner which contains a 
hydrogen-FID for sample detection also is 

Ipart of this investigation was reported at the 2nd 
JOCS-AOCS joint meeting, San Francisco, May 1979. 

2present address: Dept. of Neurology, The School 
of  Medicine, Yale University. 

3To whom reprint requests and correspondence 
should be addressed. 

commercially available under the trade name 
Iatroscan from Iatron Lab. Inc. 

We have initiated the application of the 
Chromarod-Iatroscan system for the quanti- 
tative analyses of a variety of lipids (6-8). 
Recently, other investigators also have des- 
cribed the application of this system for lipid 
research (9-14). 

Adsorbent sintered rod has many advantages 
compared to adsorbent coated rods. Generally, 
sintered rods are reusable without any of the 
reconditioning procedures. In addition, since 
the sintered rod is sturdy, the properties of the 
adsorbent could be modified by immersing in a 
liquid reagent solution. In this manner, reagent- 
impregnated rods can be prepared routinely. 

This paper describes a method for the 
quantitative estimation of the composition of 
partial glyceride mixture including 1-mono- 
glyceride, 2-monoglyceride, 1,2-diglyceride, 1,3- 
diglyceride, free fatty acid and triglyceride 
using the boric-acid-impregnated Chromarod- 
latroscan system. 

EXPERIMENTAL PROCEDURES 

Apparatus and Operating Conditions 

The equipment used was the Iatroscan 
TFG-10 (initially named Thinchrograph). The 
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differential and integral curves were recorded 
by a Hitachi 056 2-pen recorder (Hitachi Ltd., 
Tokyo, Japan). 

Automatic scanning of Chromarod by 
Iatroscan was performed under the following 
conditions: flow rate of hydrogen, 125 ml/min;  
flow rate of air, 2000 ml/min;  chart-drive 
speed, 240 mm/min;  voltage of detector, 
50 mV,and  voltage of recorder, 100 mV. 

Rods 

Chromarod S-II was used which carries a 
thin adsorbent (5 tt in diameter, silica gel 
powder) layer fused with fine glass powder as 
a binding agent on a 0.9 mm x 150 mm quartz 
rod. Boric-acid-impregnated rods were prepared 
by immersing the Chromarod S-II in 3% boric 
acid solution. After the rods were used 5 or 
more times, they were immersed in a chromic- 
sulfuric acid solution overnight and then 
washed under running water. The washed rods 
can be reused. 

Materials 

l-Monostearin and tripalmitin were pur- 
chased from Nihon Glyceride Kogyo Co., Ltd. 
(Tokyo). 2-Monopalmitin was obtained from 
Serdary Research Lab. (Ontario), and 1,2- 
distearin and 1,3-distearin from Gasukuro 
Kogyo Co., Ltd. (Tokyo). Stearic acid was 
supplied by Nippon Oil and Fat Co., Ltd. 
(Tokyo). Each lipid was homogeneous on thin 
layer chromatograms. The following standard 
mixtures were used for evaluation purposes: 
standard mixture I contained 1-monostearin/ 
2-monopalmitin/stearic acid/1,2-distearin/1,3- 
distearin/tripalmitin of weight ratio 14.7: 
12.4:17.2:13.9:13.3:28.5, respectively. The 
weight percentages of 1-monostearin and 2- 
monopalmitin in standard mixture II were 
54.2 and 45.8, respectively. 

Lipase hydrolysates of olive oil were pre- 
pared by the following process. One g of olive 
oil (Kanto Kagaku Co., Ltd., Tokyo) was 
incubated with 6 mg of MY lipase (gift from 
Meito Sangyo Co., Ltd.) in 25 ml of water at 
37 C. Reaction mixtures after lipolysis at 0 
time and 1, 2, 3, 4 and 7 hr, respectively, were 
partitioned with chloroform/methanol (2:1). 

All organic solvents were distilled before 
use. Other organic and inorganic reagents were 
of analytical grade or of the highest quality 
commercially available. 

Methods 

Boric-acid-impregnated rods were activated 
by passing through the automatic FID scanner 
(Iatroscan) just prior to use. They were then 

spotted at the origin with ca. 1/~1 of the sample 
solution containing 20-30/Jg of lipids. The rods 
were developed with a solvent mixture until  
the solvent front travelled to 10 cm from the 
origin. After developing, the rods were dried on 
phosphorus pentoxide (P2Os) in vaccuo for 
5 min and then scanned by Iatroscan. The 
developing solvents were (a) chloroform] 
acetone (96:4, v/v); (b) chloroform/acetone/ 
acetic acid ( 100:1 : 1, v/v). 

RESULTS A N D  DISCUSSION 

In order to quantify the amounts of 1- 
monoglyceride and 2-monoglyceride, the boric- 
acid-impregnated silica gel TL Chromatographic 
technique (15) was used. In addition to the 
complete separation of the isomeric glycerides, 
stearic acid and tripalmitin were also resolved 
from each other on a 3% boric-acid-impreg- 
nated Chromarod S-II using solvent mixture a 
or b. A typical chromatogram is shown in 
Figure 1. Stearic acid migrated between 2- 
monopalmitin and 1,2-distearin with solvent 
mixture a. It migrated between 1,2-distearin 
and 1,3-distearin when the rod was developed 
with solvent mixture b. The difference in 
migration rate was probably caused by the 
small amount of acetic acid present in solvent 
mixture b. 

We initially were concerned with the isomer- 
ization of monoglycerides and diglycerides 
during chromatography. However, when pure 
1-monopalmitin and 2-monopalmitin were 
chromatographed on boric-acid-impregnated 

2-MS 

2 MP 1,3 DS 
1,2 DS 

- -  i 

origin s o 2 v e r ~  s  

\ 

FIG. 1. Chromatogram of a partial glyceride 
mixture on boric-acid-impregnated Chromarod S-II. 
Boric acid impregnated Chromarod S-II was prepared 
as described in Experimental. See Abbreviations. Sam- 
pie: standard mixture I. Mobile phase: solvent mixture 
a. 
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TABLE I 

Comparison between Percentages of Peak Area Obtained from Boric Acid 
Impregnated Chromarod S-II-Iatroscan Sys tem and that o f  

Weight for Partial Glycerides and Fatty Acid 

Percentage 

Lipids I-MS 2-MP 1,2-DS 1,3-DS SA TP 

Average of peak area percentage 19.0 15.9 12.1 12.5 14.3 26.2 
• sd 1.2 0.6 1.3 0.5 0.5 2.2 
Weight percentage 14.7 12.4 13.9 13.3 17.2 28.5 

The figures of mean value and sd were obtained from 13 rods. See Abbreviations. Sam- 
ple: standard mixture I. 

silica gel plates (Repla te)  (16),  a single charac- 
terist ic spot  was always ob ta ined  for  each 
c o m p o n e n t .  Similar results  were ob ta ined  for  
diglycerides. These observat ions  indica ted  tha t  
i somer iza t ion  of  m o n o -  and diglycerides did no t  
occur  during the  ch romatograph ic  process.  

Compar i son  be tween  the  percentage  of  
relative peak area and weight  for  1-mono- 
stearin, 2 -monopalmi t in ,  1,2-distearin, 1,3- 
distearin,  stearic acid and t r ipalmit in  on the  
bor ic-acid- impregnated Chromarod  S-II-Iatro- 
scan system are shown in Table I. Relative 
percentages  of  peak area for 1,2-distearin, 
1,3-distearin, stearic acid and t r ipalmit in  were 
slightly lower  than  tha t  o f  weight,  whereas  in 
the monoglycer ides  (1 -monos tear in ,  2-mono-  
palmit in) ,  slightly higher peak area percentages  
were seen. Table I also shows tha t  the repro-  
ducibi l i ty of  peak area percentages  was within 
5-10% (SD). 

The inf luence  of  repeated  usage o f  the  boric- 
ac id- impregnated Chromarod  S-II was examined  
wi th  s tandard  mix ture  II (Table II). Five rods  
were spo t t ed  and developed at once.  Even af ter  
using these rods  5 t imes,  the  ch romatograph ic  
resolut ion,  relative area percentages  of  2 
c o m p o n e n t s  and s tandard  deviat ions were 
almost  the same. Therefore ,  the boric-acid- 
impregnated  rods  could be used at least 5 t imes 
wi thou t  any recondi t ion ing  procedure .  

We proposed  an appl icat ion of  the boric- 
ac id- impregnated silica gel rod  TLC-FID-sys tem 
for mon i to r ing  the  lipase kinetics.  Figure 2 
shows a typical  ch roma tog ram of  lipase hydro -  
lysate of  olive oil. An al iquot  ( 1 /el, 20-30/ag of  
lipids) o f  c h l o r o f o r m / m e t h a n o l  ex t rac t  f rom 
enzym e  react ion mix ture  was used for  this 
ch romatogram.  Af te r  a 3 hr  t r e a tmen t  lipase 
wi th  olive oil, 60% of  tr iglycerides was de- 
graded and free fa t ty  acids were l iberated.  Even 
the  presence  of  a large amoun t  of  free fa t ty  
acids in the sample,  1-monoglycerides,  2- 
monoglycer ides ,  1,2-diglycerides and 1,3-digly- 
cerides were clearly separated.  Figure 3 shows 
the  course of  lipase hydrolys is  o f  olive oil. The  

TABLE II 
Reproducibility of Percentages of l-Monostearin 

and 2-Monopalmitin on Repeatedly Used 
Boric Acid Impregnated Chromarod S-II 

Peak area (%) 

Run no. 1-Monostearin 2-Monopalmitin 

1 56.9• 43.1•  
2 55.8• 44.2• 
3 55.6• 1.8 44.4•  
4 56.1• 1.2 43.9•  
5 55.9• 44.1•  
6 57.0• 43.0•  
7 56.8• 43.2• 
8 57.3• 42.7• 
9 58.0• 42.0•  

10 58.9• 41.1•  
Wt% 54.2 45.8 

The figures of mean value • sd were obtained from 
5 rods. These rods were repeatedly used 10 t imes 
wi thout  employing the reconditioning procedure. 
Sample: standard mixture II. 

l - : ~ C  : 1 . 9  % [ 
/ 

2-MG : t r a c e  
F F A  : 6 0 . 8  

1 , 2 - ~ G  : 6 . 1  

! ,  3 - ~ G  : 6 . 4  
TG : 2A.8 

origin 

FFA 

TG 

!,3-DG 

i, 2-DG 

FIG. 2. Chromatogram of lipase hydrolysate of 
olive oil on boric-acid-impregnated Chromarod S-II. 
Hydrolyses procedure was employed as described in 
Experimental. The sample for chromatogram illus- 
trated in the figure was obtained from the reaction 
mixture after 3 hr. The rod was prepared as described 
in Experimental. Mobile phase: solvent mixture a. 
See Abbreviations. 
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quantitative profile of enzymatic degradation 
products at each sampling time could be rapidly 
(within 30 min) and sensitively (20-30 /~g of 
lipids) assayed using this system. 

In summary, we have established a sensitive 
and reliable method for the determination of 
partial glyceride mixtures. This method should 

( x 
i00 

i / FFA 

~_ I, 3-DG 
. . . .  ~ _ _ ~  1 ,_2-DG 

I. 2 3 4 5 6 7( h r ) 

FIG. 3. The tracing of  hydrolytic process by boric- 
acid-impregnated Chromarod S-II-latroscan system. 
The hydrolysis products were obtained by incubation 
described in Experimental. See Abbreviations. 

be useful in studying the composition of 
glycerides in a number of natural products, and 
in studying the kinetics of lipase actions on 
natural oils. 
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Occurrence of Unusual Hexadecenoate Fatty Acids 
in Hepatoma Lipids 
RANDALL WOOD and THERESA LEE, Department of Biochemistry and Biophysics, 
Texas Agricultural Experiment Station, Texas A&M University System, College Station, TX 77843 

ABSTRACT 

Cis-hexadecenoates isolated from rat liver and hepatoma 7288CTC lipids were analyzed for posi- 
tional isomers by ozonolysis and capillary gas liquid chromatography. In addition to the 46, z~7, A9 
and All isomers found in both tissues, the hepatoma neutral and polar lipids contained relatively 
high percentages of Lxl2 and A14 hexadecenoates that were virtually absent from liver. The occur- 
rence of these unusual fatty acids may result from an error in lipid metabolism in the hepatoma. 

INTRODUCTION 

Except in triglycerides (1-3), the hexa- 
decenoate fractions of liver and hepatoma lipids 
represent a small percentage of the total, which 
is one of the reasons why this monoene fraction 
has not been examined in detail. We became 
interested in the positional isomers of the 
hexadecenoate fraction when studies with 
dietary octadecenoates suggested the presence 
of a chain-shortening process to yield hexa- 
decenoates (4). More recently, we encountered 
what apparently was some unusual hexa- 
decenoate isomers in the hepatoma lipids 
isolated from host animals feld a low level of 
methyl 2-hexadecynoate (5). 

In this study, we have examined the hexa- 
decenoate fractions from liver and hepatoma 
for positional isomers by 2 methods. The data 
indicate that the hepatoma contains some 
unusual hexadecenoate isomers. 

MATERIALS AND METHODS 

Normal rat livers and 7288CTC hepatomas 
were obtained from groups of animals that had 
been maintained on a commercial chow diet 
(6), a fat-free diet supplemented with 0.5% 
safflower oil (6), or a fat-free diet supple- 
mented with 0.5% safflower oil and 0.1% 
methyl 2-hexadecynoate (5) for 4 weeks. Lipids 
were extracted by the Bligh and Dyer pro- 
cedure (7), separated into neutral lipid and 
phospholipid fractions by silicic acid chro- 
matography (8), individual lipid classes isolated 
by thin layer chromatography (TLC), methyl 
esters prepared and analyzed by gas liquid 
chromatography (GLC) as described previously 
(9). The cis monoene fraction was resolved by 
silver nitrate TLC and the hexadecenoate 

fraction was isolated by preparative GLC on a 
nonpolar column (10). The position of the 
double bond was determined by GLC analysis 
of the ozonide cleavage products described 
previously (11). Ozonides were prepared by a 
modification (11) of the Beroza and Bierl 
procedure (12). The hexadecenoate fractions 
were also analyzed by capillary GLC using a 
200-ft x 0.01-in. (id) stainless column coated 
with a 10% solution of diethylene glycol 
succinate in chloroform. The analyses were 
carried out at 170 C in a Varian 3700 chro- 
matograph designed for capillary column 
operation. 

RESULTS AND DISCUSSION 

Generally, ozonolysis is a satisfactory 
method for the quantitative analysis of double 
bond position in most monoenes. However, 
when the double bond is at the A7 position or 
nearer to the carboxyl group, the yield of the 
aldehyde-ester fragment is very poor and the 
aldehyde fragment must be used to estimate the 
percentage of these isomers (1). In addition, the 
14-carbon aldehyde-ester, arising from a A14 
hexadecenoate, has the same approximate 
retention time as any unreacted hexadecenoate 
making identification of this isomer hard to 
confirm. Because some of our samples appar- 
ently contained isomers in these 2 general 
positions, we also analyzed the hexadecenoates 
intact by capillary GLC for positional isomers 
(Fig. 1). The cis-hexadecenoates from normal 
liver lipids could be resolved into 3 peaks (Fig. 
1A) whereas the hexadecenoates from the 
hepatoma lipids gave rise to at least 4 discrete 
peaks (Fig. 1B). Analyses of the first half (Fig. 
1C) and the last half (Fig. 1D) of the eluting 
hexadecenoate sample (from Fig. 1B) collected 
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FIG. 1. Representative gas liquid chromatographs 
of hexadecenoate positional isomers isolated from 
normal liver neutral lipids of Chow-fed animals (A), 
hepatoma neutral lipids from Chow-fed host animals 
(B), first half of the peak of the hepatoma neutral 
lipid sample (B) collected from a preparative chro- 
matograph (C), and the last half of the collected peak 
(D). Numbered peaks: 1 = A6 and A7 hexadecenoates; 
2 = A9 hexadecenoate or palmitoleate; 3 = A l l  hexa- 
deeenoate 4 = A12 and AI4 hexadecenoates; and 5 = 
tentatively identified as zXl5 hexadecenoate. 

from a preparative chromatograph showed 
isomeric enrichment in the 2 fractions. Ozon- 
olysis data (Table I) in conjunction with the 
GLC data indicated that peak 1 consisted of  the 
A6 and A7 isomers, peaks 2 and 3 were com- 
posed of the A9 and AI 1 isomers, respectively, 
and peak 4 represented the A12 and A14 
isomers. Traces of a A 15 isomer may have given 
rise to peak 5 in Figure 1D, but this was not  
confirmed by ozonolysis. Our assigned order of  
the hexadecenoate posit ional isomer elution is 
in agreement with the elution order of octa- 
decenoate positional isomers on polyester  
capillary columns reported by Ackman and 
Hooper (13-14). Generally, the isomeric per- 
centages from ozonolysis and the GLC (Table I) 
agreed reasonably well. Closer agreement 
between ozonolysis and GLC values can be 
calculated by taking into account a greater 
detector response of the longer chain aldehyde- 
esters because of the larger amount of carbon 
per molecule. Such calculated values would 

probably still remain in error since purified 
aldehyde-ester standards are not  available for 
accurate detector  calibration. Despite the lack 
of  precise quantitative values, we feel the data 
are reliable. 

The percentages of  the hexadecenoates in 
the total  fatty acids of the various fractions are 
given in parentheses in Table I. Neutral lipids 
from animals fed chow and the low fat diets 
contained much higher levels of hexadecenoates 
than the hepatoma. Unlike liver, the hepatoma 
is generally unresponsive to diet (1), but  a test 
diet containing methyl  2-hexadecynoate pro- 
duced a 2-fold increase in hepatoma hexa- 
decenoates (5). The increased level of  hepatoma 
hexadecenoates was minimal compared to the 
massive accumulation of hexadecenoates in 
liver, but  the elevated levels had little effect on 
the positional isomer distribution in either 
tissue (5)- 

Analysis of hexadecenoates from liver 
neutral lipids and phospholipids indicates that  
palmitoleic, the A9 isomer, represented 85-90% 
of the total  with the A6, A7 and A11 isomers 
making up most of  the balance (Table I). When 
large hexadecenoate fractions from liver phos- 
pholipids were analyzed, some small peaks 
corresponding to Ct2 and Ct4 aldehyde-esters 
were detected. We have analyzed the hexa- 
decenoates from triglycerides, phosphatidyl- 
cholines and phosphatidylethanolamines of a 
variety of  tissues from animals maintained on 
chow and low-fat diets, but  the A12 and A14 
isomers were seldom observed and then only in 
trace amounts, which were not  reported (1- 
3,5). Spence (15,16) has also examined the 
hexadecenoates from a number of rat tissues, 
but  the presence of A12 and A14 isomers was 
not reported. All these data strongly suggest 
that the A12 and A14 hexadecenoate isomers 
are present in very low amounts in the lipids of 
normal rat tissue. 

In contrast to liver, hepatoma neutral lipids 
and phospholipids from host animals fed 2 
different diets contained relatively high per- 
centages of the A12 and A14 isomers, in 
addit ion to the A6, AT, A9 and A l l  hexa- 
decenoate isomers (Table I). The presence of  
the high delta (positional isomers with the 
double bond greater than 11 carbon atoms from 
the carboxyl group) hexadecenoates in the 
hepatoma lipids was confirmed by the capillary 
GLC data (Table I and Fig. 1). The absence of 
the A12 and A14 isomers in the first half of  the 
hexadecenoate peak collected from the pre- 
parative chromatograph by both methods of 
analysis eliminates the possibility of  their being 
artifacts. A number of other procedures, e.g., 
argentation TLC, GLC on polar and nonpolar  

LIPIDS, VOL. lS, NO. I0 



8 7 8  COMMUNICATIONS 

e t  

m 

,.4 0 

0 

.s 

e~ 

& 

..> E 

0 

0 

N 

,.~ 0 0 
,4 ,5 

+1 +~ 

+1 

�9 '~. ~. ~d 
r-. t-~ 

N N d ~  ~ 

+1 +1 +1 - -  

0 0 0  ~ 0  ~ C  0 C ~ � 9  ~ 0 ~ 0 ~ �9 L~O 0 0 ~ 0 ~ 

+~ 

. g  
~ _ _~ :~ z z _  z . - .  

. . . .  o 2 ~  o =  

. . . . . . . .  o o ~ 

d ~ .  d ~" 

E E ~ -  E ~  
d ~ d~_  

" r  ~ " r  " r  

u 

2 

II 

; E 

.m  r162 ~ tr 

;..) m 

~g 

�9 r, '7, '~ ,. 6 

; r  . ~  & ~  
~ o  o ~ 

L I P I D S ,  V O L .  1 5 ,  N O .  1 0  



COMMUNICATIONS 879 

columns, hydrogenation, support the con- 
clusion that hexadecenoates from hepatoma 
7288CTC lipids contain a high percentage of 
the A12 isomer, and to a lesser degree the A14 
isomer, relative to normal liver. 

The origin of the hexadecenoate isomers is 
of considerable interest and may represent a 
more important question than the effect these 
unusual fatty acids might have on a biological 
system. Dietary origin of the unusual isomers 
can be discounted. The chow diet and the lipids 
added to the fat-free diet have been shown to 
contain primarily palmitoleate with the A7 and 
A l l  isomers making up the balance (2). The 
endogenous origin of most  hexadecenoate 
isomers is known. Palmitoleate, the major 
isomer, arises from the microsomal aerobic 
desaturation of the corresponding saturated 
fatty acid, palmitate ( 17,18). The A 11 isomer is 
probably derived from the elongation of 
myristoleate, similar to the origin of vaccenate 
from palmitoleate (18). Biosynthesis of both 
the A9 and A l l  hexadecenoates has been 
shown to occur in hepatoma 7288C (19), the 
origin of the host-grown hepatoma (7288CTC) 
used in these studies. The A7 isomer probably 
arises from oleate by the recently observed 
chain-shortening process (4). The origin of the 
A6 isomer is unknown, but we have speculated 
on several possibilities, of which A6 desatu- 
ration of palmitate appeared the more likely 
(3). 

Since the occurrence of the A12 and A14 
hexadecenoates has not been established 
previously, their origins are unknown but their 
relatively high levels in the hepatoma lipids may 
result from an error in metabolism of this 
neoplasm. Only a few microorganisms of the 
Bacillus species (20) are known to produce 
unsaturated fatty acids with a double bond 
located at an even carbon-number position, and 
then only up to the A 10 position. This would 
appear to rule against the hepatoma having 
acquired the ability to desaturate palmitate 
directly at the A 12 or A 14 positions. The more 
attractive concept is one involving meatbolic 
error early in fatty acid biosynthesis because 
the unsaturation occurs at an even carbon- 
number position. The A14 and A12 isomers 
would be produced if 2,3 unsaturated acyl-ACP 
was not  reduced after the first and second 
malonyl-CoA condensation, respectively. For- 
mation of the cis-A2 isomer instead of the 
normal trans-unsaturated acyl-ACP might con- 
tribute to bypassing enoyl-ACP reductase. The 
cis-A2 isomer could result from the loss in 
stereospecificity of 3-hydroxyacyl-ACP hydra- 
tase. If multiple forms of this enzyme exist in 

the hepatoma as in Escherichia coli (18), a loss 
of specificity in the 3-hydroxybutyryl-ACP 
hydratase isozyme, which acts only on short 
chains, would agree with the observed absence 
of the unsaturation at the A8 and A10 posi- 
tions of the hexadecenoates. It is possible that a 
loss in the stereospecificity of 3-ketoacyl-ACP 
reductase could result in the formation of the 
L-3-hydroxyacyl isomer in addition to the 
normally produced D-isomer. Although there 
may be other explanations, the one described 
apparently is a logical place to look for an error 
in metabolism that could account for the 
occurrence of the unusual hexadecenoate 
isomers found in the hepatoma lipids. 
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Cutin Acids: Synthesis and Mass Spectrometry 
of Methyl 16-Hydroxy-7-oxo-, 16-Hydroxy-8-oxo-, 
16-Hydroxy-9-oxo-, 16-Hydroxy-10-oxo- and 7,16-, 8,16-, 
9,16- and 10,16-Dihydroxyhexadecanoates 1 
A.P. TU/LOCH, National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan, Canada S7N 0W9 

ABSTRACT 

Methyl esters of 8 16-carbon acids which occur in cutin of plants have been synthesized from 
methyl 16,17-dihydroxy-7-oxo- and 16,17-dihydroxy-9-oxoheptadecanoates. 16-Hydroxy-7-oxo- and 
16-hydroxy-9-oxohexadecanoates were prepared by lead tetraacetate cleavage followed by sodium 
triacetoxyborohydride reduction; 16-hydroxy-8-oxo- and 16-hydroxy-10-oxohexadecanoates were 
prepared by successive ketalization, ester reduction, diol cleavage, acylation, oxidation and methanoly- 
sis. Dihydroxy esters were prepared by reduction of oxo esters with sodium borohydride. Mass spectra 
of TMS ethers of the esters, of pyrrolides and of TMS esters of pyrrolidides have been compared. Mass 
spectra of mixtures of hydroxyoxo derivatives and of dihydroxy derivatives show that correction 
factors are required for quantitative analysis, particularly when 7-substituted isomers are present. 

INTRODUCTION 

The surface of plants is protected by a layer 
called the cuticle; the outer part consists of the 
epicuticular wax and the inner part Consists of 
the cuticular membrane composed o f  Cutin. 
The principal functions of the cuticle are to 
separate the plant from the environment and to 
maintain rigidity, thus holding the plant to- 
gether (1). 

The cutin of the cuticular membrane has 
been repeatedly investigated and analyzed. It is 
thought that, in many plants, it is principally 
composed of polyesters derived from hydroxy 
fatty acids, containing one or more hydroxyl 
groups, but ether and peroxide linkages also 
may be present. Alkaline hydrolysis of cutin 
yields complex mixtures of oxygenated acids 
and, depending on the species of plant, these 
may be mainly C16 or C18 acids (2). 

The first C16 hydroxy acid isolated and 
identified was 10,16-dihydroxyhexadecanoic 
acid from cutin of an Agave species (3); later 
the same acid was obtained from olive leaves 
(4). 

Subsequently, however, investigations using 
gas chromatography-mass spectrometry (GC- 
MS) showed that the dihydroxy C16 cutin acids 
were mixtures of 7,16-, 8,16-, 9,16- and 10,16- 
dihydroxy isomers (5-7). Hydroxyoxo C16 
acids, 16-hydroxy-7-oxo, 16-hydroxy-8-oxo, 16- 
hydroxy-9-oxo and 16-hydroxy-10-oxo isomers 
also have been found in some cutins, particu- 
larly in that of lemons (8). 

These cutin acids apparently had never been 

1 Presented at the AOCS meeting, San Francisco, 
May, 1979. NRCC No. 18651. 

synthesized and the GC-MS studies showed that 
pure individual isomers had probably never 
been isolated (5). In estimating the proportions 
of isomers in natural mixtures by MS, it had to 
be assumed that intensities of fragments were 
proportional to amounts of isomers (5). For 
these reasons, and because convenient synthetic 
routes to the 4 dihydroxy and the 4 hydroxy- 
oxo hexadecanoic acids already mentioned 
were apparently available, syntheses of methyl 
esters of the 8 acids have been carried out. 
Preparations and MS properties of the products 
are reported here. 

RESULTS AND DISCUSSION 

Synthesis 

To facilitate the synthetic work, the 4 
hydroxyoxo esters were to be prepared first 
and reduced to the corresponding dihydroxy 
esters with sodium borohydride. As a further 
simplification, syntheses were arranged so that 
just 2 key intermediates and 2 routes (A and B, 
Figs. 1 and 2) applied to each would yield the 4 
isomers. 

The intermediates were methyl 16,17- 
dihydroxy-7-oxo- and 16,17-dihydroxy-9-oxo- 
heptadecanoates, 1 and 2. The former was 
readily obtained by hydroxylation of 7-oxo-16- 
hexadecenoic acid, prepared from 10-undece- 
noyl chloride by enamine synthesis (9,10) using 
1-morpholinocyclohexene; a longer reaction 
sequence was required for the latter. Two 
malonate chain extensions from 4-pentene-1- 
ol gave 6-heptenylmalonic acid which, when 
allowed to react with the acid chloride of 
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methyl hydrogen azelate, under the conditions 
of Bowman's ketone synthesis (11,12) gave 
9-oxo-16-heptadecenoic acid. Dihydroxyoxo 
ester 2 was obtained by hydroxylation. 

In synthetic route A from 1 or 2 (Fig. 1) the 
ester group is retained in the product. This 
route makes use of the bulky reducing agent 
sodium triacetoxyborohydride which selec- 
tively reduces the less hindered aldehyde group 
in the presence of a carbonyl group (13). 
Cleavage of the diol in 1 or 2 with lead tetra- 
acetate gave intermediate oxoaldehydes and 
reduction with sodium triacetoxyborohydride 
gave hydroxyoxo esters 3 or 4. Dihydroxy 
esters 5 or 6 were obtained by borohydride 
reduction. Yields from 1 or 2 were ca. 70%. 

In route B (Fig. 2), the ester group of 1 or 2 
becomes the terminal carbon with the primary 
hydroxyl group and C-16 becomes C-1 of the 
product. Attempts to protect the carbonyl 
group as the ketal (14) led to mixtures of 
ketone and ketal. Even when the terminal 
glycol was acylated and when the ketal was 
prepared by exchange with butanone ketal 
(15), only partial ketalization occurred. Reac- 
tion was carried out, however, using the mix- 
ture of intermediates. Reduction of the ester 
with lithium aluminum hydride, followed by 
cleavage of the diol, acetylation of the hy- 
droxyl group, oxidation with chromic acid and 
treatment with methanolic HC1 gave a mixture 
of hydroxyoxo ester 7 or 8 and dihydroxy 
ester 9 or 10 in a combined yield of 44%. The 2 
types of esters were readily separated by 
column chromatography. 

Dihydroxy ester 9 also was prepared without 
employing the ketal intermediate to investigate 
conversion of 9 to 7, which route B gave in 
only low yield, by selective oxidation. Bromine 

HOCH2CHOH (CH2) m CO(CH2) n C02CH 3 I. n = 5, rn = 8 
l 2. n=7, m=6 

Pb(OAc) 4 

OHC (CHz)mCO(CH2) n C02CH 3 

I NoBH(OAc) 

HOCH2(CH2)rnCO(CH2)nCO2CH 3 3. n = 5, rn=8 
4 n=7, m=6 

NoBH 4 

HOCH2(CH2)mCHOH(CH2) ncO2cH 3 5. n=5, m=8 
6. n=7, m=6 

FIG. 1. Syntheses of methyl hydroxyoxo- and 
dihydroxyhexadecanoates by route A. 

had been reported to oxidize secondary alco- 
hols preferentially to ketones (16) and appli- 
cation of this method to 9 gave 7 in 46% yield. 
Thus, the isomeric hydroxyoxo and dihydroxy 
esters have been synthesized in moderate- 
to-good yield from fairly readily available 
starting materials. The structures of the prod- 
ucts followed from the synthetic routes em- 
ployed but they also were confirmed by the 
MS study which follows. 

None of the compounds had been prepared 
previously and only one, methyl 10,16-di- 
hydroxyhexadecanoate, had been reported as a 
pure compound obtained from cutin (3,4). 
It is unclear whether this particular ester from 
Agave cutin has ever been examined by MS but 
possibly a pure isomer resulted from crystal- 
lization. The mp of the ester from Agave 
was 67.5-68.3 C (3) and 68-69 C for the sample 
from olive leaves (4). Ester with mp 67-68 C 
also has been isolated from the soft resin of 
shellac (17). Methyl 10,16-dihydroxyhexa- 
decanoate prepared here had mp 63-64 C. The 
natural ester would be expected to be an 
optical isomer with probably a different mp 
and, in fact, the dihydroxyhexadecanoate 
fraction from tomato cutin, containing 79% of 
the 10,16-isomer, has a small positive rotation 
(18). 

HOCH2CHOH(CH2)rnCO(CH2)nCO2CH 3 I. n =5, m= 8 
2. n=7, m = 6  

HOCH2CHOH (CH2)mC(CH2)n C02CH3 
0 / \ 0  
I I 

+ HOCH 2CHOH (CH2)mCO(CH2)n C02CH 3 

I LiAIH 

HOCH 2CHOH(CH2lm C(CH2)n CH20H 
o ~ \ o  
[ ] 

+ HOCH2CHOH(CH2)mCHOH(CH2) n CH20H 

I Pb(OAc) ; Ac20 
CrO 3 ; CH30H / HCI 

CH302C (CH2) m CO(C H2) n CH20H "7. re=B, n=5 

8. m=6, n=? 

+ CH302C(CH2)mCHOH(CH2)nCH20H 9. m=8, n=5 
I0. m=6, n=7 

Br 2 

CH302C (CH2)sCO(CH2)5CH20H 7. 

FIG. 2. Syntheses of methyl hydroxyoxo- and 
dihydroxy-hexadecanoates by route B. 
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MS and Other  Properties of  
H y d r o x y o x o  and D i h y d r o x y  Esters 

During isolation of  oxygenated esters from 
hydrolyzed cutirr, fractions containing hy- 
droxyoxo esters (8) and, more frequently, 
d ihydroxy esters (5,19,20) were separated by 
thin layer chromatography (GLC) but indi- 
vidual isomeric components  apparently were 
never obtained. Examination of the synthetic 
isomers showed that, comparing isomers with 
substituents on neighboring carbons, the Rf was 
lower the closer the substituent was to the 
hydroxyl  end of the chain. The difference was 
greatest for the 9,16- and 10,16-dihydroxy 
isomers and these could be separated by ana- 
lytical TLC. This result suggests that d ihydroxy 
esters containing major proport ions of 10,16- 
isomer, such as those from tomato (5) or Vicia 
faba (21), could be fractionated by TLC 
yielding pure 10,16-isomer. 

Previous MS investigations of C16 cutin 
esters, usually as TMS derivatives, were limited 
to the 10,16-dihydroxy ester from Agave (22) 
and to mixtures of isomers (5,8). In this study, 
MS of  TMS derivatives of the 4 hydroxyoxo  
esters and the 4 d ihydroxy esters were obtained 
both of  individual isomers and of mixtures of 
known composition. Figure 3 shows the frag- 
mentat ion patterns observed for derivatives of 
isomers substituted at C-9 (4 and 6). Oxo esters 
showed the expected fragmentation resulting 
from a- or/]-cleavage (8,23) and the dihydroxy 
esters the usual a-cleavage on either side of the 
carbon, in the middle of the chain, bearing the 
TMS group (5,22). As noted previously (22), 
a-cleavage of the bond furthest from the ester 
group was favored and this tendency increased 
when the substituent was closer to the ester 
group. Thus, in the 7,16-di OTMS derivative, 
the ion m/e 317 has only 20% of the intensity 
of the ion m/e 231. Another  fairly prominent  
fragment which depended on substituent 
position, and had m/e 155 for the 9,16-di 
OTMS derivative (Fig. 3.3) is probably OHC- 
(CH2)7C-~=O + resulting from fragmentation 
occurring after transfer of the terminal TMS 
group to the carboxyl carbonyl (24). The 
spectra thus completely confirmed the struc- 
tures of the isomers. 

Mixtures of hydroxyoxo  and dihydroxy 
esters, as TMS ethers, also were analyzed by 
monitoring and integration of  a selected single 
ion for each compound;  the results are in 
Table I. A diagnostic ion, which was consis- 
tently prominent  in all 4 isomers, was selected; 
for oxo esters, it was the ion resulting from 
McLafferty rearrangement and ~-cleavage of  the 
bond on the side of  the carbonyl remote from 
the ester group (in Fig. 3.1, ion with m/e 200 

168 
153 

2OO 
I. r ~  185 

r ~  157 - ->  125 
i * i 

(CHs) 3 S i OlCH2) 63"  CH2"*- C - r  1CH217 C02CH3 
i i I l l  

'o , ,  
2 1 5  

2o. R=H 2b. R=Si lCH3) 3 

, ~ i I r 
RO (CH2)7 C -~- CH2-~ICH2)-5~- e l l2  -~- CH2 ~- e l l2  CON (CH2 - CH2)2 , , ,, ', , 

O I I H ~  

196 182 140 126 113 

289  

3. (CH3)3 SiO(CH2)7 -}- CH -~" (CH217 C02CH3 

' ,1  : 
I I OSi(CH3) 3 
L ~  
259 " - ->  155 

HO(CH2) 7 ~- CH (CH2) 5 ~ CH 2 -~ CH2CON (CH 2 -- CH2) 2 
4 11 i 

: OH : ; 

226  126 113 

289  

�9 I I CH2,.~_: CH2CON(CH2_CH2)2 5. (CH3)3SIO(CH2) 7 ~- CH ~- (CH2)5-r  i I i 
',J ' ', H ' , -  
, ' O s i ( c H 3 ) 3  L~_  ; 
298  126 113 

1 8 5  

FIG. 3. MS fragmentation of derivatives of hy- 
droxyoxo- and dihydroxyhexadecanoic acids. 1: 
Methyl 16-hydroxy-9-oxohexadecanoate TMS ether; 
2a: 16-hydroxy-9-oxohexadecanoylpyrrolidide; 2b: 
16-hydroxy-9-oxohexadecanoylpyrrolidide TMS ether; 
3: methyl 9,16-dihydroxyhexadecanoate TMS ether;' 
4: 9,16-dihydroxyhexadecanoylpyrrolidide; 5: 9,16- 
dihydroxyhexadecanoylpyrrolidide TMS ether. 

from cleavage of 10,11 bond). For  di OTMS 
esters, the ion was that obtained by a-cleavage 
on the side of  the substituted carbon away 
from the ester group. The results show that the 
16-OTMS-7-oxo isomer, from 3, is considerably 
overestimated and the 16-OTMS-10-oxo isomer, 
from 7, is underestimated. The 7,16-isomer, 
was also overestimated in analysis of the di 
OTMS derivatives but not  nearly as much. 

Because the principal diagnostic ions in 
spectra of  hydroxy  and oxo methyl  esters are 
always accompanied by relatively intense ions 
resulting from loss of 32 ainu (23), the use of  
pyrrolidide derivatives has been investigated ,as 
a means of obtaining fewer and more intense 
diagnostic ions (25). 

Pyrrolidides and TMS ether pyrrolidides of  
the oxygenated acids were examined. In the 
oxo derivatives (Fig. 3.2), cleavage in the 
vicinity of  the carbonyl group is unaffected by 
TMS ether formation. As was found during MS 
investigation of all the isomeric oxooctadeca- 
noylpyrrolidides (25), the principal diagnostic 
ion is produced by  3-cleavage on the amide side 
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TABLE I 

Compositions of Mixtures of Derivatives of Hydroxyoxo- and Dihydroxyhexadecanoic Acids 
Determined by MS (integration of selected ion profiles) 

Composition found a 

Hydroxyoxo Composition Methyl ester 
derivatives calculated TMS ethers Pyrrolidides 

16, 7 26.2 41.7 (172) 19.0 (154) 
16, 8 24.6 21.5 (186) 40.1 (168) 
16, 9 25.0 20.3 (200) 21.6 (182) 
16,10 24.2 16.5 (214) 19.3 (196) 

Dihydroxy Methyl ester Pyrrolidides 
derivatives TMS ethers Pyrrolidides TMS ethers 

7,16 25.5 30.9 (231) 29.3 (198) 22.2 (270) 
8,16 24.6 23.8 (245) 26.5 (212) 22.9 (284) 
9,16 25.4 22.4 (259) 23.5 (226) 25.6 (298) 

10,16 24.5 22.9 (273) 20.7 (240) 29.3 (312) 

aAverage of 3 determinations, m/e of selected ion in parentheses. 

of the carbonyl (formation of ion m/e 182 in 
Fig. 3.2). These ions were also selected for 
integration in mixture analysis but the 16- 
hydroxy-8-oxo isomer was greatly overesti- 
mated. Fission a to the carbonyl occurs to a 
small extent in pyrrolidides from 8, 4 and 7 
giving a fragment with m/e 14 amu greater than 
that resulting from /3-cleavage but in the 16- 
hydroxy-7-oxo derivative, a- and ~cleavage 
products have the same intensity. Thus, the 
derivative from 3 also gives a prominent a- 
cleavage ion at m/e 168 which in mixtures 
contributes to the ion of this m/e formed from 
the derivative from 8 by ~-cleavage. Pyrrolidides 
of hydroxyoxo acids, while giving fragments 
suitable for identification of individual isomers, 
are not suitable for quantitative analysis. 

Pyrrolidides of dihydroxy acids, both with 
free hydroxyls and as TMS ethers, showed 
strongly amide-directed a-fission (25). Thus, for 
TMS derivatives, only very weak ions (that at 
m/e 289 in Fig. 3.5) result from a-cleavage on 
the amide side of the substituent so that this 
derivative is less satisfactory for determining 
structural features at the other end of the 
chain. An intense ion, m/e 185, was prominent 
in spectra of all the isomers and probably is: 

�9 H2CC-N(CH 2 -CH2) 2 
*O-Si(CHa )a, 

formed by migration of the TMS group on tht 
secondary alcohol oxygen to the amide carbo- 
nyl followed by fission of the 2,3 bond. Similar 
migrations have been described for TMS deriv- 
atives of methyl esters (24). This ion also was 
observed in spectra of the TMS derivatives of 
the hydroxyoxo pyrrolidides but was less 

intense, showing that the TMS group could be 
transferred from one end of the chain to the 
other (22) but not as readily as from an oxygen 
situated in the middle of the chain. 

During quantitative analysis of the underiv- 
atized pyrrolidides, isomers with the substi- 
tuent closest to the carbonyl gave the greatest 
response but in the TMS pyrrolidides the 
reverse response was observed (Table I). 

The quantiative estimations show that for 
hydroxyoxo derivatives, serious errors are 
introduced only when isomer 3 is present; for 
dihydroxy derivatives, differences in response 
are smaller and satisfactory results should be 
possible using correction factors. Hydroxyoxo 
esters probably would be best estimated after 
reduction to d/hydroxy esters as has been 
suggested previously (8). 

Reactivity of the Isomers 

It was observed that 7,I 6-dihydroxy methyl 
esters 5, which had been kept in crystalline 
form for 2 years, had undergone extensive 
intermolecular ester exchange. TLC showed 
that the product contained a large number of 
components, presumably polyesters, differing 
in the number of ester groups. ~3C nuclear 
magnetic resonance (NMR) showed that inter- 
esterification had occurred only at the terminal 
hydroxyl; the secondary hydroxyl was un- 
affected (26). The diacetate of 5 also poly- 
merized. The reaction was much more pro- 
nounced in the 7,16-dihydroxy isomer but 
preparations of the other isomers showed 
impurities on TLC (particularly after column 
chromatography) which could be removed by 
acid methanolysis. For this reason, all products 
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were subjected to acid methanolysis before 
final crystallization. A sample of methyl  
16-hydroxyhexadecanoate which had been 
prepared 18 years previously (27) showed no 
sign of interesterification, suggesting that the 
secondary alcohol substituent in 5 may influ- 
ence reactivity of  the carboxyl group. The 
same reactivity was not  observed in the hy- 
droxyoxo esters. I t  apparently has been as- 
sumed that the purpose of the secondary 
hydroxy groups was to enable crosslinking 
between chains of  polyesters to occur, but our 
results suggest that it may also facilitate reac- 
t ion between the carboxyl and the terminal 
hydroxyl  in another molecule. 

EXPE RIM ENTAL 

Analytical Procedures 

TLC was carried out on precoated plates of 
Silica Gel 60 (Merck), 0.25 mm thick, which 
were eluted 3 times with diethyl ether, and 
spots were developed by charring with 50% 
H2SO4. Under these conditions, Rf values 
were: methyl 16-hydroxyhexadecanoate,  0.63 ; 
methyl  16-hydroxy-7-oxohexadecanoate 0.52; 
methyl 16-hydroxy-8-oxohexadecanoate,  0.50; 
methyl  16-hydroxy-9-oxohexadecanoate,  0.49; 
methyl  16-hydroxy- 10-oxohexadecanoate, 0.47; 
methyl  7,16-dihydroxyhexadecanoate,  0.29; 
methyl  8,16-dihydroxyhexadecanoate,  0.29; 
methyl  9,16-dihydroxyhexadecanoate,  0.27; 
methyl  10,16-dihydroxyhexadecanoate,  0.22. 
Oxohydroxy esters were not  separated from 
neighboring isomers but  mixtures of 9,16- 
and 10,16-dihydroxy esters gave 2 separate 
spots. 

Silica gel (Biosil A, 200-400 mesh, Bio-Rad, 
Richmond, CA), activated at 110 C, was 
employed for column chromatography. 

TMS derivatives for GC-MS were prepared 
by treatment with N,O-bis(trimethylsilyl)- 
acetamide in CH2C12 solution. To obtain 
pyrrolidides, 5 mg of methyl  esters were 
dissolved in a mixture of  1 g of  pyrrolidine and 
0.1 g of acetic acid and kept  at 25 C for 18 hr. 
The solution was poured into water, extracted 
with CH2C12, washed with 1 N HC1 and with 
water and dried (Na2SO4). Removal of  the 
solvent gave derivatives which did not  require 
further purification. 

A Finnigan model  3300 instrument with an 
Incos model  2000 data system was used for 
GC-MS analysis; the ionization voltage was 70 
eV. The glass column was 1.7 m x 2 mm id, 
packed with 1.5% Dexsil 300 on 80-100 mesh 
acid washed and silanized Chromosorb W. When 
TMS derivatives were analyzed, temperature 
was programmed from 175 to 300 C at 4 
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C/min. Pyrrolidides with free hydroxyl  groups 
were insufficiently volatile for GC analysis and 
were inserted into the spectrometer  with a 
probe inlet. In analyzing mixtures of  isomeric 
derivatives, selected ion profiles at 4 appro- 
priate masses, in order from 10-substituted to 
7-substituted, were integrated. Fo r  TMS ethers 
of  hydroxyoxo  methyl  esters: ions with m/e 
214, 200, 186, 172; of d ihydroxy methyl  
esters: 273, 259, 245, 231; for hydroxyoxo  
pyrrolidides:  196, 182, 168, 154; for dihy- 
droxy pyrrolidides:  240, 226, 212, 198; and for 
TMS ethers of d ihydroxy pyrrolidides:  312, 
298, 284, 270 were examined. 

Methyl 16,17-Dihydroxy-7- 
oxoheptadecanoate (1) 

7-Oxo-16-heptadecenoic acid was prepared 
as previously described (10) and converted to 
the methyl  ester with methanolic HC1 (5%). 
Methyl 7-oxo-16-heptadecenoate had bp/0.1 
mm 131-134 C, after crystallization from 
hexane the mp was 32.5-33.5 C. 

Anal. calcd for C1sH3203: C, 72.92; H, 
10.88; found: C, 72.75; H, 10.94. Epoxide 
route:  a solution of  30 g (0.1 mol) of  the oxo 
ester just described and 21.84 g (0.125 mol) of  
m-chloroperbenzoic acid in 350 ml of CH2C12 
was kept  at 25 C for 7 hr. The solution was then 
diluted with 300 ml of  CH2C12 and washed 
with Na2SO3, NaHCO3 and NaC1 solutions and 
dried over NazSO4. After  removal of  solvent, 
crude epoxide was dissolved in 250 ml of acetic 
acid and refluxed for 4 hr. The reagent was 
taken off under reduced pressure and the 
residue refluxed with methanolic HC1 (5%) for 
3 hr. The solution was poured into 20% NaC1 
solution and the product  extracted with CHC13 ; 
after removal of the solvent, crystallization 
from acetone yielded 20.6 g (60%)dihydroxy-  
oxo ester 1, mp 73-74 C. 

Anal. calcd for ClsHa4Os: C, 65.42; H, 
10.37; found: C, 65.51; H, 10.32. Hydroxy- 
lation route:  hydrogen peroxide (30%, 8 g) was 
added to 20 g (0.0676 tool) of  methyl  7-oxo- 
heptadecenoate in 100 ml of  formic acid (97%) 
and the solution was stirred for 7 hr at 37 C. 
The reagents were removed at 70 C and 12 mm 
and the residue refluxed for 1.5 hr in methanol 
containing 2.5% HC1. The produc t  was worked 
up as just described and crystallized from 
acetone giving 16.85 g (76%) of 1. 

Methyl 16-hyflroxy-7-oxohexadecanoate (31 

A solution of 6.6 g (0.02 mol) of ester 1 in 
100 ml of  acetic acid was stirred at 20 C for 15 
min during addit ion of  13.3 g (0.03 mol) lead 
tetraacetate and stirring was continued for 
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1.5 hr. After  addit ion of  300 ml of  benzene, 
the solution was poured into 700 ml of water 
containing 1 g of glycerol. The benzene layer 
was separated and the water reextracted with 
300 ml of benzene; combined extracts were 
washed with water, with NaHCO3 solution and 
with water and dried (Na2SO4). Solvent was 
removed at 25 C, leaving 6.0 g of white solid. 
Sodium borohydride (1.52 g, 0.04 mol) was 
suspended in 250 ml of benzene and 7.2 g (0.12 
mol) of acetic acid was added (13). The mix- 
ture was refluxed for 15 min when most 
of the borohydride had dissolved; a solution of 
the oxoaldehyde already mentioned in 150 ml 
of benzene was added and reflux continued for 
1.5 hr. The solution was cooled, washed with 
water and dried (Na2SO4). 

The crude product  was chromatographed on 
200 g of silica gel, elution with hexane/acetone 
(9:1) gave 1.11 g of a mixture of by-products  
and hydroxy-oxo ester followed by 4.16 g 
(69%) of hydroxyoxo  ester 3. After  refluxing 
with methanolic HC1 (%) for 18 hr to break 
down any polyesters present, and recovery 3 was 
crystallized from acetone giving large leaflets, 
mp 57-58 C; MS of methyl  ester TMS ether m/e 
(rel intensity) M § missing, 357 M-15 (7), 227 
(6), 185 (4), 172 (13), 157(13),  140 (16), 125 

�9 M + (30), 103 (30), 75 (100); of pyrrolidlde 339 
(2), 196 (4), 168 (20), 154 (19), 140 (7), 126 
(35), 113 ( 100); of  pyrrolidide TMS ether 411 
M+(0.6), 396 (6), 185 (12), 168 (17), 154 (19), 
140 (6), 126 (3), 113 (100), 103 (6). 

Anal. calcd for C17H3204: C, 67.96; H, 
10.74; found: C, 67.96;H,  10.75. 

Methyl 7,16-Dihydroxyhexadecanoate (5) 

Hydroxyoxo ester 3 (1.01 g, 0.0034 mol) 
was dissolved in 30 ml of methanol,  0.16 g 
(0.004 mol) of sodium borohydride added and 
the solution was stirred at 20 C for 90 min. 
After  acidification with 1 ml of acetic acid and 
dilution with 200 ml of 20% NaC1 solution, 
product  was extracted with chloroform. Cry- 
stallization from acetone gave d ihydroxy ester 
5 (80% yield) small leaflets, mp 53-54 C; MS of 
methyl  ester di TMS ether m/e (rel intensity) 
M § missing, 431 M-15 (1), 317 (5), 231 (26), 
199 (4), 129 (18), 127 (17), 103 (20), 73 
( I00) ;  of pyrrolidide 341 M§ 198 (11), 
168 (4), 140 (3), 126 (33), 113 (100);  of  
pyrrolidide di TMS ether M § missing, 470 M-15 
(7), 270 (27), 198 (11), 185 (18), 169 (9), 
140 (5), 126 (32), 113 (92), 103 (20), 73 
(100). 

Anal. calcd for C17H3404 : C, 67.51 ; H, 
11.33; found: C, 67.32; H, 11.27. 

6-Heptenylmalonic acid 

4-Pentene-l-ol  (28) was converted to mesy- 
late by the method described previously (12,- 
29) and then to 4-pentenylmalonic acid by the 
Spener and Mangold method (30). Crystal- 
lization from benzene gave acid with mp 89-91 
C, lit. (31) mp 87 C. Decarboxylat ion yielded 
6-heptenoic acid, bp 98 C/5 mm. The acid was 
reduced to alcohol and the described route 
followed to 6-heptenylmalonic acid, crystals 
from benzene, mp 100-102 C, lit. (31) mp 
90-91 C. 

Methyl 9-Oxo-16-heptadecenoate 

Reaction between the sodium derivative of 
the te t rahydropyranyl  ester of  6-heptenyl- 
malonic acid and methyl  8-chloroformyloc- 
tanoate by the method previously described 
(11,12) gave crude metyl  oxo ester. After 
hydrolysis with KOH, crystallization from 
acetone gave 9-oxo-16-heptadecenoic acid (71% 
yield), mp 67.5-68.5 C. 

Anal. calcd for C17H3003: C, 72.30; H, 
10.71; found; C, 72.41 ; H, 10.42. 

Acid was reconverted to methyl  ester, with 
methanolic HC1, and a por t ion crystallized from 
hexane giving pure methyl  9-oxo-16-hepta- 
decenoate, mp 37.5-38.5 C. 

Anal. calcd for ClsHa2Oa: C, 72.92; H, 
10.88; found: C, 72.73;H,  11.11. 

M~hyl 16,17-Dihydroxy- 
9-oxoheptadecanoate (2) 

This ester was prepared (59% yield) from 
methyl  9-oxo-16-heptadecenoate by the epox- 
ide route already described. The product  was 
crystallized from acetone, mp 72-73 C. 

Anal. calcd for ClaH34Os: C, 65.42; H, 
10.30; found: C, 65.19; H, 10.24. 

Methyl 16-Hydroxy-9- 
oxohexadecanoate (4) 

Lead tetraacetate oxidation, followed by 
sodium t r iacetoxyborohydride  reduction of 5 g 
of 2 as already described gave crude hydroxy-  
oxo ester 4. The product was purified by 
column chromatography and methanolic HC1 
treatment giving 2.7 g (59%) of  4, after acetone 
crystallization the mp was 55-56 C; MS of TMS 
ether m/e (relative intensity) M § missing 357 
M-15 (5), 215 (5), 200 (6), 185 (7), 168 (3), 
157 (7), 153 (5), 140 (16), 125 (38), 75 (89), 
55 (100); of pyrrolidide 339 M § (0.9), 196 (4), 
182 (18), 140 (4), 126 (21), 113 (100); of 
pyrrolidide TMS ether 411 M § (0.4), 396 M-15 
(4), 196 (3), 185 (15), 182 (16), 140 (4), 126 
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(19), 113 (100). 
Anal. calcd for C17H3204: C, 67.96, H, 

10.74; found: C, 68.16; H, 11.01. 

Methyl 9,16-Dihydroxyhexadecanoate (6) 

Reduction of hydroxyoxo  ester 4 as des- 
cribed yielded dihydroxy ester 6. The product  
was purified by column chromatography, 
methanolic HC1 treatment and crystallization 
from acetone, mp 59-60 C; MS of di TMS ether 
m/e (relative intensity) M + missing, 431 M-15 
(0.8), 289 (12), 259 (24), 155 (26), 129 (26), 
109 (39), 103 (22), 73 (100); of pyrrolidide 
341 M § (0.4), 226 (8), 140 (3), 126 (25), 113 
(100); of pyrrolidide di TMS ether M + missing, 
470 M-15 (4), 298 (25), 289 (2), 185 (30), 140 
(4), 125 (21), 113 (100), 103 (16). 

Anal. calcd for C17H3204 : C, 67.51 ; H, 
l l . 3 3 ; f o u n d :  C, 67.66; H, 11.38. 

Methyl 16-Hydroxy-8- 
oxohexadecanoate (8) 

Dihydroxy ester 2 (10.3 g, 0.031 mol) was 
acetylated with 50 ml acetic anhydride and 50 
ml pyridine at 25 C for 18 hr; the reagents were 
removed at 70 C and 0.1 mm. The residual 
waxy solid was dissolved in 150 g of  2-ethyl-2- 
methyl- 1,3-dioxolane, 0.15 g p-toluenesulfonic 
acid was added and the mixture was refluxed 
for 4 days. During the last 3 days, part of the 
reagent was distilled off but GLC indicated 
only 25% ketal formation. The solution was 
diluted with 300 ml of  benzene and washed 
with NaHCO3 solution and with water and 
dried (Na2SO4); removal of  the solvent gave 13 
g of oil. The partially ketalized ester was 
dissolved in 600 ml of dimethoxyethane 
(distilled from LiA1H4), 6 g (16 mol) of 
LiA1H 4 added and the suspension refluxed for 
18 hr. The reaction mixture was decomposed 
by addit ion of  6 ml of  water, 6 ml 15% aqueous 
NaOH and 18 ml of water, and then boiled and 
filtered. Solvent was removed from the filtrate 
and used to reextract the precipitate by reflux- 
ing for 10 min; after this procedure was re- 
peated one further time, the total  of recovered 
crystalline reduction product  was 9.9 g. 

The product  was dissolved in 150 ml acetic 
acid and oxidized with 15 g of lead tetraacetate 
as described to give 8.3 g of solid cleavage 
product.  This product  was acetylated in 50 ml 
pyridine with 50 ml acetic anhydride for 3 hr at 
25 C; the reagents were then removed at 30 C 
and 0.1 mm. The acetylated aldehyde was 
dissolved in 100 ml of acetic acid and 2.6 g 
(0.026 mol) of  chromium trioxide in 5 ml 
water and 25 ml acetic acid was added with 
stirring at 20 C during 30 min. After  a further 
30 rain, the mixture was poured into 600 ml of 

4 N H2SO 4 and the product  extracted with 
CHCla. After  solvent removal and reflux with 
methanolic HC1 for 18 hr and work-up as usual, 
7.7 g of crude hydroxyoxo  and dihydroxy 
esters were obtained. This product  was chro- 
matographed on 200 g silica gel, elution with 
hexane/acetone (9:1) gave 1.2 g (13%) of 
16-hydroxy-8-oxo ester 8 and with hexane/ 
acetone (4:1) gave 2.9 g (31%) of  8,16-dihy- 
droxy ester 10. 

The hydroxyoxo  ester was again treated 
with methanolic HC1 and crystallized from 
acetone, mp 57.5-59.5; MS of  TMS ether m/e 
(relative intensity) M § missing, 357 M-15 (7), 
187 (6), 186 (6), 171 (17), 154 (14), 144 (11), 
143 (12), 139 (21), 129 (20), 111 (38), 103 
(27) 75 (100); of  pyrrolidide 339 M+(1), 207 
(5), 182 (6), 168 (24), 140 (5), 126 (21), 113 
(100); of pyrrolide TMS ether 411 M§ 
396 M-15 (5), 185 (12), 182 (5), 168 (21), 140 
(4), 126 (20), 113 (100). 

Anal. calcd for C17H3204: C, 67.96; H, 
10.74; found: C, 67.94; H, 10.61. 

Methyl 8,16-Dihydroxyhexadecanoate (10) 

Dihydroxy ester obtained as described was 
treated with methanolic He1 and crystallized 
from acetone, mp 60-61 C; MS of  di TMS ether 
m/e (rel intensity) M + missing, 431 M-15 
(1), 303 (9), 245 (27), 141 (20), 129 (20), 103 
(17), 73 (100); of  lJyrrolidide 341 M*(0.5), 212 
(10), 140 (5), 126 (27), 113 (100); of pyr- 
rolidide di TMS ether M § missing, 470 M-15 (6), 
303 (1), 284 (28), 185 (24), 140 (5), 12.9 (17), 
126 (28), 113 (86), 103 (17), 73 (100). 

Anal. calcd for C17H3404: C, 67.51; H, 
11.33; found: C, 67.54; H, 11.29. 

Methyl 10,16-Dihydroxyhexadecanoate (9) 

Dihydroxy ester 1 was reduced with LiAIH 4 
in dimethoxyethane,  cleaved with Pb(OAc)4, 
acetylated and oxidized as already described. 
After  chromatographic purification, the prod- 
uct was crystallized from acetone, mp 63-64 C; 
MS of di TMS ether m/e (rel intensi ty)M + 
missing, 431 M-15 (0.5), 275 (11), 273 (22), 
169 (15), 147 (12), 129 (26), 103 (31), 73 
(100); of  pyrrolidide M + 341 (0.3), 240 (7), 140 
(3), 126 (26), 113 (100); of pyrrolidide di TMS 
ether M § missing, 470 M-15 (3), 312 (23), 275 
(1), 185 (27), 140 (3), 126 (20), 113 (100), 
103 (21). 

Anal. calcd for C17H3404: C, 67.51; H, 
11.33; found: C, 67.65; H, 11.22. 

Methyl 16-Hydroxy-10- 
oxohexadecanoate (7) 

Dihydroxyester  9 (0.5 g, 0.0017 mol), was 
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dissolved in 30  ml  of  CH2C12 con ta in ing  0.1 g 
(0 .006  mol )  of  h e x a m e t h y l p h o s p h o r a m i d e ,  
18.5 ml  of  an 8% aqueous  so lu t ion  of  NaHCOa 
added and  the  m i x t u r e  s t i r red v igorous ly  wi th  
cool ing to 0 C. A so lu t ion  of  0.41 g (0 .0025  
mot )  of  b r o m i n e  in 14 ml  o f  CH2C12 was added  
by  d rops  dur ing  25 min  (16) .  T he  m i x t u r e  was 
st i rred for  a t o t a l  of  65 min ,  by  which  t ime  the  
b r o m i n e  color  had  a lmos t  d isappeared.  T he  
aqueous  layer  was separa ted  and  the  CH2C12 
layer  washed 3 t imes  wi th  wa te r  and  dried 
(Na2SO4).  So lven t  was r em oved  and  the  res idue 
c h r o m a t o g r a p h e d ;  e lu t ion  wi th  h e x a n e / a c e t o n e  
(9: 1) gave 0.23 g (46%) of  7. T he  h y d r o x y o x o  
es ter  was crysta l l ized f rom hexane ,  m p  58-59 C; 
MS of  TMS e t h e r  m /e  (rel  i n t ens i t y )  M + missing, 
357 M-15 (7),  214 (8),  201 (5) ,  199 (6),  185 
(7) ,  159 (17) ,  143 (15) ,  139 (16) ,  126 (32) ,  
103 (33) ,  75 (100) ;  of  pyr ro l id ide  339  M*(2) ,  
210  (3) ,  196 (21) ,  182 (2),  168 (3),  140 (5),  
126 (25) ,  113 (100) ;  of  pyr ro l id ide  TMS e t h e r  
M*miss ing,  396 M-15 (3),  196 (13) ,  185 (16) ,  
140 (4),  126 (19) ,  113 (100) .  

Anal .  calcd for  C17H3204: C, 6 7 . 9 6 ;  H, 
10.74;  f o u n d :  C, 6 8 . 0 1 ; H ,  10.99. 

Spontaneous Polymerization of Methyl 
7,16-Dihydroxyhexadecanoate 

After crystalline methyl 7,16-dihydroxy- 
h e x a d e c a n o a t e  had  been  k e p t  in  a vial for  2 
years ,  the  m p  was 77-82 C; TLC showed  n o  
mate r ia l  w i th  t he  same Rf  as the  or iginal  
d i h y d r o x y  es ter  bu t  showed  at least  6 com- 
p o n e n t s  wi th  smaller  Rf  values.  T he  IaC N M R  
spec t rum (CDCI3) showed  signals at 24 .95  (C-3 
polyes te r ) ,  25 .02  (C-3 m e t h y l  ester) ,  25 .34  
(C-5), 25 .68  (C-9),  25 .79  (C-14 m e t h y l  ester) ,  
25 .97  (C-14 polyes ter ) ,  28 .69  (C-15 polyes te r ) ,  
29 .24-29 .72  (unass igned) ,  32 .76  (C-15 m e t h y l  
ester) ,  34 .07  (C-2 m e t h y l  ester) ,  34 .38  (C-2 
po lyes te r ) ,  37 .24  (C-6), 37.51 (C-8), 51.41 
(OCH3) ,  62 .96  (C-16 m e t h y l  es ter)  and  64 .49  
(C-16 polyes te r ) .  The  IaC N M R  spec t rum of  
m e t h y l  1 6 - h y d r o x y h e x a d e c a n o a t e  which  had  
been  s tored  for  18 years  had  signals at  25 .00  
(C-3), 25 .82  (C-14),  29 .19-29 .66  (unass igned) ,  
32 .85  (C-15),  34 .15  (C-2) and  62 .97  (C-16). A 
sample  of  m e t h y l  7 , 1 6 - d i a c e t o x y h e x a d e c a n o a t e  
wh ich  had  or iginal ly  been  dist i l led to  a clear  
l iquid had  sol idif ied to  an  a m o r p h o u s  solid, 
inso lub le  in CHCI3, a f te r  2 years  o f  storage.  
B o t h  po lymer i zed  d i h y d r o x y  and  d i a c e t o x y  
c o m p o u n d s  were comple t e ly  r econve r t ed  to 
m e t h y l  7 , 1 6 - d i h y d r o x y h e x a d e c a n o a t e  by  18 h r  
o f  re f lux  wi th  m e t h a n o l i c  HC1. 
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Absorption and Distribution of Jojoba Wax 
Injected Subcutaneously into Mice 
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of the Negev, PO Box 1025, Beer-Sheva, Israel, and I. MORE, Soroka Medical Center 
and School of Medical Sciences, Beer-Sheva, Israel 

ABSTRACT 

14C-Labeled jojoba wax was injected subcutaneously into mice and ~*C was determined 1-90 days 
after application in several internal organs, in the skin and in the lipids extracted from the carcass. A 
control group of mice was similarly treated with triolein. The major part of the injected lipids was not 
absorbed or metabolized. Some label was found in the organs examined, but  there was no accumu- 
lation of labeled lipids with time. About 20% of label derived from triolein was found in polar lipids, 
whereas only 2-4% of that derived from jojoba wax was found in this fraction. There was some (1-5%) 
incorporation of the label of jojoba wax into body trigtycerides. 

INTRODUCTION 

J o j o b a  wax is a na t u r a l  l iquid  wax ( m p  7 C) 
derived f rom the  seeds of  the  sh rub  Simmondsia 
chinensis (Link)  Schne ide r  ( jojoba) .  This  
evergreen shrub ,  which  is ind igenous  to  Sou th -  
ern  California ,  Ar i zona  and  n o r t h e r n  Mexico,  
is n o w  being  d o m e s t i c a t e d  in Israel ' s  Negev 
desert .  

The  wax consis ts  of  esters of  s t ra ight  chain  
m o n o e t h y l e n i c  acids, ma in ly  eicos-1 1-enol and  
docos-1 1-enol (1).  I t  has  been  r epo r t ed  to have 
po t en t i a l  as an  ingred ien t  in cosmet i c  prepara-  
t ions  (2 ,3)  and  has  been  s h o w n  to  be  safe for  
cosmet ic  use by  a series of  acute  tox ic i ty  
s tudies  (3).  

We have in i t i a ted  a series of  eff icacy s tudies  
on  the  wax as a skin emoUient  in  cosmet ic  
p r epa ra t i ons  and  as a c o m p o n e n t  in medica-  
t ions  for  diseased skin. However ,  be fo re  f u r t h e r  
s tudies  can  be p e r f o r m e d  o n  the  ef fec ts  o f  the  
wax for  ex t e rna l  use, more  i n f o r m a t i o n  is 
requi red  on  the  degree of  sys temic  a b s o r p t i o n  
of  the  wax and  its fa te  in the  body .  Is i t  de- 
pos i ted  or excre ted?  Does i t  pass t h r o u g h  the  
sys tem u n c h a n g e d  or is it me tabo l i zed?  T he  

s tudies  r epo r t ed  in th is  pape r  were designed to  
answer  these  ques t ions .  Rad ioac t ive ly  labeled  
wax was in jec ted  subcu t aneous ly  (SC) i n to  
mice  and  the  d i s t r i bu t ion  of  the  label  was 
d e t e r m i n e d  at in tervals  up  to  3 m o n t h s  a f t e r  
appl ica t ion .  

EXPERIMENTAL PROCEDURES 

Animals 

Five-week-old  a lb ino mice,  each  weighing 
25-30 g, were used.  The  mice  were housed  in 
groups  of  2-5/cage and  were fed ad l ib i tum.  

~4C-Labeled ]ojoba wax. R a n d o m l y  labeled  
j o j o b a  wax was ob t a ined  by  exposure  of  
f ru i t ing  b r a n c h e s  of  the  sh rub  to 14C02 f luxes 
as descr ibed  previous ly  (4). Mature  seeds f rom 
these  b r anches  were p icked,  lyoph i l i zed  and  
ex t r ac t ed  wi th  p e t r o l e u m  ether .  The  ex t r ac t  
was t r ea ted  wi th  1% bleaching  ea r th ,  and  the  
so lvent  was evapora ted .  T h e  c o m p o s i t i o n  of  
the  wax and  the  d i s t r i bu t i on  of  the  label  a m o n g  
its l ipid c o m p o n e n t s ,  as d e t e r m i n e d  by  t h i n  
layer  c h r o m a t o g r a p h y  (TLC)  and  spot  scintil-  
l a t ion  coun t ing ,  are s h o w n  in Tab le  I. 

TABLE I 

TLC Characterization of Bleached 14C-Labeled Jojoba Wax a 

Rf 14C Distribution (%) Standards 

0.00-0.16 O. 1 Glycolipids and phospholipids 
0.16-0.23 0.5 Sterols 
0.23-0.27 0.5 Fatty alcohols 
0.27-0.36 0.7 Fatty acids 
0.36-0.55 0.3 
0.55-0.76 0.1 
0.76-0.90 0.1 Triolein 
0.90-1.00 97.7 Wax esters 

aThe plates were developed in petroleum ether (60-80 C)/ethyl ether/acetic acid, 80: 
20:1, v/v/v. 
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[14C] Triolein. Triolein (glyceryl tri[ 1-14C]- 
oleate, specific activity [sp act] 30-60 mCi/ 
mmol, The Radiochemical Centre, Amersham, 
England) was supplied in benzene solution. The 
solution was diluted with refined olive oil to 
a s p  act of 1.37 #Ci/g, and the benzene was 
evap orated. 

A. YARON AND A. BENZIONI 

Injection of the Lipids 

Labeled wax or labeled triolein was injected 
SC into the rear right leg of each mouse, at the 
amount and sp act specified in each experi- 
ment. The leg, being as far as possible from the 
internal organs, was chosen as the injection site 
so that contamination of  the internal organs 
during autopsy could be minimized. In experi- 
ment 3, the wax was injected SC into the neck, 
since at that site it is easier to ensure that the 
injection will be SC and not intramuscular. The 
results, however, do not seem to be affected by 
the injection site. 

Autopsy Procedure 

The mice were killed by anesthetization with 
ethyl ether, since a preliminary study showed 
that the method of killing-cervical fracture or 
ether anesthet izat ion-did not affect the 
absorption and distribution of the injected 
lipid. Immediately after death, a piece of  skin 
(ca. 400 mg) was taken from a site as far as 
possible from the injection location, the organs 
to be studied were removed and the connective 
tissue was trimmed off. Each sample of organ 
or skin was washed with cold 0.25 M sucrose 
solution, blotted dry, weighed and frozen. 

Determination of Z4C in 
Whole Organs and Skin 

The organs or the skin samples were digested 
with Soluene 350 (Packard), 1 ml of Soluene/ 
100-200 mg of tissue. The digest was then 
cooled and decolorized after the addition of 
isopropanol and 30% H202, and neutralized 
with glacial acetic acid (40 /.tl/1 ml of digest 
in Soluene, according to the method recom- 
mended by the manufacturer). The digest was 
then transferred to a vial containing 10 ml of 
scintillation solution, and radioactivity was 
counted in a Packard scintillation counter 
model 3380. The results are expressed as wax 
or triolein equivalents in #g (although 14C 
can exist in the organ either in the form in- 
jeered or as its metabolites). 

Lipid Extraction 

The frozen organs were ground with a pestle 
and mortar at 0-4 C, and the lipids were ex- 
tracted by the Folch et al. procedure (5). The 

carcass (after the internal organs studied had 
been removed) was frozen and lyophilized for 
48 hr. The lipids were then extracted with 
petroleum ether (40-60 C) in a Soxhlet appa- 
ratus for 48 hr. The extracted lipids were 
dissolved in toluene and characterized by TLC. 
Radioactivity was counted in samples before 
and after TLC. 

Lipid Analysis by TLC 

TLC was performed on silica-gel-coated 
plates, Kieselgel 60F254, Merck. The plates 
were developed with petroleum ether (60-80 C) 
ethyl ether/acetic acid (80:20:1 or 90:10:1, 
v/v/v). The 80:20:1 solvent system gave better 
separation between fatty acids, fatty alcohols 
and triglycerides, and the 90:10:1 between 
triglycerides and wax esters. 

R ESU LTS 

Absorption and Distribution of 
the Wax As a Function of Time 

Two experiments were carried out. In 
experiment 1, 90 + 10 mg of Z4C-labeled jojoba 
wax with sp act 1.14 /aCi/g were injected SC 
into each of 24 male mice. In a control group 
of the same size, each mouse was injected with 
100 -+ 20 mg [14C]triolein with sp act 1.37 
#Ci/g. Triolein was used as the control, since 
the metabolism of triglycerides in the animal 
body has already been studied, in comparison 
to the metabolism of jojoba wax, on which no 
data exist. Six mice from each group were 
killed after 1, 8, 15 and 23 days. The label in 
the lipid and aqueous fractions of the liver and 
the brain, and the total radioactivity in the 
testis, skin and carcass (including the injection 
area) were determined (Table II). Only a small 
portion of the injected lipid, whether jojoba 
wax or triolein, was found in the organs studied 
even in the mice killed after 23 days. The label 
was distributed in the organs studied after as 
short a time as one day after application. Label 
was also found in other internal organs, but the 
recorded counts were very low, and results 
therefore are not reported. For both the wax 
and the triolein, most of the label was re- 
covered in the lipid fractions, but traces were 
also found in the aqueous fractions. The 
radioactivity in the liver lipids decreased over 
the 23 days after injection, from an amount 
equivalent to ca. 57 -+ 16 /zg of jojoba wax to 
15 -+ 7 #g; the amount remaining in the tissue 
corresponds to 0.03 #mol  of jojoba wax esters. 
The content of triolein in the liver and its 
change with time were in the same range as 
those of jojoba wax. In the brain lipids, there 
was a similar drop with time in the 14C derived 
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f rom the wax ( f rom a value o f  108 + 46 pg wax 
equivalents  1 day after  appl icat ion to a value o f  
9 + 1 pg at the  23rd day),  whereas  the  [14C]- 
tr iolein c o n t e n t  was low (9 pg) over the  whole  
per iod (Table II). 

In expe r imen t  2, 2 groups  consis t ing of  5 
male and 5 female mice  each were in jec ted  
as in expe r imen t  1. All the  mice were killed 
90 days af ter  the  lipid in ject ion,  and the  radio- 
activity was de te rmined  as in expe r imen t  1. 
It is no tab le  tha t  label was still f ound  in the  
in ternal  organs 90 days af ter  in jec t ion  in b o t h  
the  jo joba-wax- t rea ted  and t r io le in- t reated 
animals. At  this t ime, however ,  the absorp t ion  
and d is t r ibut ion  pa t t e rns  of  the  label in the  
jo joba- t rea ted  mice  di f fered f rom those  in the 
t r iolein- injected animals, i.e., a higher c o n t e n t  
o f  label was found  in the liver lipid, skin and 
testis  o f  the  t r iolein- injected animals (Table II). 

The values of  14C in carcass lipids indicate  
tha t  mos t  o f  the  injected label, whe the r  wax 
or tr iolein,  was re ta ined in the  carcass even 
af ter  per iods  as long as 90 days (Table II). 

Absorption and Distribution of 
the Wax As a Function of Dose 

When the 2 expe r imen t s  jus t  r epor ted  were 
comple ted ,  we obta ined  a new crop o f  jo joba  
wax of  a similar chemical  compos i t i on  to  tha t  
used in expe r imen t s  1 and 2 but  with a higher  
sp act. This advantage enabled us to  s tudy,  
also, the  absorp t ion  o f  a smal/er dose o f  wax 
than  the  doses used before  and to de te rmine  
the  label quant i ta t ively  in addi t ional  internal  
organs. Three  doses of  9, 23 and 120 mg wax 
were injected SC in to  the  dorsal neck of  3 
groups o f  7 male mice each. The d is t r ibut ion  of  
the  label was de te rmined ,  on the  basis o f  an 
organ or of  g wet  weight,  8 days after  appli- 

A. YARON AND A. BENZIONI 

cat ion (Table III). The lowest  level o f  radio- 
act ivi ty was found  in the  organs of  animals 
in jec ted  with the lowest  dose (9 mg). No 
significant d i f ferences  were, however ,  f o u n d  
be tween  animals injected wi th  the  2 higher  
doses. 14C concen t r a t ion  as expressed on a wet  
weight  basis is in the same range in the differ-  
ent  organs, wi th  lower  quant i t ies  in the liver 
and higher  in the  skin and in the  ep id idymal  fat  
tissue. 

TLC Characterization of Carcass Lipids 

The radioact ivi ty TLC prof i le  o f  carcass 
lipids o f  the  jo joba- in jec ted  group shows tha t  

�9 14 mos t  of  the  injected C remained  in the  b o d y  
in the  lipid fo rm in which it was injected,  i.e., 
as wax esters ( spot  8, Table IV), A high per- 
centage o f  14C a/so was found  in spot  7 (Table 
IV), which cor responds  to the  locat ion of  
triglycerides.  In order  to  check whe the r  this 
high percentage  might  be a result  o f  incomple te  
ch romatograph ic  separa t ion be tween  the  wax 
esters and the triglycerides,  we pe r fo rmed  
ano the r  series of  TLC separat ions  in a solvent  
system (pe t ro leum e the r / e thy l  e ther /ace t ic  
acid, 90:10:1 ,  v/v/v) tha t  allows a be t t e r  
separat ion o f  these lipid groups  (Table  V). The  
results show that ,  indeed,  mos t  o f  the  14C 
remained in the  form o f  wax esters, i.e., 97% 
at 1 day and ca. 90% at 8, 23 and 90 days af ter  
appl icat ion,  but  the  remaining 14C was incor-  
pora ted  in to  the  various carcass l i p i d s - m a i n l y  
neutra l  lipids, such as tr iglycerides and fa t ty  
acids. 

Similarly, in the  tr iolein group,  ca. 75-80% 
of  the  14C was in the  fo rm of  tr iglycerides 
(spot  7, Table IV). At  this stage, we could n o t  
dist inguish be tween  the  14C in the original 
tr iolein and the  triglycerides.  A considerable  

TABLE III 

Distribution of 14C in the Body, Eight Days after Subcutaneous Injection 
of Labeled Jojoba Wax As a Function of the Injected Dose 

Wax equivalents (pga/organ) Wax equivalents (pga/fresh wt) 
Organ 

or Injected dosage (rag) 
tissue 9 23 120 9 23 120 

Liver 3.7 + 0.7 8.2 • 0.7 7.7 + 0.4 2.2 -+ 0.4 4.8 • 1.0 4.5 • 0.9 
Brain 5.2 • 3.5 6.8 • 3.0 2.3 + 1.0 16.1 • 10.9 17.5 • 7.6 12.2 • 5.4 
Testis 0.5 + 0.1 2.8 + 0.5 1.2 • 0.4 3.0 • 0.7 16.5 • 2.3 14.4 + 5.4 
Lungs 2.3 + 1.0 7.6 • 1.9 4.5 + 2.0 6.2 • 1.2 34,4 -+ 9.1 31.0 • 12.4 
H e a r t  0.9 + 0.2 3.1 • 0.6 2.8 • 1.0 7.0 • 1.7 20.7 + 4.7 13.2 • 4.3 
Spleen 1.0 + 0.2 2.7 • 0.7 2.4 + 1.0 9.2 • 1.9 24.5 -+ 7.4 22.3 + 10.0 
Kidney 1.4 • 0.3 4.4-+ 1.1 3.7 • 0.9 6.5 • 1.7 20.0:t 5.1 17.1 • 4.0 
Skin - - - 20.1 • 4.3 63.0 • 13.0 28.5 -+ 5.2 
Epididymal fat -- - - 61.5 • 12.6 162.1 +- 37.5 128,0 • 4.4 
Carcass lipids 

X 10 a 5.5 -+ 0.6 16.1 + 3.0 ND -- -- -- 

aAs in Table II. 
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difference was found between jojoba wax and 
triolein in the incorporation of label into polar 
lipids. The carcass lipids of the mice injected 
with the jojoba wax contained a very small 
percentage of the label, 0-2%, in polar lipids 
such as phospholipids (spots 1-3, Table IV). 
In contrast, the incorporation of 14C into these 
lipids in the carcass of triolein-injected mice 
was much higher-ca.  8-10% (spots 1-3, Table 
IV). 

DISCUSSION 

Several workers (6,7) have shown that when 
triglycerides, fatty acids or fatty alcohols were 
injected intravenously, they were rapidly re- 
moved from the plasma, i.e., in 10 min 60% of 
the triglycerides or fatty acids injected into the 
rats were cleared from the blood (6), and a 
large proportion could be recovered from the 
liver. Gozlan-Devfllierre et al. (8) found that 
when stearic acid was injected SC into mice, 
traces reached the brain within a few hr and 
were incorporated into the brain lipids. 

In our study, quite large quantities of wax 
were injected because of the low sp act of  the 
labeled wax available to us; in this aspect, our 
experiments differ from those just mentioned. 
As expected, only a small fraction of  the wax 
was absorbed (Tables II and III), as judged from 
the label recovered from the internal organs. 
The amount of wax absorbed was in the same 
range as that of  triolein, regardless of  the basis 
of comparison, since the molecular weights of 
the 2 substances do not differ much (wax 
average MW-605;  t r iolein-885) .  The absorbed 
label of both substances reached all the internal 
organs; contents in the skin and epididymal 
fats/g tissue exceeded those in other organs. 

The content of wax absorbed did not in- 
crease with time because the content of label 
in the organs one day postinjection was similar 
to that on day 23 (Table II). Moreover, there 
was even a small decrease with time. 

Most of the label was not absorved, as it 
was recovered from the carcass lipids even at 
90 days after injection. Since the results varied 
greatly, no conclusion could be drawn about 
the fate of  this label. Trials aimed at recovering 
the wax from the injection area by tissue diges- 
tion (unreported data) resulted in recovery of 
only a small portion of  the w a x - 8  days after 
injection ca. 35% of the injected label were 
recovered from animals injected with 9 mg wax, 
13% from the 25-rag-injected animals and 2% 
from the 120-mg-injected ones. Most of the 
lipid apparently diffused from the site at which 
it was injected. We would like to suggest that 
macrophages are responsible for the diffusion 

of the wax, since it is known that oils can 
induce macrophage formation (9). Indeed, 
in histophatological studies (Meshorer et al., 
unpublished data) an increase in macrophage 
population was observed in rats injected with 
jojoba wax. 

Although most of 14C in the carcass lipids 
remained as wax esters, there are indications 
that some of the absorbed wax was metab- 
olized: (a) in TLC profile, label was found in 
spots other than those of wax esters, mainly 
in the triglycerides and free fatty acid location 
(Tables IV and V); (b) some label also was 
found in the aqueous fractions, mainly at 90 
days after application (Table II). 

In comparison with the wax, triolein was 
metabolized to larger extent, i.e., there was a 
higher level of label in the internal organs 
(Table II) as well as higher incorporation into 
polar lipids (Tables IV and V). The incorpo- 
ration of triolein into body triglycerides could 
not be studied at this stage, as 14C in the 
injected triolein could not be distinguished 
from 14C in body triglycerides. 

During the study, although large doses of 
the wax were injected to a large number of 
mice, their health apparently was unimpaired 
and no gross pathological signs were observed. 
Currently, toxic studies are being performed 
in guinea pigs and rats in order to ensure that 
the absorbed wax does not cause any systemic 
effects. Acute toxicity tests showed no negative 
effect (3), as already mentioned. 
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ABSTRACT 

Plasma cholesterol and triglyceride are presented for 4503 adult employees of the Pacific North- 
west Bell Telephone Company. Cross-sectional age and sex specific means and percentiles are shown. 
Females are classified by use or nonuse of exogenous sex hormones. Comparisons are examined among 
these groups, between blacks and whites, and among education and occupation categories. In these 
cross-sectional data, cholesterol and triglyceride generally increase with age and exhibit distinct 
differences by sex and by hormone use. 

INTRODUCTION 

Total plasma cholesterol levels, reflecting 
chiefly the concentration of low density 
lipoproteins (LDL) are a well-established index 
of cardiovascular risk (1,2). Trigiycerides, 
too, are often elevated in patients with pre- 
mature coronary disease (3-5), although the 
utility of triglyceride levels in'assessing athero- 
sclerotic risk remains a subject of debate 
(1,2). Much of the literature has dealt with 
specific topics of hyperlipidemia (5,6), hor- 
mone use and lipids (7,8), age and lipid rela- 
tionships (9-11), and sex differences with 
respect to lipid levels (5,10-12). This paper 
reports age, sex, race, hormone use, education 
and occupation influences on lipids in a free- 
living adult population. 

In 1972, a nationwide collaborative study 
was initiated by the Lipid Metabolism Branch 
of the National Heart, Lung and Blood Institute 
to determine the prevalence of different forms 
of hypeflipidemia and their correlates and 
sequelae, especially atherosclerosis, in epidemi- 
ologically-defined populations (12,13). To 
initiate a study of this magnitude and com- 
plexity, a network of 12 Lipid Research Clinics 
was established at university medical centers 
across the United States and in Canada (Tor- 
onto and Hamilton, Ontario). The Northwest 
Lipid Research Clinic in Seattle, Washington, 
was established as one of 3 clinics on the west 

1Established Investigator of the American Heart 
Association. 

21nvestigator of the Howard Hughes Medical 
Institute. 

3please address reprint requests to Dr. R. Knopp, 
326 Ninth Ave., Seattle, WA 98104. 

coast of the United States. 
The strength of this study is in its statistical 

design, use of a standardized protocol for 
laboratory determinations, physical measure- 
ments and questionnaire administration, and its 
basis in an epidemiologically well-defined 
population of adults. All procedures, labor- 
atory, clinical and interviewing, were performed 
by specially trained and certified personnel 
(14-16). The data collected locally were sub- 
jected to both local and national edit processes 
and verification was made between the 2 
processes. 

METHODS 

Population 

Previous studies of the relationship between 
hyperlipidemia and coronary heart disease have 
suffered by a lack of reference lipid data from a 
nondiseased or more generally representative 
population. The employees of the Pacific 
Northwest Bell (PNB) Telephone Company in 
King County, Washington, were chosen to 
provide such data to examine the relationships 
among age, sex, race, occupation, education 
and sex steroid hormone use relative to plasma 
lipid levels. According to company lists, there 
were 6358 PNB employees working inKing  
County in mid-1972. The potential study 
subjects were approached sequentially through 
their departments starting in July 1972 and 
continuing through May 1974. Eligibility for 
this study was determined by criteria of age and 
permanent job status in a work unit  at the time 
of contact. There were 6052 eligible employees 
between the ages of 20 and 65; 5000 (83%) 
agreed to participate and were screened. 
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Demographic characteristics of the study 
participants were compared to 1970 U.S. 
Census data for the surrounding community. 
The participants closely resembled residents of 
King County and the Seattle-Everett Standard 
Metropolitan Statistical Area (SMSA), although 
there were more blacks and fewer other non- 
whites than in the local community (17). 

The age, sex, race and occupation charac- 
teristics of both participants and nonparti- 
cipants were also analyzed to identify possible 
sources of bias in the results. Lower partici- 
pation rates were found among females (81%), 
in the youngest (79%) and oldest (78%) age 
groups, among blacks (72%), and in the semi- 
skilled job class (76%). The extremes of the 
occupation scale gave the best response (94%), 
although the lowest occupation group included 
only 16 employees. All categories had partici- 
pation rates above 70%, and in most cases 
above 80%. 

In order to assess the lipid distributions in a 

fasting, nonpregnant population, 38 pregnant 
women and 124 admittedly nonfasting indi- 
viduals were excluded from analysis. Blacks 
below age 50 were sufficiently well represented 
to make some comparisons to whites (Table I); 
however, blacks as well as other nonwhites were 
excluded from the remainder of the tables and 
plots because of small numbers. This report, 
then, presents data for 4503 white, fasting, 
nor:pregnant employees of Pacific Northwest 
Bell. 

Data Collection 

Data were gathered at the employee's 
individual work sites using a brief questionnaire 
administered by a trained interviewer. Sex 
hormone use among females was determined by 
asking: "Are you taking oral contraceptives, 
estrogens, or pills for hot flashes or to regulate 
periods?" The name or composition of the 
hormone medication was not  asked. Each 

T A B L E  I 

Choles tero l  and Tr ig lycer ide  (mg/d l )  S u m m a r y  Statist ics for  Whites  
and  Blacks a by  Sex,  Age and  H o r m o n e  Sta tus  

Choles tero l  Tr ig lycer ide  

Age / race  n Mean SD Mean SD 

Males 
20-29 

White 436  176. 32.2 104. 67.4 
Black 39 176. 42.1 81. 52.7 

30-39 
White 599 192. 33.5 129.  113.1 
Black 15 189. 35.5 106.  37.6 

40-49 
White  655 208.  33.8 146. 144.7  
Black 5 195.  18.1 76. 19.4 

Female  nonusers  b 
20-29 

White 534 171. 29.1 67. 31.3 
Black 55 177. 32.0 66. 41.1 

30-39 
White  277 183. 32.7 77. 36 .8  
Black 24 191. 37.3 74. 41 .9  

40-49  
White  311 199. 34.6 97. 101.4  
Black 6 186.  20.2 84. 49 .7  

Female  u s e r s  b 
20-29 

White  498  181.  30.5 100. 37.2 
Black 60 172. 34.5 .77. 29 .4  

30-39 
W h i t e  102 192. 31.8 110. 47 .9  
Black 14 177. 21 .0  97. 33.9 

40-49  
White  158 203.  35.6 119.  72.7 
Black 3 176.  5.0 98. 20 .4  

a T h e r e  were  no  blacks age 50-59;  1 b lack  male  and  
shown.  

b Ind i ca t e s  use or  nonuse  o f  sex s tero id  h o r m o n e s .  

1 f ema le  n o n u s e r  age 60-65 are n o t  
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employee was asked his or her job title at PNB 
and the level of education attained. Job titles 
were categorized according to a modified 
Hollingshead scale (derived from Two Factor 
Index of  Social Position, August B. Hollings- 
head, 1957, and "Occupational Classification 
System," U.S. Bureau of the Census, 1970 
Census of  Population Alphabetical Index of  
Industries and Occupations). Education was 
classified into a 7-level scale ranging from "Less 
than 7 years of school" to "Graduate and 
professional training." 

A blood sample for cholesterol and tri- 
glyceride analysis was collected from subjects 
who had fasted for at least 12 hr. Samples were 
extracted with zeolite and isopropanol and 
analyzed by Lipid Research Clinic Program 
continuous flow (AutoAnalyzer I) procedures 
(18). Cholesterol was determined by a ferric 
chloride color reagent (19) and triglycerides by 
a fluorometric 2,4-pentane dione procedure 
(20). There was a coefficient of variation of less 
than 4% and accuracy within 3% of target 
value for cholesterol analysis, and a coefficient 
of variation less than 5% and accuracy within 
3% for glyceride analysis. Cholesterol target 
value concentrations were established by the 
Lipid Standardization Laboratory at the Center 
for Disease Control (CDC), Atlanta, on serum 
pool samples by the Abell-Kendall reference 
method (14,21). Plasma triglyceride target 
values were established by the CDC using a 
modified Carlson method (22). 

Data Analysis 

Summary statistics including the mean, 
standard deviation and percentiles (5, 10, 25, 
50 = median, 75, 90, 95) describe the distri- 
butions of cholesterol and triglyceride for the 3 
sex-hormone groups: males, females not  using 
sex steroid hormones and females using such 
hormones. The general shape of the distri- 
butions is indicated by histograms and the 
relationships of lipids and age are described 
graphically. A one-way analysis of variance 
model was used to estimate age and sex-hor- 
mone differences within and among the 3 
groups. The nonparametric Kruskal-Wallis anal- 
ysis of variance procedure was run to verify the 
parametric analyses of variance test. Duncan's 
Multiple Range test (23) was used to identify 
specific age, sex and hormone differences in 
cholesterol and triglycerides. The 5% signifi- 
cance level was used for all statistical testing. 

R ESU LTS 

Cholesterol and triglyceride are examined 
with respect to age, sex, race, education and 
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occupation. Data are sex, age and sex-hormone 
specific for adults ages 20-65. 

Effects of Education 

The 4503 white participants are distributed 
across 3 education groups: 54% have a high 
school education or less, 33% have some college 
education and 31% have at least a bachelors 
degree. The mean cholesterol and triglyceride 
values increase with decreasing education. The 
largest differences in mean lipids are between 
the 2 education extremes whereas the incom- 
plete college education group has lipid values 
intermediate to the other 2 groups. Males with 
a college education have a mean + SD chol- 
esterol of 194 +- 37 mg/dl compared to a mean 
of 201 + 36 mg/dl for males with a high school 
or less education. Mean triglycerides for these 2 
groups of males are 115 -+ 86 mg/dl and 132 + 
115 mg/dl. Female nonusers in the high and 
low education groups have average cholesterols 
of 182 + 32 mg/dl and 191 + 38 mg/dl, respec- 
tively, and mean triglycerides of 69 + 29 mg/dl 
and 87 + 72 mg/dl. College-educated female 
users have mean cholesterol and triglycerides of 
189 +- 34 mg/dl and 98 + 53 mg/dl. These 
values for users with a high school or less 
education are 197 + 37 mg/dl and 117 -+ 65 
mg/dl. It should be noted that, on the average, 
the college-educated people are 3-6 years 
younger than those with no college education 
and the incomplete college education group has 
the same average age as college graduates. 

Effects of Occupation 

The HoUingshead codes for occupation were 
aggregated into 3 categories: 24% of the parti- 
cipants were classified into managerial, 43% 
into clerical-sales and 32% into craft positions. 
People holding managerial positions are 4-7 
years older and have higher average cholesterol 
values than those in the craft positions. The 
average cholesterol for people in managerial 
positions is 201 + 5 mg/dl compared to 190 + 
35 mg/dl for those in craft positions. Trigly- 
cerides show no association with occupation 
level. The highest mean triglycerides are in men 
classified in the clerical-sales category, 144 + 
133 mg/dl, whereas the lowest mean is in men 
in the highest occupation positions, 125 + 103 
mg/dl. The average ages for these 2 groups of 
men are 43 and 38 years, respectively. For 
females not taking hormones, those holding the 
managerial positions are the oldest, 40 years, 
but have the lowest triglyceride, 79 + 42 mg/dl. 
Those in craft positions are the youngest, 33 
years, but have the highest values, 87 + 75 
mg/dl. Females taking hormones and in man- 
agement positions are older, 35 years, and have 
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the higher triglyceride values, 116 + 66 mg/dl 
than the clerical-sales or crafts women ages 35 
and 31, respectively, who have the same means, 
109 -+ 60 mg/dt. 

Cholesterol Distributions 

Comparing mean and median (50th per- 
centile) cholesterol concentrations in Table II, 
the mean values are generally 2-4 mg/dl higher 
than the medians, reflecting a slight positive 
skewness, but not a striking departure from a 
normal distribution for any of the sex-hormone 
groups (Fig. 1). 

Within each of the sex-hormone groups there 
is a significant increase in the mean cholesterol 
concentrations with age. Figure 2 shows that 
mean cholesterol rises steadily from 168 mg/dl 
in the youngest age group of males, to 212 
mg/dl for men in their late 40s. Beyond this age 
the cholesterol means level off. Males in the 2 
younger age decades are significantly different 
from each other as well as from the older age 
groups, which have similar values (Table II). 
For female nonusers, the cholesterol increases 
steadily between ages 20 and 39, rises sharply 
between ages 40 and 50, and then begins to 
level off. Mean cholesterol concentrations for 
female users do not show a leveling off at the 
older ages. 

Cholesterol levels for young female nonusers 
are lower than for comparably aged men and 
female users. These trends change in the 50-65 
age groups where the 2 female groups exhibit 
higher values than do males. 

Statistical comparisons made within each age 
stratum across the 3 sex-hormone groups show 
that the 20-year-aids in all 3 groups have 
significantly different means from each other 
whereas 30-39-year-old female nonusers have 
significant mean differences from female users 
and males of the same age. As shown in Figure 
2, a crossover effect is evident in ages 40-49 and 
50-59. The 2 40-49-year-old female groups have 
similar and lower mean concentrations than do 
males. However, in the 50-59 age decade 
nonusers and users have similar and signifi- 
cantly higher mean concentrations than do 
males. The trend continues into the 60-65 age 
group. 

Triglyceride Distributions 

Mean triglyceride concentrations exceed the 
medians by 4-42 mg/dl (Table III), an effect 
more marked in the older age groups. Figure 3 
shows that triglyceride has a highly peaked and 
positively skewed distribution. The highest 
triglyceride measurement in this population is 
1728 mg/dl with 36 individuals having values 

40-  

35- 

30 - 

25~ 

b 
zo- 

CHOLESTEROL ( mg/dl ) 
[ ]  Moles 
[ ]  Females, non-users 
�9 Females, users 

<100 I00- 125- 150- 175- 200- 225- 250- 275- 300- 325- 
124 149 174 199 224 249 274 299 324 349 

Cholesterol (mg/dl )  

FIG. 1. Relative frequency distributions of choles- 
terol values for 4503 white participants by sex and 
hormone status: males, n = 2250; female nonhormone 
users, n = 1318; female hormone users, n = 935. 

250" 

~ 225 

200- 

m 175" 

150- 

�9 Males p 
�9 , Females, nonusers / 
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- - - - I  

el 5b'  
Age 

FIG. 2. Five-year mean cholesterol values for 4503 
white participants vs age by sex and hormone status. 

greater than 500 mg/dl. 
Within each of the 3 sex-hormone groups, 

mean triglyceride concentrations generally 
increase with age; the exceptions are 40-59- 
year-old males and 60-65-year-old female 
nonusers (Fig. 4), Males 20-29 years old have 
significantly lower triglyceride values than all 
other age groups which are statistically similar 
to each other (Table liD. The 20-29- and 
30-39-year-old female nonusers have signifi- 
cantly different mean triglycerides from each 
other and from the older age groups. For each 
age group of the female users, triglyceride 
means are significantly different from all 
nonadjacent age groups, 
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Women not  taking hormones have consis- 4o 1 

tently and considerably lower values than 
comparably aged males and females taking 35 

hormones. Younger females taking hormones 
have triglyceride values similar to those for 30 
males. However, their 95th percentile values are ~ z5 
considerably lower than those for males. 
Proportionately more males than females have ~ eoq 
triglyceride values in excess of  500 mg/dl:  1.4% ~ 15 
of the males compared to 0.2% and 0.3%, ~ 
respectively, of the female nonusers and users. ~ i ~  ~ 

Statistical analysis confirms differences ~ l  
between the sex-hormone groups within age 
decades. Young female nonusers have signifi- 
cantly lower triglycerides than both female 
users and males who are similar. The 2 female 
groups ages 40-49 have comparable and each 
significantly lower triglyeerides than males. In 
the 50-year-olds, the 2 female groups and 
female users and males are not statistically 
different; however, female nonusers and males 
are different from each other. 

Racial Comparisons 

Blacks are the predominant  nonwhite race 
group, (n = 233) and are primarily 20-39- 
year-old females. Table I contains means and 
standard deviations of cholesterol and trigly- 
ceride for blacks and whites by sex-hormone 
group. Triglycerides are consistently lower for 
blacks across all age strata and for all 3 sex- 
hormone groups. Except for female nonusers 
ages 20-39, mean cholesterol values are lower in 
blacks than whites. Lipid levels generally show 
an increase with age for both blacks and whites. 

DISCUSSION 

This report  presents plasma cholesterol and 
triglyceride data for an epidemiologically 
weU-defined populat ion of  4503 adult employ- 
ees of the Pacific Northwest Bell (PNB) Tele- 
phone Company. While measurements of 
cholesterol and, to a lesser extent,  triglycerides, 
have been obtained in various populations and 
reported over the past 30 years, no large 
population-base study in the Pacific Northwest 
has been presented. Determinations of  inter- 
populat ion and regional differences in blood 
lipids by Lewis et al. (24), Ricci et al. (25) and 
other researchers (26,27) set a precedent for 
having descriptions and distributions of  lipids 
for varied ethnic groups and populations. 
Therefore, these data are of  value in that they:  
(a) provide comparisons of plasma lipids 
between black and white racial groups, (b) 
depict recent data indicating differences be- 
tween adult males, females taking and females 
not taking sex hormones, and (c) show the 
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TRIGLYCERIDES (mg/dl) 
r-I Males 
[ ]  Female,non-user 
�9 Femole, users 

O, 30- 60- 90- 120- 150- 180- 210" 240- 270- 3005>530 
29 59 89 119 149 179 209 239 269 299 329 

Triglycerides (mg/dl) 

FIG. 3. Relative frequency distributions of trigly- 
ceride values for 4503 white participants by sex and 
hormone status. 

differential effects of sex-hormone treatment  in 
younger and older women. Additionally,  
the relationships of cholesterol and triglycerides 
with education and occupation level are des- 
cribed. 

Comparisons with Other Studies 

The PNB men and women have mean 
cholesterol values, similar to comparably aged 
men and women participants of the Toronto 
Lipid Research Clinic (28) which followed the 
same protocol  and laboratory methods. How- 
ever, for males in this study, triglycerides are o n  

the average 20 mg/dl lower than those of 
Toronto  males. With respect to both hormone 
groups, mean trigiycerides for Toronto 's  

175] �9 Males 
~x Females, nonusers 
o Females, users 

125 

~ 1 0 0 -  

-r5- 

50- 

20 30 40 50 60 
Age 

FIG. 4. Five-year mean triglyceride values for 
4503 white participants vs age by sex and hormone 
status 
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younger females, 20-49 years, are 10-20 mg/dl 
higher than the PNB females. The opposite is 
true for women ages 50-65. 

Our values for male cholesterol are similar to 
those reported by Wood et al. (9) in a Central 
Valley, California, study. Plasma triglycerides 
were, on the average, lower among the PNB 
men. The California study did not classify 
women by hormone status, thus precise com- 
parisons are not possible. However, with respect 
to cholesterol, their younger women are com- 
parable to our hormone users whereas their 
older women have averages higher than either 
of the PNB female groups. Triglycerides for the 
younger California women are intermediate to 
our 2 hormone groups and comparable to our 
hormone users for ages 50-65. 

Comparisons of our data to the 2 just 
described, as well as to other large population- 
base studies such as Framingham (29), HANES 
(30) and Tecumseh (31), show similarities and 
differences in some age-sex strata. Some of 
these studies, however, used plasma whereas 
others used serum; results from the LRC 
collaborative study (32) have shown deter- 
minations on plasma lipids to be ca. 3% lower 
than those done on serum when the same 
laboratory methodology is used. Lipid concen- 
trations are influenced by die.t, exercise, obesity 
and genetic factors, all of which could account 
for interpopulation or regional variations. These 
considerations strengthen the argument for 
comparing various data sets, rather than relying 
on results from a single study. Potential causes 
and ramifications of these differences should be 
considered before percentile or average plasma 
lipid values are applied epidemiologically or 
clinically. 

Racial Differences 

Blacks in the study population have lower 
triglyceride concentrations than whites. Chol- 
esterol values on the average are also lower in 
blacks, with the exception of females between 
the ages of 20 and 39 and not using hormones. 
These findings agree with data from the collab- 
orative LRC and the Evans County, Georgia, 
(33) studies. Given the in format ion available, it 
is difficult to assess the relative importance of 
racial factors, but lipid differences between 
blacks and whites seem to be established. 

Education and Occupation Influences 

A slight but  consistent trend of higher mean 
plasma lipids with lower education is seen for 
both males and females. Age, however, is also 
inversely related to education level in this 
population. Cholesterol is ca. 5% higher among 

people with a high school or less education. 
Triglyceride is ca. 20 mg/dl, 22% higher for the 
lowest education group than for the college 
graduates. Cholesterol is ca. 6% greater, and 
mean age 6 years older, for individuals in 
management than it is for those in skilled and 
unskilled craft jobs. Triglycerides do not show a 
consistent trend with occupation. The highest 
average triglyceride is seen for males classified 
as clerks or salesmen, female nonusers in craft 
positions and female users in management, in 
addition to age, other physiological and psy- 
chosocial factors may be reflected in these 
education and occupation differences. 

Lipids and Age 

These data are cross-sectional from adults 
ages 20-65 and cannot demonstrate that indi- 
viduals' lipid concentrations rise with age. 
However, there is a positive association between 
lipid levels and age across this age range. This 
relationship for cholesterol is relatively strong 
in younger males and females not taking 
hormones, then weakens after about age 45. 
Females taking hormones show a constant 
increase through age 65. The association 
between triglyceride and age is most pro- 
nounced in younger males and older women. 
For males, this relationship is curvilinear, 
reaching a peak during the ages 40-49 and 
decreasing thereafter. This might result from 
selective survival, lifestyle or metabolic differ- 
ences. Longitudinal, not cross-sectional, data 
are needed to address these issues. 

Sex and Sex Hormone Effects 

A particular strength of this study is the 
large number of women, 42%, who reportedly 
were on exogenous sex hormone therapy. This 
has allowed us to make not only comparisons 
between sexes, b u t  to assess the impact of 
hormones on lipid levels in women. Assuming 
that menopause does  not occur before the 
mid-40s, hormone therapy in young women 
usually indicates oral contraceptive use whereas 
older women take estrogen replacement hor- 
mones. Our results confirm previous studies 
which have found that premenopausal women 
have lower cholesterol concentrations than men 
and that a crossover in the mid-40s results in 
older women having higher levels than men 
(5,9,10,29). By contrast, triglycerides are lower 
in women compared to men  at all ages between 
20 and 65, the difference being most pro- 
nounced between males and nonhormone- 
taking females. Lower mean triglyceride levels 
in women compared to men have been seen in 
other population groups in North America 
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(5 ,9 ,10 ,29)  and  Scandinavia  (34 ,35) .  
Th e  co n c lu s io n s  are t ha t  n o n h o r m o n e - t a k i n g  

p r e m e n o p a u s a l  f emales  have  lower  t r ig lycer ide  
and  choles te ro l  c o n c e n t r a t i o n s  t han  males .  
However ,  af ter  age 45,  male  l ipids no longer  
increase whereas  p o s t m e n o p a u s a l  female  l ipids 
c o n t i n u e  to  rise;  cho les te ro l  exceeds  ma le  levels 
and  t r iglycer ide a p p r o a c h e s  ma le  levels. W o m e n  
on  h o r m o n e  t h e r a p y  at all ages have  h igher  
l ipids t h a n  n o n h o r m o n e - t a k i n g  w o m e n ,  an  
effect  m o re  p r o n o u n c e d  in the  p r e m e n o p a u s a l  
years.  F u r t h e r  analysis  of  the  e f fec t s  of  specif ic  
h o r m o n e s  on  l ipopro te in  f rac t ions  m a y  po in t  to  
h o r m o n e  use as a risk fac to r  for  ca rd iovascu la r  
disease in w o m e n .  A t  m i n i m u m ,  t he  risk o f  
h y p e r l i p i d e m i a  a t t r i bu t ab l e  to  h o r m o n e  use  in 
y o u n g e r  w o m e n  war ran t s  a t t e n t i o n  and  f u r t h e r  
inves t iga t ion .  
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Partition of Ketone Bodies into Cholesterol 
and Fatty Acids in vivo in Different Brain Regions 
of Developing Rats 
YU-YAN YEH, Laboratories of Nutrition and Metabolism, St. Jude Children's 
Research Hospital, Memphis, TN 38101, and Department of Physiology and Biophysics, 
University of Tennessee Center for the Health Sciences, Memphis, TN 38163 

ABSTRACT 

The proportions of labeled ketone bodies and glucose incorporated into cholesterol and fatty acids 
in different regions of the brain in developing rats were compared. In cerebrums of 15- and 18-day-old 
rats, the ratios of dpm cholesterol/dpm fatty acids incorporated from [3-14C]acetoacetate and [3- 
14C]&hydroxybutyrate ranged from 0.4 to 0.7, or 50 to 100% higher than values obtained with 
[U-14C] glucose. Much higher ratios were obtained with younger animals: from 1 to 12 days of life, 
the values ranged from 1.0 to 1.3 with [3-14C]13-hydroxybutyrate as substrate, and, from 1 to 5 days, 
with [3J4C] acetoacetate, they were 1.0 or greater. During the first 12 days of life, the ratios resulting 
from administration of [UJ4C] glucose were 0.4-0.7. Clearly, a greater proportion of acetoacetate and 
#-hydroxybutyrate was incorporated into cholesterol during the first week of life than the remaining 
suckling period. Like cerebrum, other brain regions (i.e., cerebellum, midbrain, brain stem and thal- 
amus) yielded higher ratios of dpm cholesterol/dpm fatty acids from [ 3-t'C] #-hydroxybutyrate during 
the first 12 days of life than on day 17. Brain stem was the most active region for lipid synthesis, and 
had the highest dpm cholesterol/dpm fatty acid ratio. Since active synthesis of cholesterol from 
ketone bodies during the early postnatal period coincides with a period of rapid brain growth, the 
results indicate that ketone bodies are more important early in the suckling period as sources of chol- 
esterol for brain growth. 

INTRODUCTION 

Although the physiological significance of 
mild ketosis in newborns is not completely 
understood, ketone bodies (KB) are recognized 
as important precursors for the synthesis of 
brain lipids in vitro (1,2) and in vivo (3). 
Recently, Webber and Edmond (4) reported 
that in 18-day-old rats, the relative amount  of 
~hydroxybutyrate  (/3-OHB) or acetoacetate 
(AcAc) incorporated into sterols vs fatty acids 
were greater than that of glucose. It was de- 
monstrated that for every 2 portions of KB 
used for fatty acid synthesis, one portion 
was used for cholesterogenesis. When glucose 
was used as a substrate, the ratio of fatty acids 
to cholesterol synthesized from the substrate 
was 4:1 (4). The observed difference in use 
of KB and glucose for synthesis of cholesterol 
was attributed to an active cytoplasmic path- 
way for production of acetoacetyl CoA (AcAc 
CoA) from AcAc. The generated AcAc CoA 
serves as a precursor for ~hydroxy-t3-methyl 
glutaryl CoA and hence, cholesterol synthesis. 
Glucose, by contrast, must be converted to 
acetyl CoA (Ac CoA) via citrate synthase in 
mitochondria and ATP-citrate lyase in cyto- 
plasm before entering the pathway for chol- 
esterol synthesis in cytoplasm (5). It has been 
demonstrated in this laboratory that the 
activities of brain AcAc CoA synthetase in- 
creases after birth and remains at a maximal 

level during the second and third weeks of life 
(2). Since cholesterol content increases with 
increasing brain size and maturity (6), it is 
important  to determine the developmental 
changes in cholesterol and fatty acid synthesis 
from ketone bodies in the brain throughout the 
postnatal period. 

The results reported in this article indicate 
that KB are used more heavily for cholesterol 
synthesis immediately after birth and during 
the first week of life than during the remaining 
suckling period. 

MATERIALS AND METHODS 

Sprague-Dawley suckling rats were obtained 
in this laboratory by breeding procedures 
described earlier (7). They were suckled by 
their dams at all times. Male rats (200-250 g) 
fed Purina rat chow were used as a reference 
group. A single 10 pCi dose of [3J4C]aceto - 
acetate (30 mCi/mmol), DL-[3J4C]-/3-hydroxy- 
butyrate (60 mCi/mmol) or [UJ4C]glucose (5 
mCi/mmol) in saline was injected subcutane- 
ously between the scapulae of each rat. In 
a preliminary study, it was found that the 
amo.unt of 1,4C_labeled, chloroform/methanol- 
extractable lipids recovered in the brain did not 
differ at 7, 24 and 72 hr after injection of the 
14C-labeled substrates. Therefore, in all experi- 
ments, animals were decapitated at 24 hr after 
injection of the labeled substrate. The brains 
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were immediately removed for separation of 1.4 
cerebrum, cerebellum, midbrain, brain stem ~ < 
(i.e., pons and myelencephalon) and thalamus ~, 
(i.e., hypothalamus and thalamencephalon). = o 1.2 
Lipids were\extracted according to the Folch et u_ 
al. procedure~(8). After saponification in 10 ml ~ ~ 1.0 
of 10% KOH in methanol, fatty acid and o_.~ 
no/asaponifiable lipid fractions were extracted m *' 

" - $ 0 . 8  separately with three 5 ml-portions of petro- o o 
leum ether (bp 50 to 60 C). The nonsaponi- ~ o 
fiable fraction was further precipitated with o ~ 0.6 
digitonin for isolation of cholesterol. The - = ~  
radioactivity associated with fatty acids and = - $  0.4 
cholesterol was determined by methods des- ~ 

t a  

cribed elsewhere (9). c~ 
[UJ4C]Glucose, ethyl [3J4C]acetoacetate "~ 0.2 

and DL-[3J4C]-~-hydroxybutyrate were pur- .o 
chased from New England Nuclear, Boston, o~ 0 
MA. Before each experiment, ethyl [3J4C] - 
AcAc was converted to [3J4C]AcAc by the 
Krebs and Eggleston method (10). Organic 
solvents used for lipid extraction were obtained 
from Fisher Scientific Co., Pittsburgh, PA. 
Digitonin and other chemicals were provided by 
Sigma Chemicals Co., St. Louis, MO. 

RESULTS 

The relative utilization of 14C-labeled 
substrates for synthesis of lipids was deter- 
mined by calculating ratios of dpm in chol- 
esterol to dpm in fatty acids/g of wet cerebrum. 
The ratio resulting from AcAc administration 
was 1.4 on day 1, but decreased steadily during 
suckling to reach the adult level on day 1 (Fig. 
1). The ratio observed after 3-OHB adminis- 
tration increased from 1.0 on day 1 t o  a maxi- 
mum of 1.3 on day 5. This maximal ratio was 
obtained until  day 12, and then declined to the 
low level seen in adult brain. During the entire 
suckling period, excluding the 5th day, the 
ratios resulting from glucose administration 
were below 0.5 (range 0.32 to 0.47). In adult 
rats, the ratio obtained with glucose was 0.2. 

The synthesis of cholesterol and fatty acids 
also was investigated in various brain regions of 
developing rats. For comparison of synthetic 
capacities in different brain regions from the 
same age group of animals, the activity was 
expressed as dpm of DL-[3-14C]-~OHB incor- 
porated into lipids (cholesterol and fatty 
acids)/g of wet tissue. In 1-day-old rats, the 
activities did not differ among the 5 regions 
(Table I). During the period of 3-17 days, 
however, brain stem had the highest synthetic 
activity among all other regions. In 5- and 
17-day-old rats, activities were lower in cere- 
brum and thalamus than in cerebellum and 
midbrain. The ratios of dpm in cholesterol to 

5 I0 15 20 A 
Age (Day) 

FIG. 1. RelatNe utilization of ketone bodies and 
glucose for cholesterol and fatty acids synthesis in 
cerebrum of developing rats. Ten t~Ci of each '*C- 
labeled substrate was injected subcutaneously between 
scapulae of each rat. At 24 hr after the injection, rats 
were decapitated and cerebrum removed for determin- 
ing radioactivity of '4C-labeled substrate recovered in 
cholesterol and fatty acids. Ratios of dpm in chol- 
esterol to dpm in fatty acids/g of wet cerebrum were 
determined from [3-14C]acetoacetate (~--e), DL- 
[3.,4C]_#.hydroxybutyrate (A__a), and [U-'4C]glu - 
cose (---m). Each point represents a mean -+ SEM for 
5 rats. The letter A on the abscissa denotes adult rats 
fed ad libitum. 

dpm in fatty acids also were determined for 
different regions. In the cerebrum, the ratios 
were higher during the first 12 days of life than 
on day 17. In cerebellum and midbrain, the 
ratios were similar in 12-day-old and younger 
rats, but decreased on day 17. By contrast, the 
ratios in brain stem increased from 0.5 on day 1 
to 2.9 on day 12 and started to decline on day 
17. In thalamus, the ratio was low on day 1 
(i.e., 0.6), but increased to 1.0-1.2 during the 
remaining suckling period. During the entire 
suckling period, except on day 1, brain stem 
had the highest ratio among all 5 regions. 

DISCUSSION 

Cholesterol and fatty acids are essential for 
cell proliferation in developing brain (6). 
Although differential use of KB and glucose for 
synthesis of cholesterol and fatty acids in 
whole brain of 15- and 18-day-old rats has been 
reported (4,11), their use during the earlier 
postnatal period has not  been studied. In an 
earlier crossqabeling study, Webber and Ed- 
mond (4) demonstrated that 14C-labeled AcAc, 
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fl-OHB and  glucose appeared  in b lood  i m m e -  
d ia te ly  af te r  s u b c u t a n e o u s  in jec t ion ,  reaching  a 
m a x i m a l  c o n c e n t r a t i o n  in ca. 2 m i n  for  KB and  
30  min  for  glucose, and decreasing e x p o n e n -  
t ial ly thereaf te r .  The re  was very  l i t t le  in ter -  
convers ion  of  KB and  glucose as a f u n c t i o n  o f  
i n j ec t ion  t imes.  These  au t ho r s  f u r t he r  suggested 
t h a t  the  3 14C-labeled subs t ra tes  en t e r  the  b ra in  
solely in the  form tha t  was in jec ted ,  a l t h o u g h  
ins igni f icant  a m o u n t s  o f  label  could  be  con-  
ver ted  to o t h e r  me t a bo l i t e s  be fo re  en te r ing  the  
bra in  for syn thes i s  of  f a t ty  acids and  chol-  
esterol .  [3-14C]AcAc,  DL-[3-14C]-/3-OHB and  
[U-14C] glucose were the re fo re  used to c o m p a r e  
the  relat ive use of  KB and  glucose for  l ipo- 
genesis t h r o u g h o u t  the  ent i re  suckl ing per iod .  

In ag reemen t  wi th  previous  repor t s  (4,1 1), 
th is  s tudy  wi th  ce reb rum d e m o n s t r a t e s  t h a t  
dur ing  the  th i rd  week  of  suckl ing (i.e., 15 and  
18 days),  ra t ios  of  dpm  c h o l e s t e r o l / d p m  fa t ty  
acid syn thes ized  f rom AcAc  and fl-OHB were 
0.4-0.7 or 1.5- to  2.0-fold of  values o b t a i n e d  
w i th  glucose. T h e  rat ios  were m u c h  h igher  in  
y o u n g e r  animals.  Dur ing  the  first  5 days,  the  
ra t ios  were 1.0 to  1.4 in ra ts  in jec ted  w i th  
14C-labeled A c A c  or /3-OHB. Since act ive 
m y e l i n a t i o n  occurs  b e t w e e n  12 to  24 days a f te r  
b i r t h  (12) ,  these  resul ts  ind ica te  t ha t  m o r e  KB 
are i n c o r p o r a t e d  in to  f a t t y  acids t h a n  chol-  
es tero l  dur ing  the  active mye l ina t i on ,  where-  
as before  active m ye l i na t i on ,  at  least  equal  
a m o u n t s  of  e i the r  AcAc  or /3-OHB are used for  

cho les te ro l  and f a t t y  acid synthesis .  In  con t ras t  
to  KB, glucose was p r e d o m i n a n t l y  used for  
f a t ty  acid synthesis .  T h r o u g h o u t  the  suckl ing 
per iod ,  cho les te ro l  syn thes i s  f rom glucose 
a c c o u n t e d  for  on ly  31 to  47% of  f a t t y  acid 
synthes is .  

Choles te ro l  c o n t e n t  in b ra in  increases wi th  
the  age of  t he  an imal  and  size of  the  b ra in  (6).  
The  rate  of  cho les te ro l  depos i t i on  increases  
af ter  b i r th ,  reach ing  a m a x i m a l  va lue  b e t w e e n  7 
and  9 days and  decl in ing rapid ly  t he rea f t e r  
(13).  I t  is appa ren t  t h a t  the  act ive synthes is  of  
cho les te ro l  f rom KB dur ing  t he  first week o f  
life coincides  wi th  an  increased a c c u m u l a t i o n  o f  
cho les te ro l  in the  brain.  This,  t o g e t h e r  wi th  a 
rapid increase  in b ra in  weight  (6 ,11) ,  ind ica tes  
the  i m p o r t a n c e  of  KB as sources  of  cho les te ro l  
for  bra in  g rowth  early in  the  suckl ing  period.  

In  these  exper imen t s ,  rats  were in jec ted  wi th  
10 pCi  o f  14C-labeled AcAc, /3 -OHB or glucose, 
regardless of  b o d y  weight  and poo l  size of  t he  
substrates .  The  results,  the re fore ,  do no t  
pe rmi t  a compar i son  of  the  quan t i t a t i ve  impor -  
t ance  of  the  subs t ra tes  for  syn thes i s  of  chol- 
es tero l  and  fa t ty  acids. Dur ing  the  suckl ing 
per iod ,  however ,  t he re  are s t r ik ing me tabo l i c  
changes:  (a) increased levels of  KB bu t  low 
levels o f  glucose in p lasma (14 ) ;  (b)  increased 
u p t a k e  of  KB f rom c i rcu la t ion  by  the  bra in  
(15) ;  (c) increased act ivi t ies  of  ke tone-u t i l i z ing  
enzymes ,  i.e., 3-oxo-acid CoA t ransferase ,  AcAc  
CoA thiolase ,  ~ - h y d r o x y b u t y r a t e  dehydroge-  

TABLE I 

Incorporation of DL-[ 3-14C ]-fl-Hydroxybutyrate into Cholesterol and Fatty Acids 
in Brain Regions of Developing Rats a 

Brain Age (day) 
region b 1 3 5 12 17 

DPM X 10 -a recovered in lipidsC/g tissue 

Cbr 265 • 31 d 198 • 33 136 • 13 162 • 13 
Cbl 301 • 26 250 • 20 209 -+ 22 264 • 20 
Mb 231 • 53 211 + 15 189 • 22 198 • 18 
Bs 327 • 35 356 • 37 294 • 15 378 + 33 
Th 225 + 33 253 • 9 123 • 9 134 • 13 

Ratio of DPM in cholesterol:DPM in fatty acids c 

Cbr 1.03• 0.03 1.17 + 0.18 1.34+ 0.05 1.23• 0.19 
Cbl 0.97 + 0.01 0.95 + 0.05 0.92 + 0.05 1.13• 0.21 
Mb 1.01 + 0.04 1.10 +- 0.24 1.00 + 0.03 1.19 • 0.19 
Bs 0.51 • 0.14 1,55 • 0.18 1.44• 0.04 2.86 • 0.32 
Th 0,60• 0.13 1.18+ 0.09 1.02 • 0.04 1.02• 0.10 

73 
99 

110 
231 

88 

-+ 7 
• 9 
:t:11 
+- 26 
+13 

0.64 + - 0.11 
0,71 • 0.08 
0.64 + 0.02 
1.23 • 0.17 
1.08 + 0.13 

aTen #Ci of DL-[3-14C]-fl-hydroxybutyrate was injected subcutaneously between the scapulae of each rat. 
At 24 hr after injection, rats were decapitated and brains removed for separation of different regions, 

bBrain regions: Cbr, cerebrum; Cbl, cerebellum; Mb, midbrain; Bs, brain stem; Th, thalamus. 
CLipids represent a sum of cholesterol and fatty acids that were measured individually (Materials and Meth- 

ods) for determining the ratio of dpm cholesterol/dpm fatty acids/g of wet brain tissue. 
dMean + SEM for 5 rats. 
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nase and AcAc CoA synthetase (2,16-19); and 
(d) lower activities of  glucose-utilizing enzymes 
such as hexokinase, pyruvate dehydrogenase 
and citrate synthase (20). Thus, it is reasonable 
to postulate that, during postnatal develop- 
ment, KB could become the major precursor 
for cholesterol and fatty acid synthesis in vivo. 
In fact, studies with cerebral slices (1) and 
whole brain homogenates (2) have shown that 
KB are preferred over glucose for lipid synthesis 
in the developing brain. 

Why ketone bodies are more cholesterogenic 
than glucose is not completely understood. 
Webber and Edmond (4) postulated that a direct 
incorporation of AcAc CoA, derived from 
AcAc in cytoplasm, into /3-hydroxy-/3-methyl 
glutaryl CoA could facilitate cholesterol syn- 
thesis. This hypothesis is consistent with the 
previous finding that the activities of cyto- 
plasmic AcAc CoA synthetase in developing 
brain increases after birth and is maintained 
throughout suckling at levels that are 2-fold 
higher than those in mature brain (2). An 
increase in activity of the synthetase could 
cause a rapid production of AcAc CoA in 
cytoplasm. Cholesterol synthesis from glucose, 
by contrast, involves citrate synthesis in mito- 
chondria, transport and cleavage of citrate to 
AcCoA in cytoplasm (2). The generated AcCoA 
then enters cholesterogenic pathway by first 
converting to ~hydroxy-/3-methyl glutaryl 
CoA. Besides the regulation of this pathway by 
ATP-citrate lyase, one must consider the 
enzymic regulation of citrate production. Since, 
as we have discussed, the developing brain has 
lower activities of citrate synthease, pyruvate 
dehydrogenase and hexokinase (20), the 
production of citrate from glucose might be 
limited. This, in turn, would not only lower 
fatty acid but cholesterol synthesis as well. 

Finally, this study disclosed that, through- 
out the suckling period, brain stem was the 
most active site of  lipid synthesis including 
cholesterol and fatty acids. Moreover, this 
region yielded the highest ratio of cholesterol/ 
fatty acids after administration of t3-OHB. 
Consistent with the contention that brain 
regions do not grow and develop at the same 

rate and at the same time (6,21), these results 
suggest that the type and quantity of  llpids 
synthesized during development vary according 
to the requirements of  different brain regions. 
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Effect of Diet Composition and Fasting 
on Lipogenesis in Lean and Polygenic Obese Mice 
B E R N H A R D  HENNIG 1, THOMAS M. S U T H E R L A N D ,  MELV IN  M. MATHIAS 
and BARBARA A. SMITH, Department of Animal Sciences and Food Science 
and Nutrition, Colorado State University, Fort Collins, CO 80523 

ABSTRACT 

A line of mice was developed which exhibited spontaneous obesity when fed commercial labora- 
tory ration low in fat content. Obese mice were compared to a nonobese related line to determine 
whether energy source in the diet would affect onset of obesity. Experimental diets-beef tallow (38% 
of calories as beef fat and 2% as corn oil), corn oil (40% corn oil) or low-fat (2% corn oil)-were 
instituted ad libitum at the time of weaning. When the mice reached 6 months of age, lipogenesis was 
investigated by injecting intravenously 3H 20 and glucose-U-14C. 3H20 and glucose-U-14C incorpora- 
tion into fatty acids of fed mice was greater for obese than for lean mice. Fatty acid synthesi~ was 
inhibited by high-fat diets compared to low-fat diet in both lines. Of the 2 high-fat diets, the corn oil 
diet inhibited fatty acid synthesis about twice as much as beef tallow diet. There was no line effect on 
tritium incorporation into cholesterol. Cholesterol synthesis from glucose-U J4 C was greater in obese 
than lean mice. Diets had no effect on tritium and glucose-U-l*C incorporation into cholesterol. 
Fasting reduced fatty acid synthesis in all mice, but total body fatty acid synthesis was not affected by 
fines or dietary treatment under fasted conditions. These data suggest that degree of lipogenesis, in 
part, explains obesity. A failure of inhibition of lipogenesis or an enhanced efficiency in fat deposition 
by feeding beef tallow compared to corn oil diet may explain the fact that lean mice fed the beef 
tallow diet tended to be more obese that lean mice fed corn oil or low-fat diets. 

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

The homozygous  recessive genotype,  o b / o b  
in the mouse  and fa/fa in the rat, exhibi t  
hyperphagia  and excessive lipid deposi t ion 
(1-4). Similar findings have been repor ted  for  
polygenic  obese mice (5,6). 

Numerous  indirect  me thods  have been 
employed  to s tudy lipogenesis in vitro and in 
vivo in obese rodents  by using labeled carbon 
precursors (7-12) or  by s tudying l ipogenic 
enzyme  activities (see review by Romsos  and 
Leveille, 13). Tota l  lipogenesis es t imated by the 
use o f  t r i t ia ted water  has no t  been investigated 
as f requent ly  in obese ro dents (14,15). 

There is general agreement  that  a l ipogenic 
state is p roduced  by high-carbohydrate  diets 
and that  high-fat diets depress lipogenesis (13). 
Polyunsatura ted  fats have been shown to 
decrease fat ty  acid synthesis to a greater degree 
than do saturated fats (16-19). Fast ing has been 
found to inhibi t  lipogenesis (20,21). 

This s tudy was designed to investigate 
genetic cont ro l  vs dietary regulat ion of  total  
body fa t ty  acid and cholesterol  synthesis using 
a polygenic  obese animal model .  

MATERIALS A N D  METHODS 

F o u r  lines o f  mice were developed in a long 
te rm (over 50 generations) select ion experi-  

1present address: Department of Food and Nutri- 
tion, 107 MacKay Hall, Iowa State University, Ames, 
IA 50011. 

ment.  The  cons t i tu t ion  of  the  lines was re- 
por ted  by Sutherland et  al. (6). The  polygenic  
obese male mice used in our  s tudy were des- 
cendants  of  a cross be tween  lines 1 and 3 
necessitated by low fertil i ty.  The  lean male 
mice were descendants  o f  line 4. 

Animals  were randomly  assigned to diets at 
weaning. Compos i t ion  of  the diets is similar to 
the  ones fed to rats by Dupon t  et al. (16,22) 
and is shown in Table I. The  beef  ta l low diet  
provided a polyunsatura ted- to-sa tura ted  (P/S) 
rat io of  ca. 0.2, whereas the  corn oil diet  
provided a P/S rat io  of  ca. 5. 

All mice were scheduled for metabo l ic  s tudy 
and necropsy at 6 mon ths  o f  age. Mice were fed 
ei ther  ad l ibi tum or fasted for 24 hr. A tracer 
mix ture  of  956 • 102 d r m  of  g lucose-UJ4C 
and 122 x l0  s dpm of  ~  (New England 
Nuclear,  Boston,  MA) per  g body weight was 
in jec ted  in t ravenously  into each mouse .  Spe- 
cific activity of  the glucose used was 4.20 
mCi /mmol .  Each animal was placed in an 
adjustable mouse  restrainer and the  exposed tail 
was heated with a heat  lamp (Sylvania 50 wat t  
ref lec tor  track light) to dilate the  vein imme-  
diately before  tracer inject ion.  All mice were 
killed 180 rain after  in jec t ion  by immers ion  
into liquid nitrogen. A homogeneous  mix ture  
of  total  carcass was obta ined  by  grinding 
each f rozen animal in a homogen ize r  (Tekmar  
Company ,  Cincinnati ,  OH) using l iquid ni t rogen 
and Dry Ice. Homogena tes  of  each mouse  were 
stored in plastic petr i  dishes at -16 C unt i l  
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TABLE I 

Composition of Diets 

Ingredient Low fat Beef tallow Corn oil 

Laetalbumin a 15.0 19.0 19.0 
Corn oil b 1.0 1.2 21.2 
Beef tallow c -- 20.0 -- 
Salt mixa, d 4.0 5.0 5.0 
CeUulosea 2.0 2.5 2.5 
Cornstarch e 39.9 25.3 25.3 
Sucrose f 36.5 25.0 25.0 
Vitamin mixg 1.6 2.0 2.0 

aGeneral Biochemicals, Inc., Chagrin Falls, OH. 
bMazola, obtained from local retail market. 
eFat rendered from beef kidney knobs obtained 

from the Department of Animal Sciences. 
dTeklad, Madison, WI. Composition reported in 

ref. 23. Chromium at 70 ppb and selenium at 30 ppb 
were added. 

eAmaizo, American Maize Products Co., New 
York. 

fGreat Western United, Denver, CO. 
gContained per 2 kg of vitamin mixture made up 

with cornstarch: vitamin A acetate, 0.8 g ( 5 0 0 , 0 0 0  
IU/g); vitamin D (calciferol), 0.5 g (400,000 IU/g); 
ct-tocopherol acetate, 40.0 g (500 IU/g); menadione, 
0.1 g; vitamin Blz, 10.0 g; biotin, 0.05 g; folic acid, 
0.2 g; p-aminobenzoic acid, 20.0 g; inositol, 20.0 g; 
Ca-pantothenate, 2.0 g; nicotinic acid, 3.0 g; pyri- 
doxine-HCl, 1.0 g; riboflavin, 1.0 g; thiamin-HCl, 
0.5 g; choline chloride 400.0 g; ascorbic acid, 10.0 g. 

analysis.  
One  g of  h o m o g e n a t e  of  each an imal  was 

used for  l ipid ex t rac t ions .  To ta l  l ipids were 
ex t r ac t ed  as descr ibed b y  F o l c h  et  al. (24) .  In 
th is  s tudy ,  30  ml  o f  c h l o r o f o r m / m e t h a n o l  
(2 :1 )  to  1 g of  t issue was used. Lipids  were 
saponif ied  and  nonsapon i f i ab l e  l ipids  were 
e x t r a c t e d  wi th  p e t r o l e u m  ether .  A f t e r  acidifi- 
ca t ion  wi th  HC1, f a t ty  acids were ex t r ac t ed  
wi th  p e t r o l e u m  ether .  A to luene-based  cocktai l  

con t a in ing  4 g o f  O m n i f l u o r  (New Eng land  
Nuclear ,  Bos ton ,  MA) pe r  l i ter  of  t o luene  was 

used and  rad ioac t iv i ty  was d e t e r m i n e d  in a 
l iquid sc in t i l la t ion  coun te r ,  a Nuclear-Chicago 
Uni lux  II sys tem set for  dual  label  c o u n t i n g  and  
equ ipped  wi th  ex t e rna l  s t andard iza t ion .  T h e  
c o u n t e r  was on-l ine wi th  a Hewle t t  Packard  
c o m p u t e r  which  was p r o g r a m m e d  to cor rec t  fo r  
background ,  q u e n c h i n g  and  to calculate  d p m  of  
3H and  lac .  F h e  i n c o r p o r a t i o n  of  t r i t i um in to  
t o t a l  b o d y  fa t ty  acids and  choles te ro l  is ex- 
pressed as /amol of  acetyl  groups  (25 ,26)  
i n c o r p o r a t e d  i n to  the  l ipids/g o f  m o u s e  at  180 
m in  af te r  in jec t ion .  The  specific act ivi ty of  
labeled wa te r  r e m a i n e d  c o n s t a n t  f r o m  the  t ime  
o f  i n j ec t ion  un t i l  an imals  were sacrificed. Data  
were ana lyzed  b y  3-way analysis  of  var iance  
(27).  

R ESU LTS 

Pool ing diet  and regimen,  live weights  of  
lean and  obese  mice (Tab le  II) were signifi- 
can t ly  (P < 0 .001)  d i f fe ren t  at 6 m o n t h s  
of  age. Obese mice  fed co rn  oil or low-fat  diets  
weighed more  t h a n  the i r  lean c o u n t e r p a r t s ;  
however ,  t he  obese  mice  fed bee f  ta l low were 
n o t  heavier  t h a n  the  lean mice fed the  same diet  
(Tab le  II). 

Pool ing  diet  and  regimen,  f a t ty  acid syn- 
thesis  as d e t e r m i n e d  f rom 3 H 2 0  and  glucose- 
U-14C i n c o r p o r a t i o n  was s ignif icant ly  (P < 
0.05)  grea ter  in t he  obese  mice c o m p a r e d  to 
t he i r  lean  c o u n t e r p a r t s  (Figs. 1 and  2). F a t t y  
acid synthesis ,  measu red  e i the r  by  3H 2 0  or  b y  
glucose-U-x4C, appeared  to be i nh ib i t ed  by  the  
co rn  oil and  the  bee f  ta l low diets  relat ive to  the  
low-fa t  die t  in b o t h  the  lean and  obese  mice  
(Figs. 1 and  2). In  t he  fed, lean mice,  f a t ty  acid 
synthes i s  f rom glucose was i nh ib i t ed  26% by 
the  bee f  ta l low die t  and  66% by  the  co rn  oil 
diet  c o m p a r e d  to the  low-fat  diet .  For  obese  
mice,  these  values  were 27 and  60%, respec- 
t ively.  General ly ,  in  fed mice,  b o t h  3 H 2 0  and  
glucose-U-14C i n c o r p o r a t i o n  in to  f a t ty  acids 
was greates t  in  mice  fed the  low-fat  diet ,  

TABLE II 

Live Weights of Lean and Obese Mice at Six Months of Age 

Genotype, diet Mice fed ad libitum Mice fasted 24-hr 

Lean, beef tallow 45.06 -+ 10.21 a 41.46 -+ 2.78 
Obese, beef tallow 48.92 -+ 8.52 49.44 -+ 7.15 
Lean, corn oil 40.58 -+ 6.88 40.24 -+ 4.98 
Obese, corn oil 49.98 -+ 10.95 49.54 -+ 6.56 
Lean, low fat 37.34 -+ 5.48 28.90 -+ 2.86 
Obese, low fat 48.38 + 7.94 46.10 + 8.55 
LSD b 9.2 

aMean + SD (n = 5). 
bLeast significant difference at 5% level (27). 
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intermediate in the mice fed beef tallow and 
least in" the mice fed corn oil;fasting obliterated 
these differences. All mice fed ad libitum 
incorporated significantly (P < 0.001) more 
tritium and glucose-U-14C into fatty acids than 
24-hr fasted mice. 

Genetic line effect on cholesterogenesis, 
determined from 3H20 , was nonsignificant 
(Fig. 3). However, obese mice incorporated 
significantly (P < 0.05) more glucose carbon 
into cholesterol compared to their lean counter- 
parts (Fig. 4). Cholesterol synthesis, as mea- 
sured by 3H20 and glucose-U-14C, was un- 
affected by diet. As with the fatty acid syn- 
thesis, mice fed ad libitum synthesized more 
cholesterol than 24-hr fasted mice. In contrast 
to its effects on fatty acid synthesis, fasting 
apparently did not obhterate line and diet 
effects on cholesterogenesis. 

DISCUSSION 

Pooling diets and regimen produced poty- 
genie obese mice that were ca. 25% heavier and 
had greater percentage of whole body fat (28) 
than the lean mice at 6 months of  age. The lean 
and obese mice fed the beef tallow diet weighed 
the same, whereas the obese mice fed the corn 
oil and low-fat diets were heavier than their 
lean counterparts at 6 months of age. Per- 
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FIG. 1. Effects of diet composition and fasting on 
incorporation of tritiated water into total body fatty 
acids at 180 min after injection. Each variable (strain, 
diet and regimen) represents the average of 5 mice. 
BT: beef tallow; CO: corn oil; LF: low fat; L: lean; 
O: obese. 
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centage of fat in obese mice fed the beef tallow 
diet was similar to the fat content in their lean 
counterparts which was not observed in the 
mice fed corn oil and low-fat diets (28). Thus, 
diet overcame genetic line effect in the obese 
mice fed beef tallow. Calorie intake was higher 
in obese mice fed both beef tallow and corn oil 
compared to their lean counterparts, whereas 
food intake in lean and obese mice fed the 
low-fat diet was not different (unpublished 
data). Thus, not just a positive calorie im- 
balance but probably a difference in utilization 
of energy for maintenance or growth must 
account for why lean and obese mice fed beef 
tallow weighed the same and obese mice fed 
corn oil or low-fat diets were heavier than their 
lean counterparts at 6 months of age. 

In this study, 3H2 O incorporation into fatty 
acids of  fed mice was greater for the obese than 
for the lean mice. This finding agreed with that 
of  Hems et al. (14) who measured incorpo- 
ration of 3H20 into liver and adipose tissue 
fatty acids of ob/ob obese mice. In contrast, 
Jansen et al. (29) who administered oral doses 
of glucose-U-1' -~C to hyperglycemic-obese mice, 
observed an increase in labeled hepatic, but not 
extrahepatic, fatty acids in obese compared to 
nonobese mice. Hyerpglycemia and insulin 
resistance in these animals may indicate de- 
creased glucose uptake by extrahepatic tissues 
(30). Cawthorne and Cornish (15) measured 
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FIG. 2. Effects of diet composition and fasting on 
incorporation of glucose-U-'4C into total body fatty 
acids at 180 min after injection. Each variable (strain, 
diet and regimen) represents the average of 5 mice. 
BT: beef tallow; CO: corn oil; LF: low fat; L: lean; 
O: obese. 
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fatty acid synthesis in lean and ob/ob obese 2.0 
mice 60 min after interperitoneal injection of 
3H20. A high-corn-oil diet (410 g corn oil/kg 1.8 

tu diet) compared to a low-fat diet (35 g corn 
oil/kg diet) decreased fatty acid synthesis in ~ 1.6 
adipose tissue and in the "rest of carcass" but 
not in the liver of lean mice. In ob/ob obese �9 o 1.4 

mice, however, fatty acid synthesis in adipose 
tissue and "rest of carcass" was unaffected, but ~ 1.2 
liver fatty acid synthesis was reduced, suggest- o 
ing hyperinsulinemia in oh/oh obese mice (15). a: 1.0 t.9 

By summing responses of the different tissues j 
to approximate total body response, high- ~ 0.a 
corn-oil feeding decreased fatty acid synthesis o 
by 51% in lean and 37% in oh/oh obese mice < 0.6 
compared to low-fat diet. Similar results were 

0.4 obtained with our mice. The effect of high- -6 
corn-oil feeding on lipogenesis in individual �9 :=L 
organs, however, needs to be determined in our 0.2 
polygenic model to draw more direct compari- 
sons with the ob/ob obese mice. Data do not  0 
distinguish between de novo synthesis and fatty 
acid chain elongation, and the assumption was 
made that the major event is de novo synthesis, 
not  chain elongation. That point requires 
further clarification. 

Fasting the animals for 24 hr reduced fatty 
acid biosynthesis in both lines. The lean and 
obese mice, whether fed beef tallow, corn oil, 
or low-fat diets, responded in the same degree 
to fasting. Of the 2 high-fat diets, corn oil 
inhibited fatty acid synthesis in both lines 
about twice as much as beef tallow relative to 
low-fat. In the lean, fed mice, the corn oil diet 600  
inhibited fatty acid synthesis from glucose 66% 
compared to the low-fat diet. Similar results 
were obtained by Jansen et al. (31), who admin- 5 0 0  
istered glucose-UJ4C orally to mice, then killed t~ 
the animals 60 min later. In both the lean and to 
obese mice fed corn oil ad libitum, more t~ 4 0 0  
labeled glucose apparently was used for other 
metabolites than for de novo synthesis of fatty E 
acids relative to mice fed beef tallow or low-fat ~ 5 0 0  on 

diets. These results indicate that our polygenic ,~ 
obese mice are able to respond metabolically to ~ 2 0 0  
diets differing in kind and amount of fat. 
Regulation of the response, however, seems to 
contribute to obesity. I O0 

Much less (ca. 80% less) labeled water and 
glucose were incorporated into total body 
cholesterol than into total body fatty acids. 0 
Glucose-UJ4C incorporation into cholesterol 
was greater in all polygenic obese mice com- 
pared to their lean counterparts, suggesting a 
sparing of carbon metabolites other than 
glucose in the obese animals. Although non- 
significant, both high-fat diets appeared to 
inhibit cholesterogenesis compared to the 
low-fat diet, which was in contrast with Du- 
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FIG. 3. Effects of diet composition and fasting on 
incorporation of tritiated water into total body 
cholesterol at 180 rain after injection. Each variable 
(strain, diet and regimen) represents the average of 
5 mice. BT: beef tallow; CO: corn oil; LF: low fat; 
L; lean; O: obese. 
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FIG. 4. Effects of diet composition and fasting 
on incorporation of glucose-UJ4C into total body 
cholesterol at 180 min after injection. Each variable 
(strain, diet and regimen) represents the average of 5 
mice. BT: beef tallow; CO: corn oil; LF: low fat; 
L: lean; O: obese. 
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pont 's early work (16,22), where [14C]acetate 
was used as a substrate. Glucose compared to 
acetate can be considered to follow a more 
physiological pathway toward the synthesis of 
cholesterol. Glucose must first enter the mito- 
chondrial acetyl-CoA pool, whereas acetate can 
directly enter the extra-mitochondrial acetyl- 
CoA pool. Fasting inhibited cholesterogenesis 
in all lean and obese mice. 

In summary, there apparently is a strain and 
diet interaction in lipogenesis in polygenic 
obese mice. These interactions suggest that 
dietary management, as well as genetic pre- 
disposition, may lead to obesity. 
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Hormonal Regulation of Medium Chain Fatty Acid Synthesis 
by Mouse Mammary Gland Explants 
DAVID W. BORST]o Department of Zoology and Cancer Research Laboratory, 
University of California, Berkeley, CA 94720 

ABSTRACT 

Explants of pregnant mouse mammary tissue were cultured in media supplemented with various 
hormones. During the last few hours of culture, explants were labeled with [14C] acetate. Fatty acid 
synthesis by the tissue was analyzed using reverse phase thin layer chromatography, and incorporation 
of radioactivity into the medium chain fatty acid (MCFA) fraction was calculated as total MCFA per 
mg tissue fresh weight and as a percentage of the total fatty acid radioactivity (%MCFA). After 48 hr 
of culture, explants had an elevated %MCFA synthesis only when exposed to media containing insulin, 
cortisol and prolactin, confirming previous reports. Increasing doses of prolactin (maximal response 
at 300 mg/ml) caused a coordinate rise in both %MCFA synthesis and total MCFA synthesis per mg 
fresh weight. Epithelial cells isolated from explants after culture for 48 hr with insulin, cortisol and 
prolactin showed an elevated %MCFA synthesis compared to cells from explants cultured with insulin 
and cortisol alone, indicating that hormonal stimulation of mammary explants causes a change in the 
chain length of fatty acids synthesized by mammary epithelial ceils. The specificity of the explant 
response to prolactin was tested with other hormones: FSH and calcitonin had no effect, whereas 
bovine growth hormone showed activity only at high concentrations. Progesterone and 17#-estradiol 
also had no effect. The analysis of MCFA synthesis provides another means of (a) assessing hormonal 
action upon mammary tissue, and (b) evaluating the biological activity of prolactin. 

INTRODUCTION 

In vitro organ culture has been frequently 
used to investigate the response of mammary 
tissue to hormones (1,2). In such studies, tissue 
responses have been assessed using both histo- 
logical and biochemical criteria. Among the 
biochemical criteria is the analysis of milk- 
specific mammary gland products, such as 
casein (3,4) or c~-lactalbumin (5,6). However, 
the role of hormones in mammary gland 
differentiation is incompletely understood. The 
analysis of additional biochemical charac- 
teristics might give further insight into this 
process. 

Milk contains a high concentration of 
triglycerides, and the synthesis of fatty acids 
for milk fat is a major metabolic activity of 
lactating mammary tissue (7). In many species, 
a high proportion of the fatty acids in milk fat 
are of short or medium chain length, the exact 
composition varying between species. Lactating 
mice produce milk which has ca. 35% medium 
chain fatty acids (MCFA), of which lauric acid 
is the predominant form (7). The synthesis of 
MCFA represents a biochemical function 
unique to the mammary epithelial cell and 
appears to involve the synthesis of a chain- 
length specific fatty acylthioesterase (8,9). 

The hormonal regulation of fatty acid 
synthesis in mammary tissue has been studied 

1present address: Biological Sciences Group, 
Box U-42, University of Connecticut, Storrs, CT 
06268. 

in several species, including the rabbit (10), rat 
(11) and mouse (12,13). In these studies, 
mammary tissue explants have been exposed to 
various hormone combinations during organ 
culture. The incorporation of [ 14C] acetate into 
either total or specific fatty acids was deter- 
mined after various incubation periods. From 
such work, it is apparent that the synthesis of 
both total and milk-specific fatty acids is 
hormonally controlled in a manner similar to 
other milk-specific products. In the rabbit, 
where mammary alveolar structures can be 
removed relatively free of adipose elements, the 
evidence suggests that the epithelial cells 
respond to such hormone treatment by modi- 
fying the chain length of fatty acids syn- 
thesized. However, in the mouse and the rat, 
the large number of adipocytes in the explants 
complicates the interpretation of such a res- 
ponse. In these cases, the synthesis of milk- 
specific fatty acids by explants after hormonal 
stimulation could be the result of a change in 
the spectrum of fatty acids synthesized by the 
alveolar cells and/or an increase in the synthesis 
of fatty acids by these cells. 

In view of the importance of the mouse 
mammary gland system in studies of mammary 
gland development, we felt that the basis for 
the hormonal stimulation of MCFA synthesis 
should be clarified. However, traditional 
methodologies of lipid analysis (such as gas 
liquid chromatography) are time-consuming and 
insensitive, increasing the difficulty of deter- 
mining MCFA synthesis. As a consequence, 
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previous studies of mammary gland fatty acid 
synthesis usually have monitored hormonal 
effects on total  fatty acid synthesis, restricting 
the analysis of  specific fatty acid synthesis to a 
few, selected conditions. In this paper, we 
describe a method using reverse-phase thin layer 
chromatography (rp-TLC) to separate methyl 
esters of fat ty acids from mammary tissue. The 
incorporation of radioactive precursor into 
medium and long chain fatty acid fractions can 
be quickly and easily determined for all experi- 
mental conditions. Using this procedure ,  the 
hormonal stimulation of mouse mammary 
explants during organ culture was investigated, 
and changes in fatty acid synthesis by the 
epithelial cells as a result of this stimulation 
were determined. 

MATERIALS AND METHODS 

Organ culture techniques used were basically 
as described by Talamantes (14). Mammary 
glands were removed from time-bred multi- 
parous BALB/cCrgl mice and placed in sterile 
Waymouth 's  MB 752/1 culture medium (Gibco) 
containing penicillin (100 IU/ml) and strepto- 
mycin (100 /ag/ml). In some cases, the mam- 
mary fat pads had been previously "cleared" 
of epithelial elements (15); the absence of 
epithelial cells in these samples was verified by 
histological examination of  several tissue pieces. 
Extraneous tissue was removed and the gland 
divided into small explants (0.5-1.0 mg each). 
Explants were washed with culture medium, 
and nonfloating tissue discarded. Five to 7 
explants were transferred to hormone-supple- 
mented culture media in multi-well tissue 
culture plates (Falcon 3008) and allowed to 
float freely. Tissue was incubated at 37 C in a 
humidified atmosphere of  preffltered O2/CO2 
(95: 5) for various lengths of time. 

The following hormones were used: porcine 
insulin (Lilly Research Laboratory:  25.4 
U/mg); ovine prolactin (NIH-P-S-10); ovine 
FSH (NIH-FSH-S-6); bovine growth hormone 
(NIH-GH-B-8); porcine calcitonin (Armour 
Pharmaceutical K330200B: 52 U/mg); cortisol 
(Calbiochem); 17/3-estradiol and progesterone 
(Aldrich). Hormones were solubilized and then 
diluted with Waymouth cul ture  m e d i u m  to an 
appropriate concentration and the solutions 
were filter sterilized (Millipore, 0.4/2 pore size). 

In some experiments, mammary explants 
were first cultured in vitro and the epithelial 
cells then isolated by dissociation with collage- 
nase (Worthington, type 3, 125 U/mg sus- 
pended in phosphate-buffered saline with 4% 
bovine serum a lbumin -10  mg enzyme/10 ml 
saline/gin tissue). The epithelial cells were 

filtered through a 50/~ Nitex filter (Tetko Inc.), 
pelleted by low speed centrifugation, and 
resuspended in Waymouth medium. An aliquot 
of the suspension was analyzed for viability 
(typically greater than 95%) using trypan blue. 

[14C] Sodium acetate (Schwartz/Mann, 57 
mCi/mmol) was added to give a final concen-  
tration of 5 pCi /ml ,  and at the end of the 
labeling period, the explants or cells were 
washed with cold Waymouth medium; explants 
were then weighed. Fa t ty  acids were extracted 
and transesterified with 1 N methanolic HC1 by 
heating for 2 hr at 70 C. After cooling, hexane 
and water were added, the sample was shaken, 
and the phases were allowed to separate. 

For  rp-TLC (16), Polygram Sil G sheets 
(Brinkman) were impregnated with a 7% 
solution (in hexane) of silicone oil (Dow 
Corning 1107 or Dow Coming 200; 20 c.s.). 
Fa t ty  acid methyl  ester standards (methyl  
decanoate, laurate, myristate and palmitate) 
and an aliquot of the hexane epiphase from a 
sample were applied to the origin. Chromatog- 
rams were developed (acetonitrile/acetic acid/ 
water, 6:1:2, v/v), sprayed with a 1% solution 
of  a-cyclodextrin (Eastman Chemical) in 60% 
ethanol, and visualized with iodine vapor. After  
dividing the chromatograms between the 
methyl laurate and myristate bands, the 2 
sections were analyzed in a liquid scintillation 
counter  (Packard Tricarb) using Omnifluor 
scintillation fluid (New England Nuclear). 
Radioactivity incorporated into the medium 
and long chain fatty acid fractions was deter- 
mined; total  fatty acid incorporation is the sum 
of  these 2 fractions. Data are expressed as 
either incorporation/mg fresh weight of the 
sample, or as the percentage of  the total fatty 
acid incorporation found in medium chain fatty 
acids (%MCFA). When either [14C] palmitic or 
[14C]lauric acid (New England Nuclear, 10 
mCi/mmol) was added to unlabeled tissue 
samples, tranesterified, and separated by 
rp-TLC, over 90% of  each was recovered in the 
correct fat ty acid fraction. 

Fa t ty  acid methyl  esters of  some samples 
were collected after separation on a 4-ft 1% 
SE-30 column using a Varian 1200 gas chro- 
matograph equipped with a flame ionization 
detector  and a 1:10 effluent splitter (operating 
conditions: injector 220 C; detector:  250 C; 
oven: 120 C for 4-min followed by 200 C for 4 
min), Using these conditions, medium chain 
fatty acid methyl  esters (including methyl 
decanoate and laurate) eluted during the first 4 
min; longer fatty acid methyl  esters (methyl  
myristate through stearate) eluted during the 
subsequent 4-min period. The effluent was 
collected for each period in a glass U-shaped 
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tube immersed in an acetone/Dry Ice bath. 
After collection, the contents were washed 
directly into a counting vial with scintillation 
fluid. Collection efficiency was ca. 55% as 
determined with [14C]methyl laurate and 
[ 14C] methyl palrnitate. 

RESULTS 

Several tissue samples were cultured with 
radioactive [14C] acetate for 2 hr, analyzed by 
both rp-TLC and gas liquid chromatography 
(GLC), and the %MCFA of each sample calcu- 
lated. Analysis of samples by either method 
yielded similar results. For example, mammary 
tissue from virgin, 13-day pregnant and 5-day 
lactating mice gave %MCFA values of 1.5, 10.7 
and 58.9, respectively, when analyzed by 
rp-TLC, and 0.5, 10.6 and 53.8, respectively, 
when analyzed by GLC. 

Using freshly dissected explants of mam- 
mary tissue from mice in the middle of preg- 
nancy, several aspects of  the in vitro labeling 
procedure were studied. Incorporation of 
[laC]acetate into both MCFA and total fatty 
acids increased linearly with both increasing 
labeling periods from 1 to 3 hr and with in- 
creasing tissue mass. %MCFA of the explants, 
however, was not affected. Since tissue res- 
ponse expressed as %MCFA is minimally 
affected by such variables, most of the follow- 
ing data are calculated in this manner. 

The role of mammary adipocytes in MCFA 

TABLE I 

Synthesis of MCFA by Mammary Explants a 
Cultured with Various Hormones 

MCFA b 
Hormone treatment (%) 

Insulin (I) c 2.9 (.1) 
Cortisol (F) c 2.2 (.5) 
Ovine prolactin (PRL) c 2.7 (.2) 

I + F 2.7 (.S) 
I+PRL 4.4 (.1) 

I +F + PRL 12.0 (2.3) 
I + F + PRL + 17/3-estradiol (E2) c 10.8 (2.3) 
I + F + PRL + progesterone (p)e 10.3 (1.1) 
I + F + PRL + E2 + P 10.4 (2.3) 

aExplants from a 15-d~l~ pregnant mouse were 
cultured for 48 hr in media supplemented with the 
indicated hormones .  During the last 2 hr tissue was 
labeled with [ 14 C ] -acetate. 

bMCFA (%): percent of total fatty acid incorpo- 
ration in the medium chain fatty acid fraction. Results 
represent the mean (• SD, n=3) in a representative 
experiment. 

CConcentration of hormones: I=5 #g/ml; F=I 
/~g]ml; PRL=2/zg/ml; E2=I0 ng/ml; P=I #g/ml. 

synthesis was investigated by labeling freshly 
dissected explants from mammary fat pads 
cleared of epithelial cells with [14C] acetate for 
2 hr. The %MCFA synthesis of  fat pad tissue 
from virgin, 13-day pregnant and 5-day lactat- 
ing mice was 1.3 (-+ SD = .1), 1.6 (.2) and 1.9 
(. 1), respectively, indicating that adipocytes are 
not responsible for the increase in MCFA 
synthesis seen in mammary tissue during 
pregnancy and lactation. This suggests that 
MCFA synthesis is primarily the role of the 
epithelial ceils. That epithelial cells do syn- 
thesize MCFA is confirmed by studies using 
isolated epithelial elements (see following). 

The ability of various hormones to regulate 
mammary fatty acid synthesis was determined 
using organ culture techniques. Mammary 
explants were incubated in culture media 
supplemented with various combinations of 
hormones for 48 hr. During the last 2 hr of 
culture, [14C]acetate was added to determine 
the synthesis of MCFA (Table I). Only in 
the presence of  insulin, cortisol and a lactogen 
was there a rise in %MCFA. The addition of  sex 
steroids (17/3-estradiol and progesterone) had 
no effect upon this tissue response. Tissue 
response to prolactin is dose-dependent; in- 
creasing doses of  ovine prolactin caused a rise in 
both %MCFA synthesis and total MCFA 
synthesis in explants from mice in the middle 
of  pregnancy (Fig. 1). A maximal response was 

o ~q 
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FIG. 1. Dose response of MCFA synthesis to ovine 
prolactin. Mammary explants from a 16-day pregnant 
mouse were cultured in media containing insulin 
(5 ug/ml), cortisol (1 ug/ml), and increasing amounts 
of ovine prolactin for 48 hr. During the last 2 hr, 
tissue was labeled with [14C]acetate. Both the 
%MCFA (open symbols) and the total CPM incorpo- 
rated into MCFA per mg tissue fresh weight were 
determined. Results indicate the mean and range of 
2 observations in a representative experiment. 
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seen with doses of 300 ng or more of prolactin. 
The response of the explants in this culture 
system was maximal after 48 hr; explants 
cultured for 72 hr showed a decreased response 
to hormones. 

The specificity of this response for prolactin 
also was determined. Explants were incubated 
in culture media containing insulin and cortisol 
and one of several other peptide hormones. As 
seen in Table II, a rise in %MCFA requires the 
presence of prolactin; FSH and calcitonin have 
no effect. Bovine growth hormone causes a 
small response (ca. 1% that of ovine prolactin). 

The role of the epithelial cell in MCFA 
synthesis was further investigated by isolating 
epithelial cells from explants which had been 
cultured in hormonally supplemented media for 
48 hr. As indicated in Fig. 2, epithelial cells 
isolated from explants show a higher %MCFA 
synthesis than intact explants, since the ex- 
plants contain adipocytes synthesizing long 
chain fatty acids. However, there is a similar 
increase in %MCFA synthesis in intact explants 
and epithelial cells from explants cultured in 
medium containing insulin, cortisol and pro- 
lactin when compared to the %MCFA synthesis 
in explants or cells which had been cultured in 
medium containing only insulin and cortisol. 
This indicates that in vitro exposure to this 
3-hormone combination can change the spec- 
trum of fatty acids synthesized by the mam- 
mary epithelial cell. 

DISCUSSION 

The analysis of many mammary gland 
responses to hormones is complicated by the 
heterogeneous cellular composition of this 
tissue. This certainly is true of fatty acid 
synthesis, since it is not specific to a single cell 
type in the gland. However, MCFA synthesis 
apparently is a biochemical function specific to 
the mammary epithelial cell, as indicated by the 
analysis of cleared mammary fat pads and 
isolated epithelial cells (Fig. 2). These data are 
consistent with those of other authors (7). 

The hormones necessary for stimulation of 
MCFA synthesis by mammary explants from 
pregnant mice during organ culture was deter- 
mined. Under the conditions employed, insulin, 
cortisol and prolactin must all be present, 
confirming previous observations (12,13). The 
response is sensitive and specific for the pres- 
ence of prolactin; both total and percentage 
synthesis of MCFA rise with increasing doses of 
ovine prolactin, with a maximal response at 300 
ng/ml (Fig. 1). Thus, the rise in total fatty acid 
synthesis seen in exptants cultured under 
similar conditions (12) appears to be the result 

TABLE II 

Effect of  Protein Hormones on MCFA Synthesis 
in Mammary Gland Explants a 

MCFA b 
Hormone (weight/ml) (%) 

None a 4.5 (.1) 

Ovine prolaetin 
(4 ng) 6.5 (.1) 

(33 ng) 11.4 (.7) 
(300 ng) 16.6 (1.0) 

Bovine growth hormone 
(100 ng) 7.5 (1.1) 

(3000 ng) 11.3 (1.6) 

Ovine FSH 
(600 ng) 6.1 (.2) 

(5000ng)  6.4 (.1) 

Calcitonin 
(600 ng) 5.9 (.2) 

(5000 ng) 6.6 (.2) 

aExplants from a 17-day pregnant mouse were 
cultured for 48 hr in media supplemented with insulin 
and cortisol (5 #g and 1 #g/ml, respectively) and other 
indicated hormones. During the last 2 hr, tissue was 
labeled with [ 14C ] acetate. 

bResults represent the mean (+ SD; n=3) in a 
representative experiment. 
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DISSOCIATED CELLS 

FIG. 2. Synthesis o( MCFA by mammary explants 
and isolated epithelial ~r Mammary explants from 
a 17-day pregnant mouse were cultured in media 
containing insulin and cortisol (I,F; 5 and 1 pg/ml, 
respectively) or insulin, cortisol and ovine prolactin 
(I,F,PRL; 5, 1, and 2 pg/ml, respectively) for 48 hr. 
Intact explants or epithelial cells isolated from ex- 
plants by collagenase treatment were labeled with 
['4C]acetate for 2 hr and then analyzed for MCFA 
synthesis. Results represent the mean (+- SD, n=3) in 
a representative experiment. 
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o f  prolact in regulat ion o f  MCFA synthesis at 
these doses, ra ther  than the regulat ion o f  some 
addit ional  aspect  of  explant  lipid synthesis. 

Of  the o the r  pept ide  ho rmones  tested in this 
paper,  only  high concent ra t ions  of  bovine 
growth ho rmones  increased MCFA synthesis 
(Table II), consistent  with its low activity in 
o ther  bioassay systems (2);  this may  represent  
minor  amounts  o f  contamina t ing  prolact in  in 
this preparat ion.  Other  pept ide  ho rmones  such 
as FSH and calci tonin,  which do no t  belong 
~o the p ro lac t in /growth  h o r m o n e  family, have 
no effect  on this system. The addi t ion  o f  an 
estrogen or  progest in ei ther  alone or  toge ther  
had no effect  upon  MCFA synthesis. These 
data are similar to  o the r  b iochemical  responses 
of  the mouse  mammary  gland to ho rmona l  
st imuli  (5-7). One except ion ,  however ,  is the 
repor ted  inhibi t ion  o f  a- lac ta lbumin act ivi ty in 
mammary  gland explants  exposed to  proges- 
te rone  in addi t ion to insulin, cort isol  and 
prolact in (6). The  lack o f  such an inhibi t ion  o f  
%MCFA synthesis suggests differences in the  
hormona l  control  of  these 2 m a m m a r y  gland 
functions.  

Because o f  the  large ad ipocyte  popu la t ion  in 
mammary  tissue, there are several interpre-  
ta t ions of  an increase in MCFA synthesis by 
explants  af ter  in vi tro ho rmona l  st imulation.  
Fo r  example,  an increase in MCFA synthesis 
could be the result  o f  changes in total  fa t ty  acid 
synthesis by epithelial  cells (due to an increase 
in cell number  or  metabol ic  activity).  A change 
in total  fa t ty  acid synthesis by the epithelial  
cells would  be de tec ted  as an increase in both  
to ta l  MCFA synthesis and %MCFA synthesis o f  
the  explant,  even though the chain length o f  
the fat ty  acids synthesized by the epithelial  
cells had no t  changed. Al ternate ly ,  an increase 
in MCFA synthesis might  ref lect  a change in the  
p ropor t ion  o f  di f ferent  fa t ty  acids synthesized 
by the epithelial  cells. As shown in Figure 2, 
explants  and epithelial  e lements  isolated f rom 
explants  show a similar increase in %MCFA 
synthesis af ter  cul t ivat ion with prolact in .  This 
indicates that  the hormona l  effects  observed 
during organ cul ture reflect,  at least partially, 
changes in the p ropor t ion  of  different  fa t ty  
acids synthesized by the epithelial  ceils. Thus,  
regulat ion o f  MCFA synthesis in mouse  mam- 
mary  tissue apparent ly is similar to that  re- 
por ted  for the rabbit  (10). 

We are cont inuing to s tudy pro lac t in /growth  
h o r m o n e  regulat ion o f  mammary  tissue MCFA 
synthesis. Because of  its sensitivity and speci- 
ficity, this characterist ic also has proven 
useful for evaluating the biological  act ivi ty o f  
prolact in derivatives. It  has proven especially 
useful  for evaluating iodinated  preparations,  
since the assay products  (14C-labeled lipids) 
can be easily separated f rom the iodinated  
material.  
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The Influence of Linoleic Acid Intake 
on Membrane-bound Respiratory Activities 
N.M. ABUIRMEILEH 1 and C.E. ELSON 2, Department of Nutrit ional Sciences, 
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ABSTRACT 

The fatty acid composition of subcellular membranes, like that of depot fats, can be altered by 
dietary manipulation. Most attention has been directed toward the effects of feeding an essential- 
fatty-acid-free diet. We chose to examine some responses generated by the feeding of a dietary fat 
containing a disproportionately high level of an essential fatty acid. Rats were fed diets formulated 
with beef tallow (BT) to provide 4% (P/S, 0.2) or safflower oil (SO) to provide 24% (P/S, 7.6) of total 
energy as linoleic acid. Lipids isolated from hepatic mitochondria of rats fed the SO diet contained, 
in relative terms, 85% more unsaturated bonds. Mitochondria isolated from livers of rats fed either 
diet were tightly coupled. When all aspects of oxidative metabolism examined in this report are 
considered, mitochondria of SO group origin exhibited greater oxidative activities but lower ADP/O 
ratios than did BT mitochondria. Our hypothesis is that the perturbed state of the membrane-bound 
phospholipids initiates a remodeling-response through which an intramitochondria source of ADP is 
generated to support state-3 respiratory activity. 

INTRODUCTION 

The proportions of amino acids in the diet 
of an organism ordinarily deviate from the 
proportions in which they are required by the 
organism. Ingestion of a diet containing dis- 
proportionate amounts of amino acids will not 
commonly result in adverse effects; adverse 
effects from the ingestion of such a diet occur 
only when homeostatic mechanisms are defi- 
cient, defective or artificially overloaded (1). 

The homeostatic mechanism of lipid metab- 
olism apparently is more limited in scope (2); 
overloading may be accomplished within the 
limits of the food supply. The adaptive res- 
ponses to a low-fat diet include increases in the 
hepatic capacity to synthesize saturated and 
monoenoic fatty acids (3) ; the  latter capacity is 
elevated when the diet is deficient in linoleic 
acid (4). Ingestion of linoleic acid effectively 
reduces the hepatic capacities to synthesize 
saturated and monoenoic fatty acids (5,6). The 
influence of dietary components upon the 
composition of depot fat of animals has been 
known for generations (2). More recently, the 
influence of dietary fat components on the 
composition of hepatic subcellular fipids was 
demonstrated (6). The response to dietary fat 
composition is magnified in the fatty acid 
composition of  hepatic mitochondrial phospho- 
lipids (7). 

Occasionally, reports of the influence of 
dietary fat on specific metabolic parameters 
provide data regarding the overall performance 

1Director, Department of Biological Sciences, 
Yarmouk University, Irbid, Jordan. 
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of the experimental animal. In some, (8-12), 
but not all (13) reports, the weight gain and 
feed efficiency of rats (8,9), pigs (10), rumi- 
nants (I I) and fish (12) were higher in groups 
fed the more saturated fat, providing the 
essential fatty acid requirements were satisfied. 

In 1972, we reported that a diet providing 
35% energy as safflower oil (SO), in comparison 
to a similar beef tallow (BT) diet, significantly 
increased the cytochrome aa3 concentration 
and cytochrome c oxidase activity in avian 
hepatic mitochondria (14). The activities of 
succinic dehydrogenase and mitochondrial 
phosphoenolpyruvate carboxykinase were ele- 
vated in the hens fed the beef tallow diet. 

The safflower oil diet supported lower weight 
gains. These observations suggested that the 
efficiency of  oxidative activity was reduced 
subsequent to structural perturbations of the 
mitochondrial membrane introduced by the 
altered fatty acid composition of  its constituent 
lipids. Initial studies of the effect of dietary 
lipids on activities in avian hepatic mitochon- 
dria were not pursued because of our failure to 
isolate these mitochondria in satisfactory 
respiratory control. In the following report, we 
describe the effects of these diets on energy 
metabolism in rats. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats (210.5 + 3.0 g) 
obtained from ARS-Sprague Dawley (Madison, 
WI) were housed individually in mesh-bottomed 
cages at the Animal Care Unit of the University 
of  Wisconsin Medical School. Palatable diets 
with the capacity to bind up to 20% oil were 
formulated from the ingredients shown in Table 
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TABLE I 

Composition of Experimental Diets 
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Fat supplement 

Ingredient Beef tallow Safflower oil 

Ground yellow corn 495 470 
Wheat middlings (standard) 75 100 
Alfalfa meal 50 50 
Soybean meal 225 225 
Salt-vitamin mixa, b 55 55 
Fat supplement c 100 100 
Metabolizable energy (Kcal/g) 3.1 3.1 
Protein (weight %) 16.4 16.6 
Total fat (g/kg) ~ 120 119 
Total vitamin EO, e 45.1 89.8 
Linoleic acid (g ]kg) 14.6 86.6 
a-Tocopherol:linoleic acid (mg/g) f 3.1 1.0 

Sources of energy (%) 
Protein 20 20 
Carbohydrate 45 45 
Fat 35 35 

aSalt-vitamin mix: dicalcium phosphate, 10 g; iodized salt, 5 g; calcium carbonate, 40 g; 
manganese oxide, 0.12 g; vitamin A, 10,000 IU/g, 2.20 g; vitamin De, 8800 IU/,g, 0.84 g; 
vitamin E, 44 IU/g,  0.3 g; riboflavin, 0.55 g; vitamin Bt2 , 0.44 g; and Santaquin ~ 0.11 g. 
bRegistered trademark of the Monsanto Chemical Company (6-ethoxy-l,2-dihydro-2,2,4- 
trimethyl-quinoline). CEach fat supplement contained 0.03% vitamin E acetate which was a 
gift of Hoffman-LaRoche Inc., Nutley, NJ. dyeuow corn, number 2,22 IU/kg; wheat 
middlings, standard, 21.3 IU/kg; alfalfa meal, 17% protein, 124.3 IU/kg (source, see t e l  
15); safflower oil, 89 mg; total tocopherol (51.5% a toeopherol) 100 g (source, see ref. 
17). eThe requirement for vitamin E in diets containing up to 5% polyunsaturated acid is 
30 mg/kg diet (18). fTbe requirement for vitamin E increases when the intake of poly- 
unsaturated fatty acid increases but not with a linear relationship. The ratio calculated 
for the satisfactory human diet is 0.43; for rats, 0.2 when the diet contains 5% polyun- 
saturated fatty acid (19,20). 

I. The  16.4% p ro t e i n  d ie t  e m p l o y e d  for  this  
e x p e r i m e n t  p rov ided  20, 35 and  45% of  energy  
in take  as p ro te in ,  fat and  ca rbohydra t e ,  respec- 
t ively at an  energy dens i ty  o f  3.1 Kcal/g. Edib le  
beef  ta l low (BT) (a gift f r om Oscar  Mayer  and  
Company ,  Madison,  WI) or  saff lower  oil (SO) 
(purchased  f rom Pacific Vegetab le  Oil In te r -  
na t iona l  Inc.,  R i c h m o n d ,  CA), was added to the  
d ie t ;  t h e  diets  as f o r m u l a t e d  p rov ided  4 or 24% 
of  energy as l inoleic acid. T he  diets  and  wa te r  
were given ad l i b i t um  for  a pe r iod  of  3-4 weeks. 
The  rats  were ki l led by  decap i t a t ion ,  the  livers 
were immed ia t e ly  removed ,  washed in a chil led 
m e d i u m  of  40  mM Tris-HC1, pH 7.4,  250 mM 
sucrose and 1 mM E G T A  and  t h e n  homoge-  
nized in 8 vol  of  m e d i u m  wi th  a P o t t e r  Elveh- 
j e m - t y p e  homogen ize r .  

Mi tochond r i a  were p repa red  b y  d i f fe ren t ia l  
cen t r i fuga t ion  accord ing  to the  Schne ide r  
m e t h o d  (21)  mod i f i ed  by  the  use of  t he  medi-  
u m  jus t  described.  Excep t  w h e n  requi red  by  
assay condi t ions ,  t he  m i t o c h o n d r i a  were held  at  
ice t empera tu re .  

Methy l  esters  of  the  fa t ty  acids in the  
ex t rac t s  of  the  m i t o c h o n d r i a l  l ipids (22)  and  
the  d ie ta ry  fa ts  were p repa red  by  the  Metca l f  et  

al. m e t h o d  (23).  Gas l iquid c h r o m a t o g r a p h i c  
analyses o f  the  f a t ty  acid m e t h y l  esters  were 
done  on  a 0 .32 x 183 cm glass U-co lumn  
packed  wi th  6% d ie thy lene  g lycolsuccinate  
po lyes te r  on  C h r o m o s o r b  W (60-80  mesh) .  The  
i n s t rumen t ,  equ ipped  wi th  a h y d r o g e n  f lame 
ion iza t ion  de tec to r ,  was ope ra t ed  i so the rmal ly  
at 165 C. The  m e t h y l  esters  were iden t i f i ed  b y  
compar ing  the i r  r e t e n t i o n  t imes  wi th  those  of  
s tandards .  Q u a n t i t a t i o n  was done  by  t r iangu-  
la t ion.  

The  oxygen  c o n s u m p t i o n  by  isola ted mi to -  
chondr i a  was measu red  po la rograph ica l ly  wi th  a 
Clarke o x y g e n  e lec t rode  as descr ibed  by  Esta-  
b r o o k  (24) .  An  a l iquo t  of  m i t o c h o n d r i a  (2 mg  
p ro te in )  was added  to the  oxygen  buf fe r  
cons is t ing  of  20 mM KC1, 225 mM sucrose, 10 
mM KH2PO4,  5 mM MgC12 and 20 mM tri- 
e t h a n o l a m i n e  HC1, pH 7.4. Sta te-4  resp i ra t ion  
was d e t e r m i n e d  fo l lowing the  add i t i on  of  6 
/amol succinate  and  state-3 resp i ra t ion  fo l lowing 
the  add i t i on  of  0.6 /amol ADP. The  to ta l  vol  
was 1.0 ml, the  oxygen  c o n c e n t r a t i o n  at  the  
t ime  of  t he  succ ina te  add i t i on  was 0.24 mM 
and t he  t e m p e r a t u r e  was m a i n t a i n e d  at 26 C. 
Ra t ios  o f  r esp i ra to ry  con t ro l  and  [ADP]  : [0]  
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were calculated from these tracings of oxygen 
consumption. 

Cytochrome oxidase activity in frozen and 
thawed mitochondrial  preparations was mea- 
sured as described by Wharton and Tzagoloff 
(25). Mitochondrial succinate dehydrogenase, 
total  and endogenous ATPase, adenine nucleo- 
tide translocase and [ 32P i ]  A T P  exchange 
activities were determined by the respective 
methods of Nachbaur et al. (26); Lardy and 
WeUman (27); Klingenberg and Pfaff (28) and 
Boyer et al. (29). Mitochondrial phospholipase 
A activity was measured following the Waite 
and vanDeenen method (30), except that 
l iberated fat ty acids were determined photo-  
metricaUy (31). Inorganic phosphorous, ADP 
and ATP concentrations were determined 
according to the methods of  Sumner (32), 
Lamprecht  and Trautschold (33) and Adams 
(34). Mitochondrial protein was determined by 
the biuret reaction as adapted by Gornall et al. 
(35) with bovine serum albumin serving as the 
standard. 

For  a companion trial, male Sprague-Dawley 
rats (127.9 + 5.5 g) were fed only between the 
"dark hours,"  1700-0600, so that  daily food 
intakes could be recorded. Livers and hearts 
were excised and weighed following slaughter. 
Thio barbituric acid numbers were determined 
as a measure of lipid peroxidat ion (36). 

The basic components  of  the diet were 
purchased from the Poultry Research Labor- 
atory, University of Wisconsin. The acyl CoA 
thioesters and [~Pi]  were purchased from P 
and L Biochemicals, Milwaukee, WI, and New 
England Nuclear, Boston, MA. 

The remaining materials required for the 
analyses, lactate dehydrogenase, pyruvate kin- 
ase, glucose-6-phosphate dehydrogenase, hexo- 
kinase, cytochrome c, phenazine methosulfate, 
succinate, phosphoenolpyruvate,  adenosine di- 
phosphate,  adenosine tr iphosphate,  nicotin- 
amide adenine dinucleotide (reduced) nicotin- 
amide adenine dinucleotide phosphate (oxi- 
dized) and 2-thiobarbituric acid were supplied 

by Sigma Chemical Company, St. Louis, MO, 
and 1,1,3,3-tetraethoxypropane by Eastman 
Organic Chemicals, Rochester, NY. 

RESULTS A N D  DISCUSSION 

Fat ty  acid patterns of  lipids extracted from 
rat hepatic mitochondria reflect the fatty acid 
pattern of the fat in the diet (Table II). When 
BT containing 3.4% linoleic acid was fed, the 
mitochondrial  tipids contained 9.3% linoleic 
acid and 8.1% arachidonic acid. Linoleic and 
arachidonic acids were increased to 46.4 and 
16.1% when SO, 76.3% in linoleic acid, was fed 
(Table II). The ratio of arachidonic acid to 
linoleic acid in mitochondrial  lipids was about 1 
when BT was fed; the ratio decreased to 0.35 
when SO was in the ration. In relative terms, 
the lipids extracted from the hepatic mito- 
chondria of  rats fed the SO diet contained 85% 
more unsaturation than did the lipids extracted 
from livers of rats fed the BT diet. 

The phospholipids, the major port ion of 
mitochondrial  lipids, exhibit the preferential 
incorporat ion of unsaturated fat ty acids at the 
2-position and saturated fat ty acids at the 
1-position. Thus, it was of  interest to determine 
whether the perturbat ion in fat ty acid compo- 
sition of the membrane lipids by the highly 
unsaturated dietary fat might affect the activity 
of  phospholipase A. This activity appeared to 
be increased by ca. 20% (NS) when the SO diet 
was fed (Table III). In related studies, phospho- 
lipase A activities in hepatic mitochondria of  
chicks (n=5) and guinea pigs (n=3) were in- 
creased 58% (8.4 + 1.2 and 13.3 + 1.6, nmol 
FFA/mg protein/rain P < 0.01) and 24% 
(14.6 + 1.2 and 18.1 + 1.0 nmol FFA/mg 
protein/min,  P < 0.05), respectively, when SO 
replaced BT in the diet. 

Representative polarographic recordings of 
succinate-supported oxygen consumption by 
hepatic mitochondria from the 2 groups of  rats 
appear in Figure 1. The respiratory control  
ratio calculated for rats fed the BT diet was 

T A B L E  II  

F a t t y  Acid  Pa t t e rns  De te rmined  by  Gas Liquid  C h r o m a t o g r a p h y  

Fat  source  M i t o c h o n d r i a l  l ip ids  

Beef  t a l l o w  Saf f lower  oil  Beef  t a l l ow  Saf f lower  oil 

Pa lmi t i c  acid 
Pa lmi to le ic  acid 
Stear ic  acid 
Oleic acid 
Linole ic  acid 
A r a c h i d o n i c  acid 

26.9 7.1 2 2 . 8 •  1 4 . 1 •  
4 .9  -- 5 . 2 •  -- 

23.1 3.1 1 6 . 5 •  1 2 . 1 •  
41 .8  14.4 3 7 . 5 •  1 1 . 3 •  

3.4 76.3 9 . 3 •  4 6 . 4 •  
8 . 1 •  1 6 . 1 •  
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5.44; that of rats fed the SO diet was 4.39 
(chicks (BT), 2.60 -+ 0.20; chicks (SO), 2.00 + 
0.25; guinea pigs (BT) 8.27 + 0.73; guinea 
pigs (SO), 5.75 + 0.75 (P < 0.01)). Although 
the ratios are not significantly different, the 
values are consistent with greater state-4 
respiratory activity in mitochondria of the SO 
diet group (Fig. 1). The rate of oxygen con- 
sumption during succinate-supported state-3 
respiration was ca. 25% (NS) greater in mito- 
chondria of the SO-diet group (Table III). 
Mitochondria from guinea pigs fed the SO diet 
exhibited rates of oxygen uptake 55% (P < 
0.05) greater than those from animals fed the 
BT diet (29.2 + 3.6 and 45.4 + 2.6 nmol O2/mg 
protein/min). When succinate oxidation was 
coupled with PMS rather than the electron 
transport chain, mitochondria from chicks fed 
the BT-diet exhibited an activity 36% (P < 
0.05) higher than that present in chicks fed the 
SO diet (4.00 -+ 0.53 and 2.95 + 0.38 A units/ 
mg protein/min). These results suggest that the 
effect of the dietary fat is exerted at a point 
between the enzyme and the terminal acceptor. 
Cytochrome c oxidase activity was 28% (P < 
0.025) higher in mitochondria from rats (Table 
III) and 55% (P < 0.01) higher in mitochondria 
from chicks fed the SO diet (10.60 + 14.04 and 
1640 + 120 nmol reduced cytochrome oxi- 
dized/mg protein/min. The ADP/O ratio was 
14% higher (P < 0.05) in rats fed the BT diet 
(Table III). Adenine nucleotide translocase 
activity was slightly higher (8%, P < 0.05) in 

t ~. \ ,  BT 

�9 .~hne~ I~- \i ~ SO 

FIG. 1. Representative polarographic recordings of 
succinate-supported oxygen consumption by hepatic 
mitochondria from rats fed diets containing safflower 
oil (SO) or beef tallow (BT). Experimental details are 
given in Materials and Methods. 

the mitochondrial membranes isolated from 
rats fed the BT diet (Table III). The trans- 
location of adenine nucleotides across the inner 
mitochondrial membrane constitutes a key role 
in energy-linked respiration. Because of this 
central role, any natural inhibitor could serve as 
a potential physiological regulator of mito- 
chondrial oxidative "metabolism. Fatty acyl 
CoA thioesters compete with adenine nucleo- 
tides for binding sites on the adenine nucteotide 
translocator (37). The degree of inhibition 
exerted by a specific long chain fatty acyl CoA 
thioester is a function of its chain length and 
degree of unsaturation (38). Adenine nucleo- 
tide translocase activity was inhibited 50% by 5 
/aM lauroyl CoA, 83% by 5 /aM myristoyl CoA, 
92% by 5 /aM palmitoyl CoA, 85% by 5 /aM 
stearoyl CoA and 36% by 5 /aM oleoyl CoA. 
The dietary fat had no influence on these 
activities. The influence of the diet appeared 
when linoleoyl CoA was tested. This thioester 
was more inhibitory for the activity in mito- 
chondria from the SO group. For these mito- 
chondria, the activity was inhibited 5 + 1.0, 9 + 
2.6 and 70 + 5.4% by 5, 10 and 60/aM linoleoyl 
CoA. On the other hand, the activity in BT 
mitochondria was not inhibited (+3 -+ 0.8 and 
+2 + 0.5%) by 5 and 10/aM linoleoyl CoA and 
at 60 /aM, the inhibition was 47 +_ 4.0%. Each 
value represents 9 assays of the ATP-[32P] - 
exchange reaction. At physiological concen- 
trations of the acyl CoA thioesters, the adenine 
nucleotide translocase activities of BT and SO 
mitochondria were similarly inhibited. These 
data and the observation that total translocase 
activity was slightly higher (8%) in BT mito- 
chondria indicate that the membrane of the SO 
mitochondria remained intact. Shown in Table 
IV are results obtained following the com- 
panion trial during which daily diet intakes 
were recorded. These data indicate that effi- 
ciency (g weight gain/g diet consumed) was 
marginally greater in the rats fed the BT diet. 
Whether or not the SO reduced metabolic 
efficiency cannot be assessed since body 
compositions were not analyzed. The BT diet 
promoted greater carcass growth, the result of 
either fat accumulation or lean tissue growth 
(or both). 

Respiratory functions of cardiac mito- 
chondria are influenced by dietary erucic and 
elaidic acids (39-41). Diets rich in erucic acids 
alter mitochondrial structural-functional organ- 
ization to the extent that energetic efficiency is 
impaired. Linoleic acid, unlike erucic acid, is a 
necessary component of membrane phospho- 
lipids. A major consideration when a diet high 
in linoleic acid is fed is the possibility that 
responses attributed to the accumulation of 
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TABLE IV 

Weight Gain, Diet Consumption, Organ Weight and TBA Values 
of Rats Fed BT or SO Diets for 30 Days 

923 

Diet 

BT SO 

5 5" t 

Diet consumed (g) 516 • 45.3 
Weight gain (g) 135.1 -+ 9.23 
Organ weight (g) 

Liver 7.03 -+ 0.870 
Heart 0.83 -+ 0.054 

Organ (% body weight) 
Liver 2.674 • 0.067 
Heart 0.316 • 0.002 

Thiobarbituric acid number a 
Liver 4.01 -+ 0.85 
Heart 1.90 -+ 0.76 

510 • 45.0 0.09 
121.0 • 4.77 1.45 

7.60 • 0.544 0.55 
0.94 • 0.077 0.64 

3.041 • 0.125 2.76 b 
0.378+- 0.009 6.74 c 

3.83 • 0.33 0:20 
0.54 + 0.13 1.77 

aMg 1,1,3,3-tetraethoxypropane/kg tissue. 
bp < 0.025. 
cp < 0.001. 

linoleic acid in the membrane are, in reality, 
responses to a functional vitamin E deficiency. 
The SO diet  provided 89.8 mg vi tamin E/kg, a 
quan t i ty  3-fold the  requ i rements  es tabl ished for 
the  rat. The ratio of  a - t ocophe ro l  to  l inoleic 
acid in this diet was 1, a value suggestive of  at 
least a 2-fold safety factor.  Addi t ional ly ,  an 
ant• Santaquin ,  was added to  the diet. 
The TBA n u m b e r  for  livers and hear ts  o f  rats 
f rom each diet  group appear  in Table IV. These 
data indicate  tha t  the level o f  ant•  in 
the  SO diet was suff icient  to  prevent  peroxi-  
dative damage. 

The higher  rates of  oxygen c o n s u m p t i o n  
(NS) and c y t o c h r o m e  oxidase activity (P < 
0.025) and the lower  respira tory  con t ro l  ratio 
(NS) coupled  with the lower  ADP/O ratio 
(P < 0.025) associated wi th  the  SO mito-  
chondr ia  imply tha t  these  m i t o c h o n d r i a  have an 
internal  source o f  ADP which  canno t  be t raced  
to  a d i f ference  in MG++-activated ATPase 
activities (Table III). We propose  tha t  the 
source of  ADP can be t raced  to  the  higher  
phosphol ipase  A activities in m i t o c h o n d r i a  of  
rats (NS), chicks (P < 0.01) and guinea pigs (P 
< 0.05) which were fed the  SO diet. The fa t ty  
acid profi les  o f  the  mi tochondr ia l  l ipids (e.g., 
rats, Table II) exhibi t  d i sp ropor t iona te  quant i-  
t ies o f  unsa tura ted  fa t ty  acids. The  pertur-  
ba t ion  of  the  fa t ty  acid c o m p o n e n t  of  the  
m e m b r a n e  phospho l ip ids  requires remodel ing  
which under l ies  the  in i t ia t ion of  a correct ive 
phosphol ipase  activity. The act ivat ion of  
i n t r ami tochondr i a l  free fa t ty  acids preceding  
/3-oxidation or es ter i f ica t ion o f  the  m e m b r a n e  
lysophospha t ide  requires  GTP, the regenera t ion  

of which requires an ATP expenditure. The 
data shown in Table III are consistent with this 
suggested action. 

ACKNOWLEDGMENT 

We appreciate the helpful discussion of Dr. Earl 
Shrago, Department of Nutritional Sciences, Univer- 
sity of Wisconsin, Madison, WI. 

This work was supported in part by the College of 
Agricultural and Life Sciences, University of Wiscon- 
sin, Madison and by USPHS Grants GM-14033 and 
Am-15893. 

REFERENCES 

I. Harper, A.L., N.J. Benevenga and R.M. Wohl- 
hueter, Physiol. Rev. 50:428 (1970). 

2. Holman, R.T., Fed. Proc. 23:1062 (1964). 
3. Allman, D.W., D.D. Hubbard and D.M. Gibson, 

J. Lipid Res. 6:63 (1965). 
4. Allman, D.W., and D.M. Gibson, I. Lipid Res. 

6:51 (1965). 
S. Wiegand, R.D., G.A. Rao and R. Reiser, J. Nutr. 

103:1414 (1973). 
6. Witting, L.A., C.C. Hanson, B. Century and 

M.K. Horwitt, J. Lipid Res. 2:412 (1961). 
7. Rahm, J.J., and R.T. Holman, J. Lipid Res. 

5:169 (1964). 
8. Tepperman, H.M., and J.J. Tepperman, Am. 

J. Physiol. 209:773 (1965). 
9. Pudelkewicz, C., J. Seufert and R.T. Holman, 

J. Nutr. 94:138 (1968). 
10. Asplund, J.M., R.H. Grummer and P.H. Phillips, 

J. Anita. Sci. 19:709 (1960). 
11. Stewart, J.W., K.D. Wiggers, N.L. Jacobson and 

P.J. Berger, J. Nutr. 108:561 (1978). 
12. Hy, T.C., and R.O. Sinnhuber, Lipids 10:63 

(1975). 
13. Waterman, R.A., D.R. Romsos, A.C. Tsai, E.R. 

Miller and G.A. Leveille, Proc. Soc. Exp. Biol. 
Med. 150:347 (1975). 

14. Elson, C.E., V. Schuett and M. Brooks, Fed. 

LIPIDS, VOL. 15, NO. 11 



924 N.M. ABUIRMEILEH AND C.E. ELSON 

Prec. 72 :2890 (1972). 
15. O.lentine, G.G., Jr., "Feeds  and Nutr i t ion,"  1st 

Edition, Ensiminger Publishing Co., Clovis, CA, 
1978. 

16. Deuel, H.J., Jr., in "The  Lipids, Their Chemistry 
and Biochemistry ,"  interscienee Publishers Inc., 
New York, 1951, p. 798. 

17. Weiss, E.A., in "Sesame and Safflower," Barns 
and Noble Inc., New York, 1971, p. 731. 

18. Nutr ient  Requirements  of  Domestic Animals,  
3rd Edition, no. 10, NRC-NAS, National Acad- 
emy of  Sciences, Washington, DC, 1978. 

19. Recommended Dietary Allowances, 5th Edition, 
NRC-NAS, National Academy of  Sciences, 
Washington, DC, 1980. 

20. Evarts, R.P., J. Am.  Diet. Assoc. 62:147 (1973). 
21. Schneider, W.C., J. Biol. Chem. 176:259 (1948). 
22. Folch, J., M. Lees and G.H. Sloane-Stanley, 

J. Biol. Chem. 226:497 (1957). 
23. Metcalf, L.C., A.A. Schmitz and J.R. Polka, 

Anal. Chem. 38:514 (1966). 
24. Estabrook, R.W., Methods Enzymol.  10:41 

(1967). 
25. Wharton,  D.C., and A. Tzagoloff, Methods 

Enzymol.  10:245 (1967). 
26. Nachbaur,  J., and P.M. Vignais, Biochem. Bin- 

phys.  Res. Commun .  33:315 (1968). 
27. Lardy, H.A., and H. Wellman, J. Biol. Chem. 

195:215 (1952). 
28. Klingenberg, M., and E. Pfaff, Bioehem. Soc. 

Symp.  27:105 (1967). 

29. Boyer, P.D., W.W. Luchsinger and A.B. Falcone, 
J. Biol. Chem. 223~405 (1956). 

30. Waite, M., and LL.M, vanDeenen, Biochim. 
Biophys. Acta 137:498 (1967). 

31. Mosinger, J., J. Lipid Res. 6:157 (1965). 
32. Sumner,  J.B., Science 100:413 (1944). 
33. Lampreeht ,  W., and I. Trautschold,  in "Methods  

in Enzymat ic  Analysis ,"  edited by H. Bergmeyer, 
Academic Press, New York, 1963, p. 543. 

34. Adams,  H.M., in "Methods  in Enzymat ic  Analy- 
sis," edited by H. Bergmeyer, Academic Press, 
New York, 1963, p. 573. 

35. Gornall, A.G., C.J. Bardawell and M.M. David, 
J. Biol. Chem. 177:751 (1949). 

36. Mehlenbacker,  V.C., in "Standard  Methods o f  
Chemical Analysis ,"  Vol. 3, 6th Edition, edited 
by F.J. Weleher, Van Nostrand,  Now York, 
1966, p. 1059. 

37. Lerner, E.G., A.L. Shug, C.E. Elson and E.S. 
Shrago, J. Biol, Chem. 247:1513 (1972). 

38. Shrago, E.S., A.L. S h u g ,  C.E. Elson, T. Spen- 
net ta  and C. Crosby, J. Biol. Chem. 249:5269 
(1974). 

39. Hsu, C.M.L., and F. Kummerow,  Lipids 12:486 
(1977). 

40. Clandinin, M.T., J. Nutr.  108:273 (1978). 
41. Renner,  R., S.M. Innis and M.T. Clandinin, 

J. Nutr.  109:378 (1979). 

[Received February 25, 1980] 

LIPIDS, VOL. 15, NO. 11 



The Influence of Linoleic Acid Intake 
on Electron Transport System Components 
N.M. ABUIRMEILEH ] and C.E. ELSON 2, Department of Nutritional Sciences, 
University of Wisconsin, Madison, WI 53706 

ABSTRACT 

Groups of young rats were fed a basal diet with beef tallow (BT) or corn oil (CO) added to provide 
4 or 19% energy as linoleic acid. Mitochondria isolated from the livers of the rats fed the CO contained 
a significantly lower concentration of b-type cytochrome and significantly higher concentrations of 
cytochromes c, c 1 and aa 3 . Cytochrome c oxidase activity also was elevated. The spectral character- 
istics of the b-type cytochrome varied between the 2 groups. The mitochondria from the rats fed CO 
contained relatively more of the cytochrome b-558 component whereas mitochondria from the BT 
group contained more of the cytochrome b-562 component. The classical antimycin A inhibition of 
electron transport between cytochromes b and cl was partially bypassed in mitochondria with the 
more fluid membrane. The activation energy for cytochrome c oxidase in mitochondria from this 
group was significantly higher. These differences may be traced to the physical characteristics of the 
inner mitochondrial membrane. 

INTRODUCTION 

The nature and extent of the hydrophobic 
bonding between phospholipids and protein in a 
lipoprotein complex determines its physical 
stability and the orientation of the constituent 
protein molecules (1). Of the cellular phospho- 
lipids, the phospholipids located in the hepatic 
mitochondrlal membrane are most sensitive to 
the influence of  dietary fats (2). When essential 
fatty acids are replaced by nonessential fatty 
acids, the mole percentage of  unsaturated fatty 
acids in subcellular particles of  rat liver remains 
fairly constant due to increased 16:1, 18:1 and 
20:3609 synthesis, but the double bond indices 
fall (3). Changes in the physical state of the 
membrane lipids then contribute to the devel- 
opment of the symptoms of deficiency. The 
adaptive lipogenic responses to fat-free and 
essential fatty acid-free diets might be con- 
sidered a futile homeostatic effort to maintain 
the substrate supply required for membrane 
maintenance. 

Ingestion of diets rich in fat (4), particularly 
in linoleate (5,6), markedly inhibits fatty acid 
synthesis. A dietary fat patterned after current 
dietary guidelines would effectively limit the 
supply of substrates for phospholipid synthesis 
to those acyl moieties present in the diet. A 
diet high in linoleic acid, therefore, would 
increase the double bond index of the mito- 
chondrial membrane lipids. 

We recently examined respiratory activities 
in hepatic mitochondrla taken from rats fed 4 
or 24% energy as linoleic acid (7). 

1Director, Department of Biological Sciences, 
Yarmouk University, Irbid, Jordan. 

2To whom correspondence should be addressed, 
at 1300 Linden Drive, Madison, WI 53706. 

Although cytochrome oxidase activity was 
significantly higher under the 24% linoleic acid 
dietary conditions, the ADP:O (P:O) ratio in 
response to succinate was significantly lower. 
These results suggested to us that an excess as 
well as a deficiency of dietary linoleic acid 
causes a perturbation of the mitochondrial 
membrane leading to a disturbance of energy 
utilization. In the following report, a diet 
providing 19% energy as linoleic acid is shown 
to markedly increase cytochrome oxidase 
activity and to alter the concentrations of the 
other components of  the electron transport 
system. The permeability of the inner mito- 
chondrlal membrane and the kinetic properties 
of  a membrane-bound oxidative enzyme are 
shown to vary from those observed in mito- 
chondria taken from rats fed a 4% linoleate 
diet. 

MATER IALS AND METHODS 

Male Sprague-Dawley rats (218 + 6.0 g) 
purchased from ARS-Sprague-Dawley (Madi- 
son, WI) were housed individually in mesh- 
bot tomed cages at the Animal Care Unit of the 
University of Wisconsin Medical School. Palat- 
able diets formulated according to Abuirmelieh 
and Elson (7) provided 35% energy as fat, 45% 
as carbohydrate and 20% as protein as a density 
of 3.1 Kcal/g. Edible beef tallow (BT) (a gift 
from Oscar Mayer and Company, Madison WI) 
or corn oil (CO) was added to the diet; the 
diets as formulated provided 4 or 19% of energy 
as linoleic acid. Each fat contained 0.03% 
vitamin E acetate (a gift from Hoffman-LaRoche 
Inc., Nutley, N J). Diet and water were given 
ad libitum for 3 weeks. During the fourth week, 
the rats were decapitated and the livers were 

925 



926 N.M. ABUIRMEILEH AND C.E. ELSON 

immediately excised, washed in a chilled 
medium of 40 mM Tris-HC1, pH 7.4, 250 mM 
sucrose and 1 mM EGTA and then homoge- 
nized in 8 vol of the medium with a Potter- 
Elvehjem-type homogenizer. The mitochondria, 
prepared by differential centrifugation accord- 
ing to Schneider (8), were held at ice temper- 
ature. Mitochondrial oxidative activities in 
response to specific substrates were determined 
polargraphically as described by Estabrook (9). 
An aliquot of mitochondria (2 mg protein) was 
added to the chamber of a Clarke oxygen 
electrode which contained 1 ml buffer (20 mM 
KC1, 225 mM sucrose, 10 mM KH2PO4, 5 mM 
MgC12 and 20 mM triethanolamine HC1, pH 
7.4). Palmitoyl carnitine (1-10 nmol) was added 
to establish state-4 respiration; then 0.6 /lmol 
ADP was added to establish state-3 respiration. 
The oxygen concentration in the medium at the 
time of substrate addition was 0.24 mM and the 
temperature of the chamber was maintained at 
26 C. The data, nmol O2/min/mg protein, were 
plotted as double reciprocals with the palmitoyl 
carnitine concentration. 

Cytochrome c oxidase activity of frozen and 
thawed mitochondrial preparations was mea- 
sured over a temperature range of 5 and 38 C as 
described by Wharton and Tzagoloff (10). 
The logs of the specific activity (nmol reduced 
cytochrome c oxidized/min/mg protein) were 
expressed as Arrhenius plots. 

The swelling properties of the mitochondria, 
measured by the initial rate of decrease in 
absorbance at 520 m/l at 25 C after the addi- 
tion of 10 mM glutathione, were examined 
as described by Haeffner and Privett (11). 

Difference spectra of fresh ~nitochondrial 
preparations were plotted at room temperature 
and at liquid nitrogen temperature (low temper- 
ature) using a split-beam recording spectro- 
photometer. Sodium hydrosulfite, succinate, 
oleoyl carnitine and oleoyl CoA plus carnitine 
served as the reducing agents. Potassium ferri- 
cyanide or bubbled oxygen was the oxidizing 
agent. Protein and substrate concentrations and 
specific electron transport inhibitors are listed 
with the results. The concentrations of the 
individual cytochromes were estimated accord- 
ing to the Williams method (12) which was 
modified by Williams (13) to incorporate the 
extinction coefficient for cytochromes aaa, as 
proposed by VanGelder and Slater (14,15), and 
cytochrome c, as proposed by Vanneste (16). 

Mitochondrial protein concentrations were 
determined by the biuret reaction as adapted 
by GornaU et al. (17) with bovine serum 
albumin serving as the standard. 

Methyl esters of the fatty acids in the 
extracts of mitochondrial lipids (18) and the 

dietary fats were prepared according to the 
method described by Metcalf et al. (19). 
Gas liquid chromatographic analysis of the 
fatty acid methyl esters was performed at 165 
C on a 0.32 • 183 cm glass U-column packed 
with 6% diethylene glycol succinate on Chro- 
mosorb W (60-80 mesh). The individual methyl 
esters were identified using retention times of 
methyl esters in NIH mixture D and quanti- 
tation was done by triangulation. Materials and 
the TBA method were given in the companion 
report (7). 

R ESU LTS 

The fatty acid patterns of the mitochondrial 
lipids reflect the respective patterns of the 
dietary fats (Table I). Unsaturated fatty acids in 
each of the  lipid extracts account for 60% of 
the total fatty acids. The distribution of unsatu- 
rated fatty acids, however, varies considerably 
because monoenes account for 70% of the 
unsaturated fatty acids in mitochondrial lipids 
of the BT group but only 22% in the CO group. 
Although the relative proportions of arachi- 
donic acid and its precursor, linoleic acid, were 
2.5-fold higher in the CO group, a 1:1 ratio 
between the 2 acids was found in each group. 
Mitochondria from the rats fed the CO diet 
exhibited a 2.5-fold greater initial rate of 
swelling than did the BT mitochondria when 
exposed to 10 mM glutathione (1.5 and 0.6 A/g 
protein min). When the EGTA was omitted 
from the medium, the initial rate of swelling 
was 20-fold greater for the CO mitochondria. 

Shown in Figure 1 are representative differ- 
ence spectra (chemically reduced-chemically 
oxidized) at room temperature and low tem- 
perature of the cytochrome components of 
mitochondria. At room temperature, the 
difference spectrum of the BT mitochondria 
reveals a prominent cytochrome b component,  
the shoulder appearing at 562 m/~. The cyto- 
chrome ccl and aa3 components appear at 552 
and 604 m#, respectively. The CO mitochon- 
dria exhibit a less marked cytochrome b com- 
ponent. At low temperature, the cytochrome b 
is separated from the cytochrome ccl.  The 
cytochrome b absorption maxima is shifted to 
555 m/~ and the cytochrome ccl maxima to 
548 m/~. The difference spectrum of the BT 
mitochondria cytochromes shows a greater 
absorption at 555 m/~ than at 548 m#. The 
reverse relationship is noted in the difference 
spectrum of the CO mitochondria. 

Estimates of the concentrations of the 
individual cytochromes appear in Table II. For 
comparison, values recorded by Williams (13) 
also are shown. While mitochondria from the 
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TABLE I 

Fatty Acid Profiles of Dietary Fats and of Lipids Extracted from 
Hepatic Mitochondria of Rats Fed the Respective Fats: 

Vitamin E Content of Diets and Tissue TBA Values 

Dietary fat Dietary group 

Fatty acid Beef tallow Corn oil Beef tallow Corn oil 

16:0 a 26.9 12.5 
16:1 4.9 
18:0 23.1 2.5 
18:1 41.8 30.0 
18:2 3.4 54.0 
20:4 

c~-Tocopherol :linoleic acid 
Vitamin E, total (rag) 45.1 89.8 c 
Linoleic acid (g/kg) 14.6 64.6 
Ratio 3.1 1.1 

Thiobarbituric acid number d 
Liver 
Heart 

22.8 -+ 0.1 b 21.5 + 0.9 
5.2 -+ 0.2 3.2 + 1.5 

16.5 • 0.3 20.2 + 0.9 
37.5 -+ 0.9 9.9 + 0.3 

9.3 -+ 0.5 23.2 + 0.8 
8.1 • 0.5 22.0 + 0.5 

2.92 -+ 0.53 b 3.28 -+ 0.30 
1.68 -+ 0.68 2.00 + 1.15 

aFatty acids are designated by carbon number and number of double bonds. 
bSEM, n = 8. 
CReference 7 and corn oil, 102 mg total; 12.6 mg u- and 89.4 mg ",/-tocopherol]100 g (3,-tocopherol potency, 

0.1 ct tocopherol). See ref. 20. 
dMg of 1,1,3,3-tetraethoxypropane/kg tissue. 

BT group con ta in  m o r e  of  the  c y t o c h r o m e  b 
c o m p o n e n t  (P < 0.01), m i t o c h o n d r i a  f rom the  
CO group con ta in  more  o f  the  Cl, c and aa a 
c o m p o n e n t s  of  the  e lec t ron  t ranspor t  chain (P 
< 0.05). Rat ios  of  the  molar  concen t r a t ions  of  
c y t o c h r o m e s  b, Cl and c to  the  concen t r a t i on  
of  c y t o c h r o m e  aa3 also are shown  in Table II. 
The ratios indicate  tha t  the relative concen-  
t ra t ion  of  c y t o c h r o m e  b is indeed  lower  in 
mi tochondr i a  o f  the  group fed the  corn oil. 
This relative decrease in the c y t o c h r o m e  b 
c o m p o n e n t  was observed also when  succinate  
or o leoyl  carni t ine served as the  reduc ing  agent 
and bubb led  oxygen  as the  oxidizing agent.  

There  is evidence for  the  exis tence  of  2 
dis t inct  species of  b- type  c y t o c h r o m e s  in rat 
liver m i t o c h o n d r i a  based on measu remen t  
o f  the  m i d p o i n t  ox ida t ion - reduc t ion  po ten t ia l s  
(Em).  One of  the  b - type  c y t o c h r o m e s  has 
variable Em values depending  on the  energy 
state ( [ A T P I / [ A D P ]  [Pi] ratio) o f  the  mi to-  
chondria .  This c o m p o n e n t  has double  a peaks 
at 566 m/g ( a l )  and 558 m/g ( a 2 )  , the  558 m/.t 
peak appearing as a shoulder  (Wilson and 
D u t t o n  (21),  Sato et al. (22)).  This c o m p o n e n t  
is t hough t  to  be direct ly  responsible  for  energy  
t r ansduc t ion  (T). The o the r  c o m p o n e n t  o f  the  
b- type  c y t o c h r o m e s  is the  classical c y t o c h r o m e  
b having a f ixed Em value. This c y t o c h r o m e  
was named  c y t o c h r o m e  b K in h o n o r  of  Pro- 
fessor  David Keilin (Chance  et al. [23] ) .  
C y t o c h r o m e  bK exhibi t s  an absorp t ion  peak  at 
562 m#. The f low of  e lec t rons  is believed to  

pass f rom the  subst ra te  sequent ia l ly  th rough  
c y t o c h r o m e  bT and c y t o c h r o m e  b K to  cy to-  
ch rome  Cl (Wikstr6m (24)). Combina t ions  of  
these b- type  c y t o c h r o m e s  are located  in Com- 
plex III of  the  e lec t ron t ranspor t  system. 

As the  CO diet  appeared to  specifically 
decrease the relative concen t ra t ion  of  cyto-  
ch rome  b, we u n d e r t o o k  a series of  spectral  
s tudies  to  more  clearly def ine  this  response.  Fo r  
this series of  studies,  r o t en o n e  (rot) ,  malona te  
(malon) ,  an t imycin  A (ant A) and cyanide 
(CN-)  were emp l o y ed  as required to  block the  

540 560 580 600 620 640 540 560 580 600 620 640 

WAVELENGTH {m)J) 

FIG. 1. Difference spectra of cytochrome compo- 
nents of mitochondria determined at room ( - - )  and 
liquid nitrogen ( . . . .  ) temperatures. Reduction and 
oxidation were effected by the addition of a few 
grains of sodium hydrosulfite and potassium ferri- 
cyanide to the sample and references cuvettes, respec- 
tively. 
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TABLE II 

Concentrations of Respiratory Chain Cytochromes a in Mitochondria 
Isolated from Livers of Rats Fed Diets Supplemented 

with Beef Tallow or Corn Oil 

Diet group 

Cytochrome Williams b Beef tallow Corn oil 

b 
C t  

C 

a a  3 

Total 

nmol cytochroma/mg mitochondrial protein 

0.280 • 0.005 (1.04) c 0.294 -+ 0.016d, e (1.12) 0.251 • 0.018 (0.85) 
0.170 • 0.006 (0.63) 0.180 • 0.008 f (1.69) 0.207 • 0.012 (0.70) 
0.210 • 0.005 (0.78) 0.185 • 0.015 f (0.71) 0.214 -+ 0.010 (0.72) 
0.270 • 0.005 0.262 -+ 0.010 f 0.297 • 0.014 
0.930 0.921 0.969 

aThe difference spectra of the cytochrome components were traced using a split-beam spectrophotometer. 
Each cuvette contained 3 ml oxygen buffer and 6 mg mitochondrial protein. Sodium hydrosulfite was added to 
the sample (reduced) cuvette and potassium ferricyanide to the reference (oxidized) cuvette after the baseline 
was established. 

bValues reported by Williams (13). 
CMolar ratio with cytochrome aa 3 . 
dSEM, n = 8. 
ep < 0.01 between groups. 
fP < 0.05 between groups. 

respect ive ox ida t ions  of  NADH+H § succinate,  
cytochrome b and c y t o c h r o m e  aa3 in the 
sample and /o r  reference  suspensions of  mi to-  
chondria .  

The spectra indicated by the  dashed line in 
Figure 2 indicates  that  the  impermeance  o f  the  
inner  mi tochondr ia l  m e m b r a n e  to the  oleoyl  
CoA th ioes ter  remained  intact .  Then,  fol lowing 
the sequent ia l  addi t ions  of  ant. A. CN-  and 

*0.02 

OCt 

o 

- 0 0  

_s 
- -ROT  ~. AN][  A+  SUCC. ROT.+ MALON. 

- - - ROT~ + ANT A § SUCC.+OLEOYL Ca ROT. + MALON 

BEEF TALLOW 

500 520 540 5"60 580 600 620 
WAVELENGTH (mju) 

4"O.OI- 

U oo~- & ,  

o O �9 / 

CORN OIL 

500 5~o 540 ~-~6o 5;0 E& 620 
WAVELENGTH (mN) 

FIG. 2. Difference spectra, determined at room 
temperature, of the cytochrome b component of 
mitochondria. 

carni t ine (Cn), the  d i f ference  spectra  of  the BT 
and CO mi tochondr i a  were t raced (solid line). 
The absorp t ion  max ima  for the  c y t o c h r o m e  b 
of  the  BT mi tochondr i a  was at 556 mat; for  the  
CO mi tochondr ia ,  the maximal  absorp t ion  
occurred  at 564 m#. Cy toch romes  ccl  and aaa 
were no t  reduced in the presence  of  the  trans- 
por t  inhibitors.  Repet i t ive  scannings were 
recorded.  Af te r  10 min,  there  was a shift  o f  the  
peaks to 562 (BT) and 559 (CO) mM. A marked  
absorp t ion  also was present  in the c y t o c h r o m e  
aa3 area of  the spec t rum for  the CO mito-  
chondria .  

For  the  nex t  s tudy (Fig. 3), the  ox ida t ion  of  
endogenous  NADH+H § by the  mi tochondr ia l  
suspension in the  sample cuvet tes  was inhibi ted  
with rot. and to the  reference  cuvet tes ,  rot.  
and malon,  were added.  Then,  ant. A and 
succinate were added to  the sample cuvettes.  
The spectra  traced for each mi tochondr ia l  
p repara t ion  exhibi t  a single c y t o c h r o m e  b peak 
at 566 nm. Ant.  A effect ively inhibi ted the  
forward f low of  e lec t rons  arising f rom succinate 
oxida t ion .  Fol lowing the addi t ion  of  oleoyl  Cn 
to the  sample cuvettes,  the  spectra  were shif ted 
as already descr ibed with absorp t ion  max ima  
appearing at 562 (BT) and 559 (CO) mgt. 
C y t o c h r o m e  aa3 of  the  CO m i t o c h o n d r i a  was 
no tab ly  reduced  in the  presence  of  ant. A by  
oleoyl  Cn bu t  no t  by  succinate.  

For  the four th  spectral  s tudy  (Fig. 4), the  
mi tochondr ia l  suspensions  in bo th  the  samples 
and reference cuvet tes  were reduced  with 
succinate.  Ant ,  A and ADP were then  added  to 
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FIG. 3. Dif ference spectra o f  the cy tochrome b 
component  o f  mi tochondr ia .  The cytochromes were 
sequentially reduced with succinate ( - - )  and then 
oleoyl camitine ( . . . .  ). 

the sample cuvette t o  effect the oxidation of 
cytochromes ccl and aa3 and to maintain 
cytochrome b in the reduced state. The absorp- 
tion minima at 551-552 and 605 nap represent 
the oxidized cytochromes. After  10 rain, 
palmitoyl  Cn was added to the sample cuvette 
and repetitive scannings were made. Within 1 
min, the cytochrome col was partially reduced, 
particularly in the CO mitochondria (dashed 
line). These spectral studies demonstrate that 
the electron flow from fatty acid oxidation,  but 
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not from succinate oxidation,  proceeds par- 
tially in the presence of ant. A, the classical 
inhibitor of the flow between cytochrome b 
and Cl. The greater flow of  electrons past this 
inhibitory site observed in the CO mitochondria 
might be traced to the more fluid nature of this 
inner membrane. 

Lineweaver-Burke plots of the oxidation of 
palmitoyl  Cn by the mitochondria preparations 
are shown on Figure 5. The maximal rate of  
oxygen uptake by mitochondria of  the CO 
group was 20% higher than that  calculated for 
mitochondria  of the BT group (28.2 and 23.5 
nmol/min/mg protein) as calculated from the 
intercept points. The K m for both groups was 
5.55 /aM for palmitoyl  Cn. Thus, the catalytic 
rate, but  not  the affinity of  the oxidative 
system for palmitoyl  Cn, is elevated in mito- 
chondria of  the CO group relative to the rate of 
the BT group. The more fluid, lipid environ- 
ment  of the inner membrane of  the CO mito- 
chondria must facilitate the transport  or 
oxidative process by influencing the tertiary 
structure of  the involved protein. 

Raison et al. (25) suggested that the discon- 
t inuity in Arrhenius plots of the respiratory 
enzyme system is due to configurational 
changes in the enzyme proteins induced by a 
temperature-dependent  phase change in the 
mitochondrial  membrane. The specific activity 
(sp act) of the rat liver cytochrome c oxidase 
was studied as a function of temperature. The 
results are expressed as Arrhenius plots (Fig. 6). 
The plots show distinct discontinuities at 13 C 
(CO) and 15.4 C (BT). The activation energies 
(Ea) above the transition points were 8.15 (CO) 
and 6.54 (BT) Kcal/mol. At  temperatures 

s R 
- - succ .  AN3[ A ADP SUCC. 

+0.004 . . . .  SUCC. AN~ A ADP*PAL.Cn $UCC. 

k , "~  f "  

z *, / " 
~t k ," / 

o v ] / . . . . . . .  

I BEEF TALLOW 
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WAVELENGTH (m]a) 

O.004- 

~ ooO~-o. :'X , ~ ~ ~  , ",. '~'~-*~-~ 
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FIG. 4. Difference spectra of the cytoehrome 
cc a and a% components of mitochondria. 
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FIG. 5. Linear double reciprocal plots of oxygen 
consumption vs concentration of palmitoyl carnitine 
by hepatic mitochondria. 
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below the transition points, the respective Ea 
were 22.28 and 20.39 Kcal/mol. The change in 
Ea is associated with a temperature-induced 
change in the physical state of the membrane 
lipids. The transition points for the 2 groups are 
separated by 2.4 C. At 30 C, the activityin CO 
mitochondria is 50% greater, and at 38 C, 70% 
greater than that present in BT mitochondria. 
Tests of the regression coefficients indicated all 
values were significant at P < 0.01. 

DISCUSSION 

F a t t y  acids in animal  tissues ref lect  the fa t t y  
acids in the animal's diet. The effect is most 
pronounced when the diet is high in a dietary 
fat consisting primarily of polyunsaturated 
fatty acids. These 2 factors in concert reduce 
the rate of hepatic fatty acid synthesis; there- 
fore, the influence of these dietary lipids on 
tissue lipids is magnified (2,26). The physical 
characteristics of phospholipids and therefore 
of the membranes in a major part are depen- 
dent upon the types of fatty acids present 
(27,28). The hydrophobic moieties of protein 
penetrate the lipid core of the inner mito- 
chondrial membrane forming a loose network 
which is cemented by a discontinuous lipid 
bilayer (29,30). This penetration is facilitated 
by the presence of loosely packed acyl chains 
of unsaturated fatty acids, in particular, arachi- 
donic acid (31). The activity of enzymes 
existing in such an environment is dependent 
upon the fluidity of the lipoprotein complex, a 
property influenced solely by the one change- 
able component, the fatty acids. Such effects 
have been demonstrated in vitro by reconsti- 
tuting lipid-depleted mitochondria (32) and in 
viva with essential fatty acid-deficient diets 
(33). We have now demonstrated that the 
activities of membrane-bound enzymes increase 
concomitantly with the degree of unsaturation 
of the component fatty acids in the membrane. 

The possibility exists that the effects attrib- 
uted to increased membrane fluidity are, in 
fact, due to a weakened, more permeable 
membrane, the consequence of a functional 
vitamin E deficiency. The factors listed in the 
following lead us to discount this possibility. 
The CO diet provided vitamin E at the relative 
ratio of I. I mg/g linoleic acid (Table I), a value 
which indicates a margin of safety (34). The 
TBA values recorded in Table I for tissues from 
each group of rats are similar. Experimentally, 
differential swelling rats for the CO mito- 
chondria were shown in the presence and 
absence of EGTA. The clearest evidence of the 
intactness of the membranes is shown on Figure 
2. Oleoyl CoA in the absence of Cn was not 
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FIG. 6, Arrhenius plots of the activities of cyto- 
chrome c oxidase in frozen and thawed mitochondria. 

oxidized; upon the addition of Cn, the sub- 
strate entered the mitochondria. 

The puzzling result of this study is the 
influence of dietary fat on the cytochrome b 
component of the electron transport system. 
The quantity of this cytochrome was signifi- 
cantly reduced in response to the CO diet; the 
spectral characteristics of the cytochromes of 
CO origin were similar to those of the BT origin 
when reduction was effected by succinate in 
the presence of ant. A. When reduction was 
affected by the oxidation of an acyl Cn, differ- 
ences in the spectral characteristics of the 
b-type cytochromes of different dietary origins 
surfaced. Our interpretation is that in the CO 
mitochondria, the cytochrome b-566 and b-562 
were equally reduced to form an absorption 
maxima at 564 m/~. As electrons were trans- 
ported past the ant. A block to cytochrome cl ,  
the cytochrome b-558 became the major 
reduced species of the b-type cytochromes. The 
mitochondria of the BT group, when reduced 
by an acyl Cn exhibited a cytochrome b-566. 
With time, and with little reduction of cyto- 
chrome cl below the ant. A block, the cyto- 
chrome b-562 developed as the major reduced 
cytochrome b species. Changes in the fluidity 
of the lipoprotein matrix in which the com- 
ponents of the electron transport system are 
embedded must be causally related to these 
activities. 

Animals fed dietary fats of high linoleic acid 
content exhibit mitochondrial lipids dispro- 
portionately high in polyunsaturated fatty 
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acids. In a companion report  (7), we suggested 
tha t  the  pe tu rbed  state o f  these mi tochondr i a l  
membranes  ini t ia tes  remodel ing responses  which  
are secondari ly  accompanied  by  greater  mi to-  
chondr ia l  oxidat ive  activity. We have conf i rmed  
this observat ion  o f  increased oxidat ive activity. 
Data p resen ted  in this repor t  indicate  that  fa t ty  
acyl CoA, the  ox ida t ion  o f  which p roceeds  
th rough  one  of  3 flavin-linked dehydrogenoses ,  
depending  u p o n  the  carbon  chain length  and 
degree of  unsa tu ra t ion  (30), serves as the  
~,ubstrate for  the  increased oxidat ive activity. 
The flavin-linked dehydrogenases  are l inked to  
the  respira tory  chain th rough  a soluble e lec t ron  
t ransfer  f lavoprote in  (30). There  is evidence 
tha t  the  e lec t ron  t ranspor t  f lavoprote in  is 
connec ted  at more  than  one  site to  the  res- 
p i ra tory  chain (35). Resul ts  we ob ta ined  using 
ant.  A, t he  classical inh ib i to r  o f  e lec t ron  
t ranspor t  be tw een  c y t o c h r o m e  b and cy to-  
ch rome  c, suggest that  the  e lec t ron  t ranspor t  
f lavoprote in  is l inked func t iona l ly  to bo th  sites. 
Mi tochondr ia l  membranes  rich in po lyun-  
sa tura ted fa t ty  acids permi t  the en t ry  of  
these  mi tochondr ia ,  the  concen t ra t ions  o f  the  
individual c o m p o n e n t s  of  the  b - type  cy to-  
ch rome  are altered,  perhaps  to accomoda te  the  
increased oxidat ive activity. 
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Gangliosides of Bovine Optic Nerve 
SALIL K. DAS and MELBA S. McCULLOUGH, Department of Biochemistry 
and Nutrition, Meharry Medical College, Nashville, TN 37208 

ABSTRACT 

Gangliosides from bovine optic nerve were analyzed. The optic nerve contained 129, 98, 97, 80, 
31 and 12 ~g of GM1, GDIa, GDlb , GTxb , GD 3 and GQ~ gangliosides, respectively, per g of tissue wet 
wt. These 6 gangliosides altogether contributed 97% of the total sialic acid. GM 3 and GM 2 gangliosides 
contributed the remaining 3% of total sialic acid. Stearoyl (18:0) was the predominant acyl group 
(61-76%) in all gangliosides. There was a marked variation in acyl group composition between GTa 
and most of the other major gangliosides except GD 3. In comparison to the other gangliosides, GT x 
contained a lower proportion of the stearoyl group and a higher proportion of the oleoyl, nervonoyl 
and the long chain acyl groups. Both GTI and GD 3 gangliosides contained proportionately higher 
levels of long chain acyl groups (20:0 ~ 24:0) than did other gangliosides. GD 3 gangliosides showed 
2 bands on thin layer chromatography, and the upper band was more distinct than the lower band. 

Many studies have dealt with the ganglioside 
composition of tissue associated with central 
nervous system, such as retina (I-3) and brain 
(4-12), because of the possibility that ganglio- 
sides are dynamically involved in various 
functions of these tissues. Gangliosides have 
been isolated from human femoral nerve (13) 
and animal peripheral nerves (14-15). Lowden 
and Wolfe (6) did not succeed in isolating 
gangliosides from human optic nerve nor from 
ox sciatic nerve. Forman and Ledeen (16) 
reported there is a rapid axonal transport of  
gangliosides in the optic nerve of  goldfish. 
Holm (17) detected gangliosides in the optic 
nerve of rabbits, but did not find any axonal 
transport. Holm and Mansson (18) isolated 
gangliosides from bovine optic nerve; however, 
they did not present quantitative data for the 
ganglioside composition. It is surprising that 
even though the optic nerve is an integral part 
of the central nervous system and links the 
retina and brain, its ganglioside composition has 
not been studied in detail. This study aims to 
investigate in detail the distribution of ganglio- 
sides and their fatty acid composition pattern 
in bovine optic nerve. 

MATERIALS AND METHODS 

Tissues 

Fifty bovine eyes were obtained from 3-4- 
year-old-male animals at slaughter, transported 
on ice to the laboratory, and the optic nerves 
were removed and processed immediately. 

Ganglioside Extraction 

Optic nerves, ca. 250-270 mg/eye, were 
pooled from 50 eyes into 5 samples. Ganglio- 
side was extracted from the wet tissue by the 
Folch-Suzuki-Partition procedure as described 

by Brunngraber et al. (19) with the following 
modifications: optic nerve was homogenized in 
a glass tissue grinder for 5 min with 19 vol of  
chloroform/methanol (2:1, v/v); after centrif- 
ugation, the residue was treated with 10 vol of 
chloroform/methanol  (1:2, v/v) containing 5% 
water. Both supernatants were combined and 
an appropriate amount of  chloroform was 
added to yield a final ratio of  chloroform] 
methanol of 2:1 (v/v). Gangliosides were 
partitioned into the aqueous upper phase by 
the addition of  0.2 vol of 0.94% KC1. The lower 
phase was washed once with the Folch the- 
oretical upper phase containing KC1 (chloro- 
form/methanol/0.88% KC1, 3:48:47, v/v/v), 
and once more with the upper phase containing 
no salt. The combined upper phases were 
evaporated to dryness with a stream of nitro- 
gen. The residue was mixed with 0.5 ml of 0.6 
N methanolic NaOH and 0.5 ml of  chloroform, 
and incubated at 37 C for 1 hr for mild alkaline 
hydrolysis (20). The hydrolysate was neutral- 
ized with cone HC1, evaporated to dryness 
under nitrogen, dissolved in water and dialyzed 
against cold demineralized water at 4 C for 24 
hr in a bag treated with Na2CO3 and EDTA 
(21). The contents of the dialysis bag were 
lyophilized. The residue was dissolved in a small 
known vol of chloroform/methanol (1:1, v/v), 
the solution mixed with a sufficient vol of 
chloroform to bring the solvent ratio to 85:15, 
and then the mixture applied to a 12 • 150 mm 
chromatography column containing Bio-Sil A, 
200-325 mesh silicic acid (Bio-Rad Labor- 
atories,  Richmond, CA) (22). Gangliosides were 
separated from contaminants such as sulfatides, 
and fatty acids by successive use of 2 solvents, 
chloroform/methanol (85:15, v/v), and chloro- 
form/methanol  (2:3, v/v) as described by Yu 
and Ledeen (22). Gangliosides were eluted in 
the pure form with the second solvent system. 
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Analysis of Gangliosides 

Aliquots of ganglioside samples and refer- 
ence standards (GM2, GM1, GDIa and GT1 
from Supelco, Inc., Bellefonte, PA, GM 3 from 
dog erythrocytes and mixed gangliosides from 
human brain), containing 20-30 /ag sialic acid 
(N-acetylneuraminic acid or NANA) were 
subjected to thin layer chromatography (TLC) 
on glass plates coated with 250-/~m-thick Silica 
Gel 60 (EM Laboratories, Elmsford, NY). 
Chloroform[methanol/0.02% CaC12 (50:40:10, 
v]v/v) was used as the solvent system for the 
separation of gangliosides (21). The resorcinol 
reagent (23), diluted with an equal vol of water, 
was used to detect gangliosides. For the quanti- 
tative analysis of sialic acid, sugars and fatty 
acids in the gangliosides, major individual ones 
were isolated by preparative TLC. The bands 
were located by brief exposure of the plate to 
iodine vapor. After complete disappearance of 
the yellow color of iodine, the lipid spots were 
scraped from the plate and extracted from the 
gel by a small known vol of chloroform/ 
methanol/water (10:10:2, v/v/v) (2). To 
confirm the identity of minor ganglioside 
species, a second solvent system, chloroform/ 
methanol/ammonia/water (60:35:1:7,  v/v/v) 
(24) also was used. 

Lipid-bound sialic acid in the ganglioside 
fraction was estimated by Sverinerholm's 
procedure (25) as modified by Miettinen and 
Takki-Luukkainen (26). Data were expressed as 
nmol sialic acid/g tissue wet wt. No attempt 
was made to differentiate N-acetylneuraminic 
acid (NANA) vs N-glycolylneuraminic acid 
(NGNA) in the total sialic acid. 

The amount of sugars (hexose + hexos- 
amine) in the individual ganglioside fractions 
were determined by the phenolsulfuric acid 
assay method (27). Data were expressed as 
nmol total sugars/g tissue wet wt. D(+) - galac- 
lose was used as standard for the colorimetric 
analysis of the carbohydrates. No attempt was 
made to characterize individual sugar species in 
any major gnagliosides. However, the sugar 
composition of 2 minor components, GD 3 and 
GQ1, was determined by subjecting the tri- 
methylsilyl ethers of the o-methyl glycosides to 
gas liquid chromatographic (GLC) analysis as 
described by Vance and Sweeley (28). The 
analyses were performed in a Packard model 
7400 gas chromatograph equipped with a flame 
ionization detector and a glass column (6 ft x 
1/4 in. od) packed with 3.0% SE-30 on 80/ 
100-mesh Supelcoport. The instrument was 
programmed from 120 to 180 C at 5 C/min and 
a nitrogen flow rate of 30 ml/min. 

The fatty acid pattern of individual ganglio- 
side fractions was determined by following the 

Vance and Sweeley procedure (28). Lipid 
residues, containing ca. 0.4-0.5 /amol of fatty 
acids, were subjected to methanolysis with 1 ml 
of 0.75 N methanol/HC1. The tube was sealed 
and heated at 80 C for 24 hr. After cooling, the 
tube was opened, and the fatty acid methyl 
esters were extracted with heptane (8). Normal 
fatty acid esters were separated on a 6 ft • 1/4 
in. column of 10% DEGS-PS on 80/100 Supel- 
coport in a Packard Model 7400 gas chromato- 
graph equipped with a flame ionization de- 
tector. The methyl esters were analyzed with a 
temperature program of 10 C/min from 120 to 
200 C and at a nitrogen flow rate of 35 ml/min. 
Assignments for each peak were obtained from 
a semilogarithmic plot of relative retention time 
vs chain length and degree of unsaturation of 
standard mixtures of fatty acid methyl esters. 
Peak areas were determined by multiplying the 
height by the width at half-height. The relative 
percentage of each fatty acid methyl ester was 
determined by dividing the area under indi- 
vidual peaks by the total peak area. 

For further characterization of the minor 
gangliosides, GD3 and GQ1, each sample 
containing ca. 0.1 ~mol of sialic acid was 
dissolved in 1 ml of 0.1 M acetate buffer (pH 5) 
containing 6.58 mM CaC12 " 2H20 (22). A 
small vol of neuraminidase from Clostridium 
perfringens (type VI, Sigma Chemical Co., St. 
Louis, MO) containing 0.1 unit of activity was 
added. The solution was covered with 0.2 ml of 
toluene and incubated at 37 C for 16 hr. After 
2 hr of incubation, a further addition of 0.1 
enzyme unit was made. The t o l u e n e  was 
removed with a stream of nitrogen and the 
reaction mixture was treated with 20 vol of 
chloroform/methanol, 2:1. The resulting pre- 
cipitate was removed by filtration, and the 
filtrate was evaporated to dryness. The lipids 
were redissolved in a small vol of chloroform/ 
methanol (1:1, v/v). Aliquots of this solution, 
untreated ganglioside and reference standards 
(GM1 from Supelco, Inc., and bovine spleen 
lactosyl ceramide, a gift from S. Basu of the 
University of Notre Dame) were subjected to 
TLC using chloroform[methanol/0.02% CaC12 
(50:40:10, v/v/v) as the solvent system. Re- 
sorcinol reagent (23) diluted with an equal vol 
of water was used to detect spots. The identity 
of lactosyl ceramide, as obtained after TLC 
separation of the neuraminidase- (Sialidase) 
treated solution, was confirmed by sugar 
analysis by GLC (28). 

RESULTS AND DISCUSSION 

Gangliosides isolated from bovine optic 
nerve were separated into 4 major fractions on 
TLC using the solvent system of Coleman and 
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Yates  ( 2 1 ) " ( F i g .  1A). The  n o m e n c l a t u r e  used 
by  S v e n n e r h o l m  (4)  was a d o p t e d  for  th is  s t udy  
of  the  ganglioside charac te r iza t ion .  These  4 
f rac t ions  were ident i f ied  as the  gangliosides 
GMt  ( R f  = 0.62),  G D l a  (Rf  = 0.48),  GDlb  
(Rf  = 0.30) and  G T l b  (Rf  = 0.18).  In add i t ion ,  
6 more  m i n o r  c o m p o n e n t s  were de tec ted .  Two  
of  these  h a d  the  same Rf  as those  of  GM 3 (Rf  = 
0.85)  and GM2 (Rf  = 0.67).  Three  c o m p o -  
nen t s  had  the  same Rf  as those  of  GD3 (Rf  = 
0.51),  GD2 (Rf  = 0.42)  and  GQ1 (Rf  = 0 .11)  
f rac t ions  f rom h u m a n  bra in .  The  o t h e r  c o m p o -  
n e n t  ( R f  = 0.54)  was dis t inct  in opt ic  nerve  b u t  
n o t  in  h u m a n  brain.  

The  presence  of  m i n o r  ganglioside com- 
p o n e n t s  were c o n f i r m e d  by  TLC wi th  a second  
solvent  sys tem,  chloro f o r m / m e t h a n o l / c o n e  
N H 3 / w a t e r  ( 6 5 : 3 5  : 1:7, v/v)  (24)  (Fig. 1B). T h e  
m i n o r  c o m p o n e n t s ,  GD3 and  GQ1,  also were 
charac te r ized  by  GLC d e t e r m i n a t i o n  of  the i r  
sugar compos i t i on .  The  i n t a c t  GD3 gangliosides 
c o n t a i n e d  on ly  glucose and galactose in the  
mola r  p r o p o r t i o n s  1:1. GQ~ gangliosides 
c o n t a i n e d  glucose, galactose and N-acetyl-  
ga lac tosamine  i n the  mola r  p r o p o r t i o n s  of  ca. 
1 :2 :1 .  

Data  o n  the  c o m p o s i t i o n  of  gangliosides are 
given in Table  I. The  opt ic  nerve  c o n t a i n e d  478  
n m o l  sialic acid/g wet  wt.  of  tissue. This  value  is 
in ag reemen t  wi th  t h a t  o f  Holm and  Mansson  
(18) ,  and  is cons iderab ly  h igher  t h a n  t h a t  f o u n d  
in pe r iphera l  nerve.  Al toge the r ,  t he  G M t ,  
GDIa,  GDt  b and G T t  gangliosides c o n t a i n e d  
81.3% of  the  t o t a l  sialic acid. T h e  m i n o r  
gangliosides,  GDa and  GQ1,  a l toge the r  ac- 
c o u n t e d  for  15.5% of  the  to ta l  sialic acid. 

A 

B 

FIG. I(A). Thin layer chromatograms of the 
gangliosides of bovine optic nerve (BON) and human 
brain (HB). Channel 1 contained a mixture of standard 
gangliosides; channel 2 contained BON gangliosides; 
and channel 3 contained HB gangliosides. The chro- 
matogram was developed in chloroform/methanol/ 
0.02% CaC12 (50:40:10) by vol and sprayed with 
resorcinol reagent. (B) Thin layer chromatograms of 
the gangliosides of bovine optic nerve (BON) and 
human brain (HB). Channel 1 contained a mixture of 
standard gangliosides; channel 2 contained BON 
gangliosides; and channel 3 contained HB gangliosides. 
The chromatogram was developed in chloroform/ 
methanol/cone NH3/water (65:35:1:7) by vol, and 
sprayed with resorcinol reagent. 

TABLE I 

C o m p o s i t i o n  of Bovine Optic Nerve Gangliosides 

Hexose + hexosamine b Lipid = 
Components Lipid-sialic acid a (hexose + hexosamine) a sialic acid Gangliosides c 

Total 478 -+ 14 Not d e t e r m i n e d  
GM1 8 1 -  + 3 313-+5 3.9_+0.2 129-+4 
GDta 103 -+ 3 200 -+ 4 1.9 -+ 0.1 98 -+ 2 
GD~b 102-+ 2 196-+ 4 1.9-+ 0.1 97 + 2 
GT 1 103-+ 3 134+ 4 1.3+- 0.1 80-+ 2 
GD a 55-+ 6 29-+ 3 1.1 + 0.0 31-+ 2 
GQt 20-+ 2 18-+ 2 0.9-+ 0.1 12-+ 2 

aEach  va lue  is the  m e a n  ( n m o l / g  w e t  t i ssue)  -+ SE o f  5 observa t ions  o f  10 samples  each.  
bMean  molar  rat io  -+ SE o f  5 observat ions .  
CEach va lue  is the m e a n  (#g /g  we t  t i ssue)  -+ SE o f  5 observat ions .  
Calcu la t ion  was  based on the  data  o b t a i n e d  for  N A N A ,  and a s sumpt ions  that  each  m o l e  o f  major  gangl ios ides  

(GM~,  G D l a  , GD~b and GT~b ) and m i n o r  gangl ios ide  GQ1 c o n t a i n e d  1 m o l  stearic  acid, 2 m o l  galactose ,  1 tool  
g lucose ,  1 too l  N - a c e t y l g a l a c t o s a m i n e ,  and 1 tool  sphingos iue .  For GD 3, c a l c u l a t i o n  was  based on  the  c o m p o s i -  
t ion  that  each  tool  c o n t a i n e d  1 tool  stearic  acid,  1 m o l  g lucose ,  1 tool  ga lactose  and 1 tool  sphingos ine .  
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Although the other minor gangliosides (GM 3 
and GM2) were not  analyzed, these probably 
accounted for much of the remaining 3.0% of 
the sialic acid. The authenticity of individual 
major gangliosides, as well as that of GD3 and 
GQI,  was established from the values obtained 
for molar ratios of sialic acid to carbohydrate 
(hexose + hexosamine). It is obvious that GM1, 
GDla, GDlb, GT1, GD3 and GQ1 contained 1, 
2, 2, 3, 4 and 4 mol of  sialic acid/4 mol of 
carbohydrate,  respectively. Based on the 
assumption that  each mol of the major ganglio- 
side (GM1, GDla, GDlb and GTlb) and the 
minor ganglioside, GQ1 contained 1 mol of 
stearic acid, 2 tool of galactose, 1 tool of 
glucose and 1 mol of N-acetytgalactosamine, 
and 1 mol of  sphingosine, optic nerve contained 
129, 98, 97, 80 and 12 /ag of  GM1, GDIa, 
GDlb, GT1 and GQ1 gangliosides, respectively, 
per g of tissue wet wt. 

When the gangliosides occupying bothspots  
(Rf 0.51 and Rf 0.54) were incubated with 
neuraminidase, they were transformed to a 
resorcinol-negative glycolipid, which moved like 
the authentic sample of  lactosyleeramide. Both 
neuraminidase-treated ganglioside samples and 
authentic lactosylceramide gave 2 bands (Rf 
0 . 9 4 - R f  0.96). Furthermore,  the GLC analysis 
of  the resorcinol-negative glycolipid as sepa- 
rated by TLC showed that  this glycolipid 
contained glucose and galactose as the only 
sugar species and the molar ratio of glucose 
and galactose was 1:1. The released sialic acid 
had the same Rf as that of  authentic NANA 
(0.08). Neuraminidase t reatment  of  the other  
minor component ,  GQ1 , gave 2 resorcinol 
positive spots, one corresponding to GMI and 
the other  corresponding to NANA. 

Based on the assumption that each tool of  
GD3 ganglioside contained 1 mol of stearic 
acid, 1 mol of glucose, 1 mol of  galactose and 1 
mol of  sphingosine, optic nerve contained 
31 /ag of  GD3 ganglioside. However, it is to be 
noted that these values may not  reflect true 
concentrations because of variation in recovery 
from silica gel scrapings. For  example, mono- 
sialogangliosides generally are eluted in bet ter  
yields than di- and trisialo species. 

The optic nerve contains the myelinated 
axons of the retinal ganglion cells. GD3 ganglio- 
sides constitutes ca. 50% of  total  gangliosides in 
the retina (2). Holm and Mansson (18) failed to 
detect  any GDa gangliosides in bovine optic 
nerve, and thus postulated that  GD 3 in retina is 
localized in ceils other than ganglion cells, and 
that  the retinal GDa cannot be transported 
through the optic pathway. However, in our 
study, we are reporting the presence of  GD3 
gangliosides in bovine optic nerve, and there- 

fore, the postulat ion by Holm and Mansson 
becomes controversial. It  is to be noted that  
Holm and Mansson have not  presented any 
photograph of  TLC separation. It might be that  
they have overlooked the existence of GDa. 
Furthermore,  Holm and Mansson (18) did not  
report  the presence of  any tetrasialogangliosides 
(GQ1) in bovine optic nerve. In contrast,  we 
have found a distinct spot of  GQ1 gangliosides 
in bovine optic nerve, similar to that of human 
brain. It should be noted that this spot (Rf = 
0.I  1) was different from that  of free sialic acid 
(Rf = 0.08). Polysialogangliosides, such as tetra- 
and pentasialogangliosides also have been 
detected in mammalian brain by other workers 
(4,29-30), in brains of f i sh  and amphibia (9-10) 
and in human cerebrospinal fluids (31). 

GM1, GDla, GDlb and GTx also have been 
reported to be the major gangliosides of other 
tissues, such as rat brain myelin (7), human 
femoral nerve (13), sciatic nerve of rabbit  (14) 
and rat (15), and human brain (23). Siddiqui 
and McCluer (8) isolated a sialogalactosyl- 
ceramide (GM4) from human brain and re- 
ported that this has no direct relationship to 
the major brain gangliosides. This ganglioside 
was not  detected in bovine optic nerve, perhaps 
because of  the possibility that most GM 4 does 
not part i t ion into the upper  phase, although we 
have observed a small amount  of GM 4 in the 
human brain sample. 

The data on the acyl group composit ion of  
individual major gangliosides are shown in 
Table II. Patmitoyl (16:0), stearoyl (18:0), 
oleoyl  (18:1), arachidoyl (20:0), docosanoyl 
(22:0), tr icosanoyl (23:0), l ingoceroyl (24:0) 
and nervonoyl (24:1) were the major acyl 
groups detected in all gangliosides. The pre- 
dominant  acyl group in all fractions was the 
stearoyl group, which consti tuted 61-76%. 
There was a variation in the acyl group compo- 
sition between GT1 and other gangliosides. For  
example, the concentration of  unsaturated acyl 
groups (oleoyl and nervonoyl) was higher in 
GTt  than other gangliosides. GT1 gangliosides 
contained a lower propor t ion  of palmitoyl  and 
stearoyl groups than did other gangliosides. 
GT1 and GD3 gangliosides contained propor- 
t ionately higher levels of  the long chain acyl 
groups (20:0 ~ 24:0) than did other ganglio- 
sides. I t  must be emphasized that there was no 
remarkable variation among acyl group compo- 
sition of GDla, GDlb, and GM 1. The data 
obtained on the acyl group composit ion in this 
study is for the most part in agreement with 
those obtained by Holm and Mansson (18). 

Raghaven et al. (12) studied the fatty acid 
composit ion of gangliosides of rat "mem- 
branous sacs." They reported that GDIa gang- 
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TABLE II 

Acyl Group Composition of Optic Nerve Gangliosides 

Acyl group a GM 1 GD s GDla GDlb GT~ GQt 

16:0 4.2• b 3 .4•  5.0• 4 .9•  2.5• 4 .4~0.2 
16:1 0.6•  0.4• 0.5• 0.5• 1.0• 0 .4•  
18:0 71.9• 66.1• 75.8• 73.5• 60.8•  71.9• 
18:1 1.5• 1.0• 0.9• 1.6• 2.9• 1.4• 
20:0 6.6• 12.9• 6.1• 7.0• 10.3• 7.8•  
22:0 5.4• 7.8•  4 .5•  4.8• 8.2•  5.9• 
23:0 2.8•  4 .0•  2.4• 2.2• 4.2•  2.4• 
24:0 3.1• 2 .4•  2.5• 2.6• 4.6•  2.9• 
24:1 3.9• 2.0•  2.3• 2.9• 5.5• 2.9• 

aNo. of carbons:no, of double bonds. 
bEach value is the mean (percent of total acyl groups) • SE of 5 observations. 

liosides are composed  mos t ly  o f  sa tura ted fa t ty  
acids (93.3% stearic acid, 3.8% arachidic acid 
and 2.9% palmit ic  acid). Holm et  al. (2) re- 
por t ed  data on  the fa t ty  acid compos i t i on  o f  
retinal  and brain gangliosides o f  humans  and 
rabbits.  Even though  these au thors  claimed tha t  
there  was no  remarkable  di f ference in the 
ganglioside fat ty acid compos i t ion  be tween  
retina and brain, their  own data  reveal tha t  a 
marked  difference exists be tween  these 2 
tissues. Fo r  example,  brain ganglioside con- 
rained more  o f  the s tearoyl  group than  did the  
retinal  ganglioside. The fa t ty  acid compos i t i on  
of  bovine opt ic  nerve gangliosides, as observed 
in this s tudy,  shows more  resemblance  to  tha t  
o f  the  retinal gangliosides than  to  that  o f  brain 
as repor ted  by Holm et al. (2). However ,  it 
remains  to  be seen whe the r  there  is a d i f ference  
in the ganglioside fa t ty  acid composi t ion  
be tween  opt ic  nerve, re t ina and brain wi thin  
the  same species. F u r t h e r m o r e ,  the  acyl group 
compos i t ion  of  GT1 and GD3 is marked ly  
d i f ferent  f rom tha t  o f  o the r  gangliosides. 
No th ing  is k n o w n  at the presen t  t ime abou t  the  
local izat ion of  GT1 or GD3 gangliosides in 
opt ic  nerve, a l though it has been pos tu la ted  
tha t  GTI is highly localized in axo lemma of  
per ipheral  nerve (32). 

This work has demons t r a t ed  the  exis tence  o f  
2 dis t inct  GD3 gangliosides f rom bovine opt ic  
nerve. In contrast ,  the  h u m a n  brain shows the  
exis tence  of  only the lower  GD3 band.  The 
di f ference  in the TLC mobi l i t ies  of  the  2 GD3 
bands  f rom bovine opt ic  nerve mos t  likely 
results  f rom variat ions in the fa t ty  acid compo-  
sition. F u r the r  invest igat ion o f  their  fa t ty  acid 
spectra  current ly  in progress should de te rmine  
if, indeed,  tha t  is the case. The ques t ion  re- 
mains  why  the  opt ic  nerve conta ins  2 GD3 
c o m p o n e n t s  whereas  the  brain apparent ly  has 
only  one. Are their  func t iona l  roles ident ical  or 
different?  Is it a species variat ion or a t issue 

d i f ference  for  d i f fe rent  funct ions?  What  func-  
t ional roles do the  gangliosides have, and can 
these be de te rmined?  These ques t ions  and 
o the r s  await  fu r the r  investigation.  
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Effects of Coconut Oil on Heart Lipids and 
on Fatty Acid Utilization in Rapeseed Oil 
J.F. BELLENAND, G. BALOUTCH, N. ONG and J. LECERF, Laboratoire 
de Physiologie Animale et de la Nutrition, Facult~ des Sciences Mirande, 
B.P. 138-21004 Dijon Cedex, France 

ABSTRACT 

Male adult Sprague-Dawley rats were fed diets containing 15% by weight of sunflower oil, coconut 
oil, rapeseed oil or combinations of these oils for 5 or 60 days. The digestibility of emcic acid (22:1), 
lauric acid (12:0) and linoleic acid (18:2) was measured and found to be decreased for erucic acid at 
both time intervals, and for lauric acid after 60 days when coconut oil and rapeseed oil were blended. 
The cardiac lipodosis was proportional to the content of erucic acid in the diet. At 60 days, the high 
level of 22:6 in the cardiac phospholipids of rats fed rapeseed oil was reduced by the addition of 
sunflower oil but not by coconut oil. Thus, the blending of rapeseed oil with coconut oil apparently 
is less desirable than that of rapeseed oil and sunflower oil. 

INTRODUCTION 

The pathogenic effects on myocardium of  
feeding rapeseed oils containing high levels of 
erucic acid are well established (1-6). However, 
while cardiac lipidosis is related to erucic acid 
content,  this is not  true of  myocardial  lesions 
since these have also been observed during 
prolonged feeding of low erucic rapeseed oils. 
Several hypotheses have been proposed to 
explain this phenomenon;  one possible expla- 
nation is that the cardiopathogenicity of  these 
oils is associated with their fat ty acid compo- 
sition (5-12). At tent ion consequently has been 
given to the importance of  unsaturated fat ty 
acids, and recently to the influence of linoleic 
and linolenic acid content  (11,12), and of 
hydrogenation (10) of rapeseed otis. The role of  
the low proport ion of saturated fat ty acids in 
rapeseed oils also has been investigated previ- 
ously, and a synergic effect on digestibility of 
rapeseed in poul t ry  was shown when long chain 
saturated fat ty acids were added to diets 
containing high levels o f  erucic acid rapeseed oil 
(13-16). However, in spite of AbdeUatif and 
Vies' (8) finding that  trilaurin aggravates 
growth depression and myocardic lesions 
caused by rapeseed oil consumption in the 
duckling, there have been no studies of  the 
effects on myocardial  lipids of  diets containing 
rapeseed oil blended with otis containing short 
and medium chain fat ty acids, as in margarine 
(17). The purpose of this work was to deter- 
mine quantitative and qualitative changes in 
lipid digestibility and in fat ty composit ion of 
cardiac triacylglycerol (TG) and phospholipids 
(PL) in rats after 5 and 60 days of  feeding diets 
containing 15% by weight of either rapeseed 
oil, sunflower oil, coconut oil or blends of these 
otis. Particular at tention was given to the 

effects of blending rapeseed oil with coconut 
oti. 

MATERIALS AND METHODS 

Animals and Diets 

Male Sprague-Dawley rats weighing 180 g 
(Charles River, St. Aubinqes-Elbeuf, France) 
were housed in stainless steel cages and fed a 
standard pellet diet (U.A.R., Epinay-sur-Orge, 
France) and water ad libitum for 7 days. They 
were then randomized into 6 dietary treat- 
ments, 9 animals per t reatment  (housed 3 per 
cage) and fed ad libitum test diets for 5 or 
60 days. The semisynthetic diets, prepared as 
described by Rocquelin and Cluzan (18) 
contained 15% by weight of  one of the follow- 
ing otis: sunflower oil (SO), coconut oil (CO), 
high erucic acid rapeseed oil (RSO) or oil 
blendings (50:50, v/v), sunflower oil-rapeseed 
oil (SO-RSO), coconut oil-rapeseed oil (CO- 
RSO) and sunflower oil-coconut oil (SO-CO). 
Table I gives the fatty acid composit ion of the 
different oils and blends used in this experi- 
ment. 

Body weight was recorded each day for 
animals fed diets during 5 days and twice 
weekly for the feeding period lasting 60 days. 
Feed consumption, feces weight and feces total  
fat ty acids pooled for each group of 3 rats in 
the same cage were measured daily throughout 
the 5-day period before sacrifice. 

Lipid Extraction 

Fecal  lipids were extracted as described by 
Savary and Constantin (19). After  the animals 
had been killed, the hearts were removed 
immediately,  weighed, washed with ice-cold  
saline, cut into small pieces and homogenized. 

938 



RAPESEED-COCONUT OIL BLEND EFFECTS 

TABLE I 

Compos i t ion  (% b,y we|~ht) of Fatty Acid  Dietary Oils 
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Dietary oil SO a CO RSO SO-RSO CO-RSO SO-CO 

Fatty acid 
6:0 - 0.3 ~ 0.1 0.1 
8:0 - 7.0 -- 3.5 3.5 

10:0 - 6.0 ~ 3.0 3.0 
12:0 - 45,1 - 22.6 22.6 
14:0 - 21.5 -- 0.I 10.7 10.7 
16:0 6.1 8.2 3.5 4.8 5.9 7.2 
16:1 0.4 0.1 0.3 0.3 0.2 0.2 
18:0 4,4 2.5 1.3 ~,9 1.9 3.5 
18:1 23.4 7.4 13~7 18,6 10.6 15.4 
18:2 64.4  1.9 15i,fi 40.0 8.7 33.2 
18:3 0.5 -- 9,2 4.8 4.6 0.2 
20:0 -- -- . . . .  
20:1 -- -- 0,0 4.5 4.5 -- 
22:0 0~8 ~ -- 0.4 -- 0.4 
22:1 = -- 47.4 23.7 23.7 -- 

.aSO, sunflower oil;CO; c.oco~lo.t oil; RSO, rapeseed oil; SO-RSO, CO-RSO, SO-CO, s 0/5 o blends of respective 
oils. 

Tota l  lipids were extracted by the Fo lch  et al. 
procedure  (20). 

Lipid Analysis 

An al iquot  of  heart lipids was used to 
separate TG from total  PL by thin layer chro- 
matography (TLC) on 500 pm thick Kieselgel G 
(Merck, Darmstadt ,  F.R.G.)  plates using fight 
pe t ro leum ether, diethyl  ether,  acetic acid and 
methanol  (90 :20 :2 :3 ,  v/v) as the developing 
system. A reference mixture  was separated at 
each side of  the plates. Af te r  migration,  the 
plates were dried for a few minutes,  lipids were 
pro tec ted  by a screen and the reference mixture  
migrat ion alone was revealed using iodine 
vapor. The bands corresponding to TG and PL 
were removed,  pentadecanoic  acid was added as 
an internal standard and the mixture  was 
transesterified to buty l  esters as described 
previously (21). Butyl  esters (22) were pre- 
ferred to me thy l  esters, usually used in gas 
liquid chromatography (GLC), because they  
allowed a bet ter  quant i ta t ive  analysis of  volat i le  
short chain fat ty  acids of  ei ther  coconu t  off or  
lipids of  rats fed this oil. Butyl  esters were 
separated by GLC on columns of  1.80 m X 2 
mm id packed with  20% DEGS on chromosorb  
80/100 mesh using a Packard apparatus, mode l  
750, with flame ionizat ion detector .  The 
isothermal  condi t ion  used for butyl  esters of  
lipids no t  containing short and med ium chain 
fa t ty  acids was 195 C. F o r  o ther  lipids, pro- 
grarnming at 5 C/rain f rom 100 to 195 C and a 
final isothermal  plate at 195 C was used. The  
carrier gas was N 2 at 50 ml /min .  

Calculations and Statistical Methods 

An apparent  coeff ic ient  of  digestibili ty 
(ACD) of  ei ther  to ta l  or  individual fa t ty  acids 
was calculated in the fol lowing manner :  in- 
gested q u a n t i t y -  excre ted  quant i ty  x 100/ 
ingested quant i ty .  Since covariance analysis 
showed that  there  was no significant relat ion- 
ship be tween ingested and excreted lipid 
quant i t ies  and as the ingested quant i t ies  were 
statistically the  same for all diets, no correct ive 
factor  was used to calculate ACD. 

Homogene i ty  of  variances was determined 
by Bart le t t ' s  test and analysis of  variance was 
performed.  Classification of  means  was per- 
formed using Duncan ' s  new mul t ip le  range 
test. 

RESULTS 

Although there  was no significant difference 
in weight gain and feeding eff ic iency be tween  
the  different  diet groups, differences were 
observed in fa t ty  acid digestibility as shown 
in Table  II. To ta l  fa t ty  acid digestibility in 
animals fed diet fats containing RSO were 
significantly lower  than in o ther  diet groups 
after 5 days. Af te r  60 days, total  fa t ty  acid 
digestibility in RSO and SO-RSO groups 
became significantly higher than in the  CO-RSO 
group and consequent ly  digestibility coeffi-  
cients could be arranged in order  o f  decreasing 
magni tude  as C O - R S O < R S O  = SO - R S O < S O  - 
CO -- SO. Af te r  60 days, 22:1 apparent  diges- 
t ibi l i ty in CO-RSO and SO-RSO was no t  
significantly di f ferent  but  was significantly 
smaller than in RSO. The difference in total  
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fa t ty  acid digestibil i ty be tween  CO-RSO and 
SO-RSO resul ted mainly f rom a decrease in 
med ium  chain fa t ty  acid digestibili ty in CO- 
RSO compared  to CO or SO-CO, as shown by  
the  12:0 digestibil i ty coeff ic ient .  On the  
contrary ,  no reduc t ion  of  digestibil i ty o f  SO 
fa t ty  acids such as 18:2 was found  when  SO 
was b lended wi th  RSO or  CO al though 18:2 
digest ibi l i ty  in CO group was significantly lower  
than  in o the r  groups af ter  5 and 60 days. 

Total  fa t ty  acid levels in TG and PL of  
cardiac lipids are shown in Table III. Af te r  5 
days, heart  TG levels in the  RSO group and 
RSO blend groups were, respectively,  a lmost  
5-fold and 3-fold higher  than in groups no t  
receiving rapeseed oil, where  heart  TG level was 
statistically the  same and the  lowest  of  all 
groups. No significant d i f ference  was found  in 
hear t  TG level be tween  SO-RSO and CO-RSO 
groups.  The excess in the TG level in the  RSO 
group (d i f ference  be tween  RSO TG level and 
average TG level in SO, CO and SO-CO) was 
about  twice as high as the  level o f  excess TG 
found  in RSO blends  and was no t  significantly 
d i f fe rent  f rom 2, the  theore t ica l  value for  the  
ratio o f  22:1 in RSO diet to  22:1 in RSO blend 

diets. Af t e r  60 days, lipidosis disappeared f rom 
hearts  o f  animals fed erucic acid. There  was no 
significant d i f ference  in the  level o f  PL to ta l  
fa t ty  acid be tween  all groups af ter  5 and 60 
days, but  mean values of  PL co n t en t  af ter  60 
days were slightly greater  than  af ter  5 days. 

The compos i t ion  of  hear t  TG fa t ty  acid af ter  
5 and 60 days is shown in Table IV. In spite o f  
TG lipidosis being the  same in SO-RSO and 
CO-RSO after  5 days, hear t  TG 22:1 level was 
significantly d i f ferent  be tween  b o t h  these 
groups and there  was, respectively,  2.5 and 4 
t imes  less erucic acid SO-RSO and CO-RSO 
than  in RSO. Af te r  60 days, a l though TG 22:1 
level was lowered to the  same ex ten t  in the 3 
groups by lipidosis disappearance,  the differ- 
e n c e  observed be tween  SO-RSO and CO-RSO 
was no  longer significant. Dis t r ibut ion of  hear t  
TG 18:1 showed a partial  analogy to  tha t  o f  
22: 1. Af te r  5 days, animals fed diets  conta ining 
RSO had a heart  TG 18:1 level significantly 
higher than  in all o the r  groups,  and those  fed 
RSO alone had significantly more  18:1 than  
those  fed RSO blends.  In RSO and RSO blend 
groups,  the  TG 18:1 co n t en t  decreased wi th  
t ime and after  60 days there  was no significant 

TABLE II 

Apparent Digestibility of Total Fatty Acids and Erucic, Lauric and Linoleic Acids 
by Rats Fed Either Undiluted or Blended Sunflower, Coconut and Rapeseed Oils 

Dietary treatment SO CO RSO SO-RSO CO-RSO SO-CO SM c 

5 days TFA 96.76 a 92.59 88.4 b 90.07 b 89.18 b 96.72 a 0.72 
22:1 86.93 a 75.38 a 77.11 a 3.26 
12:0 96.2 a 96.7 a 99.20 0.50 
18:2 99.50 a 91.85 98.76b,c, d 99.32a,b, c 98.32 d 99.36a, b 0.20 
TFA 98.82 a 95.91a, b 91.45 c 92.84 c 87.53 96.5a, b 0.98 
22:1 87.10 80.34 a 78.86 a 1.66 
12:0 97.90 a 95.70 98.80 a 0.48 
18:2 99.90 a 97.14 99.34a,b,c, d 99.66a, b 99.09b,c, d 99.48a,b, c 0.22 

60 days 

TFA, total fatty acids; SMc, common standard error of the means; SO, sunflower off;CO, coconut oil; RSO, 
rapeseed oil; SO-RSO, CO-RSO, SO-CO, 50]50 blends of respective oils. 

a'dln each line, treatments followed by the same letter are not significantly different (P < 0.05). 

TABLE III 

Quantities (mg/g heart) of Total Fatty Acids of Triacylglyeerol and Total Phospholipids of 
Hearts of Rats Fed Either Undiluted or Blended Sunflower, Coconut and Rapeseed Oils 

No. days SO CO RSO SO-RSO CO-RSO SO-CO SM c 

5 TG 2.30 b 2.33 b 11.73 7.06 a 6.56 a 2.62 b 0.83 
PL 11.86 a 11.34 a 11.34 a 11.18 a 11.89 a 12.06 a 0.79 

60 TG 2.56 a 3.26 a 4.95 3.25 a 3.02 a 3.42 a 0.45 
PL 13.67 a 13.71 a 14.05 a 13.93 a 14.00 a 13.45 a 0.52 

SM c, common standard error of the means; SO, sunflower oil;CO, coconut oil; RSO, rapeseed oil;SO-RSO, 
CO-RSO, SO-CO, 50/50 blends of respective oils. 

a,bln each line, treatments followed by the same letter are not significantly different (P < 0.05). 
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TABLE IV 

Composition of Triacylglycerol Fatty Acids of  Hearts of Rats Fed Either Undiluted or 
Blended Sunflower, Coconut and Rapeseed Oils 
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Dietary treatment SO CO RSO SO-RSO CO-RSO SO-CO SM c 

5 days 12:0 0.23a,b 0.03 b 0.32 a 0.12a, b 0.07 
14:0 0.04 b 0.19 a 0.1 la, b 0.06 b 0.44 0.12a, b 0.04 
16:0 0.55 c 0.63 c 1.30 a 1.09 b 1.56 a 0.66 c 0.14 
16:1 0.09 e O.14b,c 0.23a, b 0.16a,b, c 0.28 a 0.11b, c 0.04 
18:0 0.17 b 0.14 b 0.44 a 0.34 a 0.33 a 0.16 b 0.04 
18:1 0.67 b 0.69 b 3.12 1.99 a 1.85 a 0.87 b 0.23 
18:2 0.69 b 0.18 c 1.33 a 1.52 a 0 .s lb ,  c 0.52b, c 0.14 

18:3 + 20:1 0.01 a 0.04 a 1.59 0.20 a 0.05 a 0.04 a 0.09 
20:4 0.03 b 0.08 b 0.15 b 0.33 a 0.34 a 0.04 b 0.05 
22:1 3.44 1.35 0.82 0.16 

60 days 12:0 0.02 b 0.48 0.05 b 0.04 b 0.30 a 0.29 a 0.03 
14:0 0.05 b 0.34 0.08 b 0.05 b 0.20 a 0.22 a 0.03 
16:0 0.50 b 0.87 a 0.64a,b 0.51 b 0.56 b 0.66a, b 0.79 
16:1 0.06 c 0.19 a 0.16a,b 0.09b, c O.09b, c 0.07b, c 0.03 
18:0 0.19a,b 0.16 b 0.19a,b 0.16 b 0.11 b 0.26 a 0.03 
18:1 0.86 a 1.02 a 1.45 1.03 a 0.95 a 0.86 a 0.13 
18:2 0.82 a 0.10 b 0.70 a 0.68 a 0.18 b 0.87 a 0.13 

18:3 + 20:1 0.01 b 0.02 b 0.54 0.19 a 0.18 a 0.07a, b 0.04 
20:4 0.03 a 0.05 a 0.11 a 0.11 a 0.05 a 0.09 a 0.03 
22:1 1.08 0.46 a 0.24 a 0.12 

Results are expressed as mg of fatty acid/g heart. 
SM c, common standard error of the means; SO, sunflower oil; CO, coconut oil; RSO, rapeseed oil; SO-RSO, 

CO-RSO, SO-CO, 50/50 blends of respective oils. 
a'Cln each line, treatments followed by the same letter are not significantly different (P < 0.05). 

d i f ference  b e t w e e n  RSO blend g roups  and diet  
g roups  w i t h o u t  RSO. In  g roups  fed die ts  

con ta in ing  RSO,  the  TG 18:2 c o n t e n t  de- 
creased wi th  t im e  and  af te r  60 days  CO-RSO 
TG 18:2 levels were  m a n y  t imes  lower  t h a n  
t ha t  observed in o the r  g roups  where  it was 
s ta t is t ica l ly  the  same.  To  s u m  up,  when  CO 
was b lended  in to  RSO, (a) TG 22:1 level was 
decreased m o r e  t h a n  w h e n  SO was b lended ,  (b) 
TG 18:1 level was u n a f f e c t e d  and  (c) TG 18:2 
level was r educed  in c o m p a r i s o n  to  t he  RSO 
group .  

Hear t  PL f a t t y  acid c o m p o s i t i o n  is s h o w n  in 
Table  V. Af t e r  5 days,  PL 18:1 level was 
s igni f icant ly  h igher  in CO-RSO and CO t h a n  in 
o t h e r  diet  groups .  Af t e r  60 days ,  PL 18:1 level 
was increased in the  CO g roup  and was still 
s igni f icant ly  h igher  t h a n  t ha t  o f  o the r  g roups  
b u t  the  d i f fe rence  observed  b e t w e e n  CO-RSO 
and  RSO af te r  5 days  was n o  longer  s ignif icant .  
Di f fe rences  observed  b e t w e e n  the  diet g roups  
for PL 18:2,  20 :4  and  22 :6  levels were on ly  
s ignif icant  a f te r  60 days.  Af t e r  this  per iod ,  PL 
18:2 level was the  lowest  in CO and  the  same in 
CO-RSO,  SO-RSO and SO g roups  where  it  was  
h ighes t  and  s igni f icant ly  greater  t han  in the  
RSO group.  Th u s ,  CO in RSO induced  a h ighe r  
PL 18:2 level t h a n  tha t  observed w h e n  b o t h  
these  otis were fed separa te ly .  Af t e r  60 days ,  
PL 20:4  level was the  lowes t  in CO-RSO and 

h ighes t  in SO. A d d i t i o n  o f  CO to  SO signifi- 
can t ly  lowered  the  20 :4  level in c o m p a r i s o n  to 
SO. A similar  decrease  also was f o u n d  w h e n  CO 
was b lended  to  RSO. A d d i t i o n  o f  SO to  RSO, 
on the  con t r a ry ,  increased  20 :4  in c o m p a r i s o n  
to RSO;  ne i the r  o f  these  d i f fe rences  were 
s ignif icant  and  on ly  CO-RSO and  SO-RSO were 
s igni f icant ly  d i f ferent .  However ,  s ince these  
f indings  also were observed af ter  5 days,  it is 
p robab le  tha t  the  absence  o f  s ignif icant  differ-  
ences  was ma in ly  a resul t  o f  the  large error  
e n c o u n t e r e d  owing  to the  n u m b e r  o f  an imal s  
used.  

A f t e r  60 days,  the  PL 22:6  level was h ighes t  
in RSO and  CO-RSO and  s igni f icant ly  grea ter  
t h a n  t ha t  f o u n d  in o t h e r  diet g roups ,  and  was 
lowest  in the  SO group .  Thus ,  the  22 :6  level 
was u n c h a n g e d  by  add i t ion  o f  CO to RSO in 
c o m p a r i s o n  to RSO, whereas  it was lowered  by  
add i t i on  o f  SO. 

DISCUSSION 

In these  e x p e r i m e n t s ,  no  syne rg i sm was 
observed  b e t w e e n  digest ibi l i ty  o f  c o c o n u t  
s a tu ra t ed  fa t ty  acids and  rapeseed  oil unsa tu -  
ra ted  f a t t y  acids as has  been  r epo r t ed  in p o u l t r y  
b e t w e e n  ta l low long cha in  s a tu ra t ed  f a t ty  acids 
and  rapeseed  oil f a t ty  acids (13-16) .  O n  t h e  
con t r a ry ,  digest ibi l i ty  o f  s a tu ra t ed  m e d i u m  
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TABLE V 

C o m p o s i t i o n  of Phospholipid Fatty Acids of Hearts of Rats Fed Either Undiluted or 
Blended Sunflower, Coconut and Rapeseed Oil As Dietary Oil 

Dietary treatment SO CO RSO SO-RSO CO-RSO SO-CO SM c 

5 days 

60 days 

Fatty acids 
14:0 0.03 b 0.12 a 0.05 b O.07a, b 0.05 b 0.12 a 0.02 
16:0 1.27 a 1.58; a 1.28 a 1.27 a 1.58 a 1.34 a 0.13 
16:1 0.09 a 0.21 0.08 a 0.10 a 0.11 a 0.11 a 0.03 
18:0 3.14 a 2.06 2.33 3.12 a 2.44 2.57 0.02 
18:1 0.91 b 1.68 a 1.16 b 1.13 b 1.64 a 1.13 b 0.11 
18:2 3.13 a 2.48 a 2.51 a 3.29 a 2.92 a 3.41 a 0.29 
20:4 2.49 a 2.48 a 2.07 a 2.30 a 1.88 a 2.06 a 0.23 
22 : 1 - 0.22 0.22 Trace 0.06 
22:6 0.78 a 1.08 a 1.11 a 0.88 a 0.96 a 1.12 a 0.12 
1 4 : 0  0.03 b 0.23 a 0.06 b 0.02 b 0.04 b 0 . 1 8  a 0 . 0 4  
16:0 1.40b,c 1.83 a 1.32 c 1.33 c 1.79 a 1.68a, b 0.11 
16:1 0.08 a 0.31 0.15 a 0.14 a 0.14 a 0.19 a 0.04 
18:0 3.68 a 2.99 c 2.91 c 3.17b, c 2.84 c 3.54b, c 0.15 
18:1 1.08 c 2.84 1.49a, b 1.24b, c 1.78 a 1.04 c 0.11 
18:2 3.60 a 1.90 2.74 c 3.48 a 3.35a, b 2.98b, c 0.15 
20:4 3.67 a 3.30a, b 3.08b, c 3.40a, b 2.71 c 2.88b, c 0.19 
22 : 1 0.22 O. 1 la O. 13 a 0.03 
22:6 0.53 c 0.8.7 b 1.44 a 0.99 b 1.39 a 0.77b, c 0.09 

Results are expressed as mg/g fresh heart. 
SM o common standard error of the  meatus; SO, sunflower oil;CO, coconut oil; RSO, rapeseed oil; SO-RSO, 

CO-RSO, SO-CO, 50/50 blends of respective oils. 
a-Cln each line, treatments followed by the same letter are no~ significantly different (P < 0.05). 
For simplification, minor components such as 12:0, 18:3, 20:1 and 22:5 are not reported here. 

chain fa t ty  acids such as 12:0 was lowered  
when  coconu t  oil was b lended  wi th  rapeseed  
oil. Since the  erucic acid digestibil i ty also was 
lowered when  rapeseed oil was m i x e d  wi th  
ano the r  oil, it is t emp t ing  to  suggest t ha t  
compet i t ive  absorp t ion  or inh ib i t ion  e f fec ts  
exist  be tween  fa t ty  acids, especially since such 
p h e n o m e n a  are k n o w n  for  long chain unsatu-  
ra ted  fa t ty  acids (23,24) as well as be tween  
shor t  and m e d i u m  chain fa t ty  acids and long 
chain fa t ty  acids (25-27).  

This work  conf i rms  the rare data  ob ta ined  
f rom the  myoca rd ium wi th  adult  rats (28) and 
shows tha t  there  is a less i m p o r t a n t  triacyl- 
glycerol steatosis  in adults  than  in weanl ing 
rats. However ,  while the  fact tha t  the  triacyl- 
glycerol  lipidosis was p ropor t iona l  to  the  
dietary erucic acid con ten t  is no t  surprising, the  
observat ion tha t  cardiac TG erucic acid level 
was dependan t  on dietary fa t ty  acid compos i -  
t ion i s  relatively unexpec ted .  When sa tura ted  
short  and m e d i u m  chain fa t ty  acids of  coconu t  
oil were added to rapeseed oil, af ter  5 days, 
the TG 22:1 level was lower  than  wi th  un- 
sa tura ted long chain fa t ty  acids of sunflower.  
Because hear ts  o f  rats fed the  CO-RSO blend 
also had a to ta l  con t en t  o f  18:1 (TG + PL) 
higher  than  hear ts  o f  rats fed o the r  blends,  it is 
possible tha t  the  CO-RSO blend enhanced  
erucic acid catabol ism, as was recent ly  observed 

by  Rocque l in  (12) af ter  add i t ion  of  l inolenic 
acid to rapeseed oil. However ,  since 18:1 PL 
c o n t e n t  was always highest  in the  CO group,  it 
is possible tha t  the  high 18:1 level observed in 
t he  SO-RSO group does  no t  result  s imply f rom 
an increase o f  erucic catabol ism.  Moreover,  
since the  12:0, 14:0 and 16:0 TG levels in 
CO-RSO were greater  than  those  observed in 
SO-RSO, it is more  likely tha t  the  decrease in 
t he  TG 22:1 level in CO-RSO compared  to  
SO-RSO could be expla ined by  a preferent ia l  
up take  by hear t  o f  sa tura ted  med i u m chain 
fa t ty  acids, co mp a red  to  long chain fa t ty  acids 
and part icularly to  erucic acid. 

Add i t ion  of  c o c o n u t  oil to  rapeseed oil did 
no t  significantly change po lyunsa tu ra t ed  fa t ty  
acid levels in hear t  phospho l ip ids  co mp a red  to  
und i lu ted  rapeseed oil, excep t  for  the  18:2 
level which was enhanced .  It is p robab le  tha t  
this e f fec t  results  f rom the synthes is  o f  l inoleic 
posi t ional  isomers induced  by d ie tary  c o c o n u t  
oil as shown  by Leveilld et al. (29).  Low and 
high cardiac c o n t e n t s  o f  20:4 and 22:6,  respec-  
t ively, in RSO or CO-RSO in compar i son  to  SO 
and SO-RSO indicate  tha t ,  while add i t ion  o f  
sunf lower  oil r educed  specific ef fec ts  o f  d ie ta ry  
RSO on PL fa t ty  acids, add i t ion  of  med i u m 
chain fa t ty  acids failed to. If  the  Beare-Rogers  
and Nera hypo thes i s  (10) is correc t ,  i.e., i f  the  
docosahexeno ic  acid level is a be t t e r  i nd ica to r  
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of  cardiac p a t h o l o g y  t h a n  s u m m a t i o n s  or ra t ios  
o f  po ly en o i c  acids, t he  d i lu t ion  by  ha l f  o f  
rapeseed  oil by  c o c o n u t  oil p r o b a b l y  shou ld  
cause  the  s am e  damage  in ra t  m y o c a r d i u m  as 
the  c o n s u m p t i o n  o f  a doub l e  dose  o f  u n d i l u t e d  
rapeseed  oil. T h u s ,  these  resu l t s  ob t a ined  on  
adul t  ra ts  s h o w  analogies  wi th  da ta  o b t a i n e d  in 
duckl ings ,  an imal s  t ha t  are pa r t i cu la r ly  sensi t ive  
to  e f fec t s  o f  rapeseed  oil, and  where  dietaryr 
rapeseed  oil s u p p l e m e n t e d  wi th  t r i lauri 'a  
e n h a n c e s  lesions,  m o r t a l i t y  and  dec r ea se s  
g r o w t h  (8). 
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Nitric-oxide Myoglobin As an Inhibitor of Lipid Oxidation 1 
JOSEPH KANNER, ITAMAR BEN-GERA and SHURA BERMAN, Division of Food 
Technology, Institute for Technology and Storage of Agricultural Products, Agricultural 
Research Organization, Volcani Center, PO Box 6, Bet Dagan 50-100, Israel 

ABSTRACT 

The effect of nitric-oxide myoglobin (MbNO) on lipid oxidation was studied in linoleate and 
t3-caroteneqinoleate aqueous model systems and compared with that of metmyoglobin (MMb) and 
oxymyoglobin (MbO=) in short- and long-term reactions. While MMb and MbO 2 had a clear prooxi- 
dative effect, MbNO, under the same conditions, acted as an antioxidant. The specific antioxidative 
activity of MbNO was maintained even in the presence of prooxidants such as hemeproteins. The 
significance of the conversion of MbO~ and MMb into an antioxidant during the curing process is 
discussed. 

INTRODUCTION 

Sodium nitrite, used to cure meat, produces 
products with microbiological stability, desir- 
able color appearance and specific organoleptic 
characteristics. 

Inhibition of "warmed over" flavors and 
lipid oxidation in cured meat by nitrite as 
measured by carbonyl compounds using gas 
chromatograpy (1-2), TBA value (3-4) and 
panelists' perceptions (5-6), was demonstrated, 
and reviewed by Pearson et al. (7). 

Recently, it was reported that almost all the 
added nitrite was found as  nitrosothiols and 
nitric-oxide myoglobin, and also in the form of 
protein-bound nitrite, nitrite, nitrate and 
gaseous nitrogen compounds (8-10). It is well 
known that nitric-oxide hemeproteins and 
predominantly nitric-oxide myoglobin repre- 
sented the main color constituents of cooked 
cured meat (1 1-13). 

Hemeprotein muscle pigments and nonheme 
iron have been implicated as prooxidants in 
meat lipid oxidation (14-18). While the pro- 
oxidant activity of heroes toward lipid oxi- 
dation has been known for many years, it has 
been recognized more recently that heine 
compounds also can act as antioxidants (19- 
23). 

The purpose of this work was to study the 
role of nitric-oxide myoglobin on lipid oxi- 
dation in model systems in order to understand 
the stabilizing effect of nitrite on the lipid 
fraction in meat products, as well as its mech- 
anism. 

EXPERIMENTAL 

Metmyoglobin (type I) (MMb) and ~-caro- 
tene were purchased from Sigma Chemical Co., 

1 Contribution from the Agricultural Research 
Organization, Volcani Center, Bet Dagan, Israel, 
1979 Series, No. 175-E. 

St. Louis, MO; sodium nitrite, ascorbic acid and 
butylated hydroxytoluene (BHT) from British 
Drug Houses Ltd., Poole, England; and linoleic 
acid was obtained from Fluka AG, Buchs, SG, 
Switzerland. 

Nitric-oxide myoglobin was prepared accord- 
ing to the Fox and Thomson method (24). The 
reaction was carried out in a 0.1 M acetate 
buffer, pH 4.5, at 24 C under nitrogen atmos- 
phere and in the dark. 

The reaction was run by first mixing stock 
solution (5 ml) buffer metmyoglobin and 
ascorbic acid (10 ml); 3 min later, sodium 
nitrite and buffer were added, to a final volume 
of 25 ml. The concentration of the reactants in 
the final reaction mixture was myoglobin 0.5 
mM, ascorbic acid 100 mM and sodium nitrite 
50 mM. 

After 15 min at 24 C, 3.5 ml of the reaction 
mixture was transferred to a column (30 c m x  
2 cm) containing Sephadex G-25 (Farmacia 
Fine Chemicals AB, 20-80 /2). The elution 
was carried out with 0.1 M acetate buffer at pH 
5.6. Four-ml fractions were collected and tested 
for hemeproteins at 400 nm. Ascorbic acid was 
determined by potentiometric titration with 
2,6-dichloroindophenol (25). 

Oxymyoglobin was prepared according to 
the Koizumi and Nonaka method (26) by 
reduction of metmyoglobin with Na2S202 and 
subsequent passage over a column (25 c m x  2 
cm) of Sephadex G25. The elution was carried 
out as already described for nitric-oxide myo- 
globin. The absorption spectrum of heine- 
proteins eluted from Sephadex G25 was charac- 
teristic of MbNO, MbO2 and MMb. 

The determination of MMb, nitric-oxide 
myoglobin (MgNO) and oxymyoglobin (MbO2) 
concentrations after chromatographic elution 
for the antioxidative activity reaction was 
done by a spectrophotometer at 280 nm. 

The assay of carotene-oxidizing activity was 
carried out according to a colorimetric method 
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(27,28). Briefly, the technique consists of 
following the decrease in absorbance at 460 nm 
in the cuvette of a double-beam recording 
spectrophotometer. The test sample contained 
1.5 ml buffered carotene-linoleate at pH 5.6, 
0.1-0.4 ml of active fractions, and distilled 
water to a final vol of 2.0 ml. Concentrations in 
the initial reaction mixture were as follows: 
~-carotene, 1.4 x 10 -s M;linoleate, 2 X 10 -a M; 
Tween-20, 0.05%, buffer acetate, pH 5.6, 0.1 
M. The blank sample contained all the reagents 
except/~-carotene. The initial rate of decrease in 
absorbance was computed from a recorded 
graph and converted into the rate of carotene 
decrease in concentration (#M). 

The assay of linoleate diene-conjugation was 
carried out by the Ben-Aziz et al. method (29). 
The reaction mixture contained linoleic acid, 4 
x 10 -~ M, and Tween-20, 0.05%, in a 0.1 M 
buffer acetate at pH 5.6. Both assay methods 
employed a DB Varian 634 recording spectro- 
photometer. 

The coefficient of variation between tripli- 
cates were 4.2% (fl-carotene destruction) and 
5.7% (diene-conjugation). 

RESULTS AND DISCUSSION 

The activity of MbNO in lipid oxidation was 
studied and compared under the same experi- 
mental conditions and concentration as that of 
MMb and of MbO2, since it is known that 
hemeproteins can act both as catalysts and 
inhibitors of lipid oxidation (21-23). The term 

."catalyst-inhibitor conversion" has been ap- 
plied by Uri and his coworkers (30-31) to 
situations in which heavy metal catalysts at low 
concentrations become inhibitors at high 
concentration. Betts and Uri (30) explain the 
inversion effect shown by metal chelates by a 
relatively inefficient initiation reaction, first- 
order with respect to the chelate, which com- 
petes with a second-order termination reaction. 
Therefore, above a certain metal concentration, 
inhibition is bound to exceed initiation. It was 
later shown (31) that the chelates act as hydro- 
peroxide decomposers (initiation), but at the 
same time react with the free radicals generated 
in the process (termination). More recently, we 
found that an AA-Cu 2§ couple acts in a similar 
way (32). Their observations are parallel to 
those observed with unsaturated fats and heme 
compounds and the mechanisms may be 
related. 

In the range of tested concentrations (2.2 x 
10 -6 M - 2  x 10 -s M), MMb acted as a pro- 
oxidant toward carotene bleaching and lino- 
leate oxidation, whereas MbNO acted as an  
antioxidant (Figs. 1 and 2). When compared 
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with that of MMb, MbO2 showed a somewhat 
stronger prooxidative activity (Fig. 3). 

The effectiveness of MbNO as an antioxidant 
in long-term reactions was shown as well (Table 
I). It was found that if the concentration of 
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FIG. 1. Effect of nitric-oxide myoglobin (MbNO) 
and metmyoglobin (MMb) on carotene destruction. 
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FIG. 2. Effect of nitric-oxide myoglobin (MbNO) 
and metmyoglobin (MMb) on linoleate diene-conju- 
gation. 
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FIG. 3. Effect of metmyoglobin (MMb) and oxy- 
myoglobin (MbO 2 ) on carotene destruction. 
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TABLE I 

Carotene Destruction and Diene Conjugation in Long-term R~tetions 

Cat0t~tt~ de~ttuctlOfl a Diene conjugation b 
Treatment /a~l~0 ~lfl od 234 nm/20 min 

Control-H~O 2.2 O. 1 
Metmyoglobin 4.2 1.2 
Nitric-oxide myoglobin 0.1 -0.1 

aMetmyoglobin and nitric-oxide myOglobtn cone. = 1.3 X 10 -s M. 
bMetmyoglobln and nitric.oxide myoglobirl cone. = ~.1 X 10 -6 M. 

MbNO is above the critical antioxidant concell- 
tration, lipid oxidation was inhibited for a long 
time. 

MbNO activity also was te~ted in the pres- 
ence of  heme-type prooxidants (Figs. 4 and 5) 
and /ipoxygenase (in preparation). Its anti- 
oxidative activity was maintained even after 
these strong prooxidants were added~ and it was 
highly effective at 10 -s M. As known from the 
literature and found also in our model system, a 
high concentration of  MMb could inhibit lipid 
oxidation generated by prooxidants, whereas 
only a 5-8-fold concentration of MMb greater 
than MbNO provides an antioxidatlve effect 
(Fig. 4). Compared with BHT, MbNO has an 
almost similar antioxidant activity (Fig. 5). 

It was proposed by several researchers 
(33-34) that nitrite forms a complex with iron 
porphyrin in heat-denatured meat, thus pre- 
venting its prooxidative effect. This inactivation 
was attributed to the valence state (+2) of the 
iron. 

More recently, Koizumi et al, (35) and 
Koizumi and Nonaka (26) found that the rates 
of  hemeprotein-catalyzed oxidation of lipids, 
are similar to the ferrous and ferric forms. 
Our results support this (see Fig. 3). 

The stabilizing effect of MbNO may be 
attributed to the fact that Fe +2 is tied by 
nitric-oxide. However, this cannot explain the 
antioxidant effect of  MbNO in the presence 
of  prooxidants or in long-term reaction while 
the controls oxidized more rapidly than the 
samples with MbNO. 

The mechanism proposed by us for the 
antioxidative effect of MbNO on lipid oxi- 
dation is based on the quenching effect of  
nitroxide radicals to free radicals involved in 
lipid autoxidation (36-39). 

MbNO gave electron spin resonance spectra 
similar to organic nitroxide free radicals with an 
unpaired electron. The unpaired electron is 
associated with the NO group (40-41). The 
concept by which a nitroxide radical acts as an 
antioxidant by direct coupling with an alkyl 
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FIG. 4. The effect of nitric-oxide myoglobin (o) 
concentration and metmyoglobin (~) on the deSttue- 
tion of carotene by (2 uM) metmy0glol0tla aS a l~tO- 
oxidant (data for the first minute of the reactlorl), 
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FIG. 5. The inhibitory effect of metmyoglobin 
(MMb), nitric-oxide myoglobin (MbNO) and BHT on 
carotene destruction by metmyoglobin (2 ~M). 
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radical was first suggested by Thomas and 
Tolman (42) and Brownlie and Ingold (43). 
Weill et al. (37) showed that  some stable 
synthetic nitroxides were quite effective 
antioxidants. More recently, it  was shown that 
proline ni troxide and ethoxyquin,  which are 
formed during lipid oxidation,  have strong 
antioxidant  activity (38-39). 

We believe that  MbNO acts in the early 
stages of the reaction to neutralize substrate- 
free radicals, and thus inhibits oxidation.  
During this reaction, the molecule of MbNO 
dissociates and MMb is left in the system. The 
concentrations of  the free radicals and the 
hydroperoxides which are then left in the 
system dictates its subsequent behavior. 

MbNO, at low concentration, resulted in a 
short time induction period (Figs. I and 4), 
whereas MMb, which remains in the system at a 
low concentration, acts as a prooxidant .  How- 
ever, if the concentration of  MbNO is high 
enough, a rapid termination of the autoxida- 
tion reaction is achieved. 

The rapid termination in lipid autoxidat ion 
achieved by MbNO in our model systems could 
be attr ibuted both to (a) the MbNO-rad ica l  
which quenches free radicals and thereby 
lowers the level of  prooxidants  in the system, 
and (b) MMb, which, derived in the model  from 
MbNO, acts as a hydroperoxide decomposer 
and also a quencher of free radicals "in a medi- 
um low in prooxidants  (free radicals and 
hydroperoxides).  

In light of  these data, it  is concluded that  
the stabilizing effect of nitrite on the lipid 
fraction in cured meat is derived from new 
compounds that are initiated during the process 
itself. One of those compounds is S-nitroso- 
cysteine, which recently was found to act as an 
antioxidant in model systems and meat (44). 
Hemeproteins, which act as prooxidants in 
cooked meat, are inverted during the curing 
process to nitric-oxide hemeproteins with 
antioxidative activity. This inversion in heme- 
protein 's  activity from a catalyst to an inhibitor  
of lipid oxidat ion seems to greatly improve the 
stability of cured meats. 
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Fatty Acid and Sterol Composition of Ungerminated Spores 
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ABSTRACT 

The fatty acids and sterols of ungerminated chlamydospores of the vesicular-arbuscular (VA) 
endophyte Acaulospora laevis were examined by gas chromatography and mass spectrometry. The 
total lipid content of the spores was 45.5% of the spore dry weight. Predominant fatty acids were 
palmitoleic (52.5%), palmitic (25.5%) and oleic (7.4%). Minor fatty acids consisted of a range of 
(n-3) and (n-6) polyunsaturated acids. The occurrence of (n-3) polyunsaturated fatty acids is rare in 
fungi of the order Mucorales. Three sterols were identified as 24-ethylcholesterol (79.9%), cholesterol 
(11.0%) and 24-methylcholesterol (9.2%). No ergosterol was detected. Lipids of the chlamydospores 
ofA. laevis are compared with those of Glomus caledonius. 

INTRODUCTION 

The biology of the vesicular-arbuscular (VA) 
mycorrhizal plant relationships has stimulated a 
lot of interest because of their potential impor- 
tance in the uptake of nutrients by higher 
plants. 

There have been few biochemical studies on 
the spores of VA endophytes. However, there 
have been many reports of lipid droplets in the 
spores and hyphae of the fungi (1-4). A study 
of the distribution, quanti ty and composition 
of the lipids in uninfected roots, of roots 
infected with Glomus mosseae and the external 
mycelium revealed that the VA endophyte- 
infected roots contained more total lipid than 
uninfected roots and that the mycelium had 
high levels of neutral lipids (2). 

Although spores of Acaulospora laevis 
cannot be grown in axenic culture, spores can 
be grown in pot culture in sufficient quanti ty 
for chemical analysis. This paper reports the 
fatty acid and sterol composition of ungermi- 
nated spores of the VA endophyte A. laevis, 
and compares the results with those previously 
reported for the lipids of the VA endophyte 
G. caledonius (5,6). 

EXPERIMENTAL PROCEDURES 

A. laevis spores were grown on the roots of 
Trifolium subterraneum, in soil which had been 
steam-treated (7). The spores were separated 
from air-dried soil, as previously described (7). 
Spores were dried in vacuo over KOH pellets 
for 24 hr prior to weighing. Immediately after 
separation, 600-1,000 A. laevis spores were 
disrupted in a screw-capped glass mortar and 
pestle, containing a small vol of methanol at 0 
C. The preparation was checked microscop- 

ically to ensure that all spores were fractured. 
The disrupted spores were then extracted by 
shaking on a wrist shaker for 1 hr in 2 ml 
chloroform/methanol (2:1) at 0 C. This extrac- 
tion process was repeated twice and the third 
extractS_on was done at 40 C. The chloroform/ 
methanol extracts were washed with 0.2 vol of 
saline (0.9% w/v NaC1), and the aqueous phase 
was extracted by the Folch et al. method (8) as 
previously reported (5). The pooled chloroform 
phases were concentrated under nitrogen. 

Fatty acids were analyzed as their methyl 
esters, which were prepared by transesteri- 
fication of the neutral lipid extract using 
methanol containing 3% I-I2SO4 (9). Free 
sterols and sterol esters were isolated by 2- 
dimensional thin layer chromatography (TLC) 
(10). Sterol esters were hydrolyzed (9) and 
were acetylated together with the free sterols in 
pyridine/acetic anhydride (2:1) overnight at 
room temperature. The residue of the chloro- 
form/methanol-extracted spores was hydro- 
lyzed by refluxing with 20% aqueous KOH for 
2 hr. Bound sterols were extracted into petro- 
leum ether (bp 30-60 C) and bound fatty acids 
were recovered in petroleum ether after acidi- 
fication with 6 N HC1 (9). Both sterols and 
fatty acids were derivatized as before. 

Fat ty acids and sterols were analyzed by gas 
liquid chromatography (GLC), using a Varian 
Aerograph 2700 gas chromatograph equipped 
with a flame-ionization detector. Fatty acid 
methyl esters were separated on 1.8 m x 3.4 
mm glass columns packed with 10% EGSS-X on 
Supelcoport 100/120 mesh at 200 C and with 
10% BDS (butanediol succinate polyester) on 
Supelcoport 100/120 mesh at 170 C. Fatty acid 
analysis was carried out isothermally; the 
injector and detector temperatures for all GLC 
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analyses were 270 C. Chain length and the 
degree of unsaturation of the fatty acids were 
verified before and after hydrogenation in 
methanol with platinum catalyst (9) by com- 
parison of  their relative retention times with 
authentic samples, and/or by graphic deter- 
mination of equivalent-chain-length (ECL) 
values (11). Sterols were identified by com- 
parison of their relative retention times with 
authentic samples (12) .  The amounts of  indi- 
viudal sterols and fatty acid methyl  esters were 
determined by comparison of peak areas to the 
internal standards, stigmasterol and methyl  
heptadecanoate, respectively. Peak area was 
determined by triangulation. The identity of  
major fatty acids and sterols was confirmed by 
mass spectroscopy (MS) with a Varian Matt 311 
mass spectrometer, using an ionization poten- 
tial of 70 eV. Results expressed are the means 
of  3 batches of  spores grown in pot culture. 

RESULTS AND DISCUSSION 

The total lipid content of A. laevis chlamy- 
dospores was 45.5% of the spore weight, which 
is high compared to most fungal spores (13). G. 
caledonius, the only other VA endophyte spore 
which has been studied, displayed a similar lipid 
content of 45.5%, and this increased during 
germination to 70% of the spore weight (5). 
From the small amount of work that has been 
done on fungal spore lipids from the order 
Mucorales, it is apparent that they generally 
have lower lipid contents than either A. laevis 
or G. caledonius (13). High total lipid levels 
have been observed in rust spores, such as 
aeciospores of Cronartium ribicola and basidio- 
spores of C. fusiforme with 18 and 31%, 
respectively ( 14,15). 

The fatty acids of A. laevis spores were 
similar to those of other fungi and plants in 
that a large proportion of the total fatty acids, 
90.6% were made up of 14:0, 16:0, 16:1, 18:0, 
18:1, 18:2 and 18:3. However, the fatty acids 
of A. laevis and G. caledonius apparently are 
distinguished from most other fungi by the 
presence of  a range of polyunsaturated fatty 
acids (5). A. laevis contains 9.4% of its total 
fatty acids as polyunsaturates (Table I). The 
C20-polyenoic fatty acids comprise 8.5% of the 
total fatty acids, whereas the longer chain 
length fatty acids made up the remaining 0.7%. 
There were 2 odd-chain-length fatty acids 
identified, 23:3(n-6) and 25:3(n-6). However, 
they were present only in trace amounts. Fat ty  
acids, as methyl  esters, were identified by 
comparison of the retention times with those of  
authentic standards and also with fatty acid 
methyl esters previously identified by GLC-MS 

TABLE I 

Fatty Acids of Acaulospora laevis 

Neutral lipid Bound fatty 
Fatty acids fatty acids (%) acids (%) 

14:0 a 0.6 • 0.2 b 
16:0 25.5 • 0.5 
16:1(n-7) 52.5 • 1.0 
18:0 0.9 • 0.3 
18:1(n-9) 7.4 • 0.3 
18:2(n-6) 1.7 • 0.2 
18:3(n-6) 0.3 • 0.1 
18:3(n-3) 0.3 • 0.2 
20:2(n-6) 2.3 +- 0.4 
20:3(n-6) 2.0 • 0.3 
20:3(n-3) 1.5 • 0.2 
20:4(n-6) 1.1 • 0.2 
20:5(n-3) 1.4 • 0.3 
22:4(n-6) 0.3 • 0.2 
22:5(n-6) 0.2 + 0.1 
23:3(n-6) t c 
24:1(n-9) 0.2 • 0.1 
25:3(n-6) t 
26:3(n-6) t 

2.3• 
23.4• 
14.8• 
25.3• 
10.5• 
6.9• 
6.3• 
3.9• 
0.7• 
5.9• 

aNumber of carbon atoms in acid:number of 
double bonds; n represents the number of carbon 
atoms between the terminal double bond and the 
methyl end of the molecule. Double bond position 
provisionally identified only. 

bRelative percentage of fatty acids • SD, from 3 
batches of spores. 

ct = trace, < 0.1%. 

prepared from G. caledonius spores (5). Also, 
minor polyunsaturated fatty acids were identi- 
fied by ECL values, before and after hydroge- 
nation. The fatty acids identified in A. laevis 
are very similar to those identified in G. cale- 
donius. However, the range of polyunsaturated 
acids was greater in A. laevis. The predominant 
fatty acids of A. laevis and G. caledonius were 
16:1 52.9% and 47.7%, 16:0 25.6% and 26.0%, 
18:1 7.7% and 15.4%, and 18:2(n-6) 1.9% and 
2.5%, respectively. The only difference seen in 
the fatty acids identified in both spores was 
that A. laevis contained 20:4(n-6) whereas 
G. caledonius contained 20:4(n-3). 

The major fatty acids of diatoms have been 
shown to be 16 : 1 and C20-polyenoic acids (16); 
the presence of  the polyunsaturated fatty acids 
20:4 and 20:5 in the nonphotosynthetic 
diatom Nitzschia alba was characteristic of 
photosynthetic diatoms (17). Such acids may 
be involved in the function of the photo- 
synthetic apparatus in algae (17). Similar 
inferences may be drawn for A. laevis and G. 
caledonius, i.e., perhaps these fungi once had 
photosynthetic capabilities but have since lost 
them. However, on the other hand, the poly- 
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TABLE II 

Sterols of Acaulospora laevis 

951 

Sterols 

Total 
sterols a Free Sterol Bound 

(gg sterols/mg dry weight) sterols (%)b esters (%) sterols (%) 

Cholesterol 0.18+ 0.02 20.0 + 2.4 0.5 +- 0.1 3.4-+ 0.5 
24-Methyl-cholesterol 0.15 -+ 0.03 10.3-+ 1.6 10.4-+ 1.2 1.5-+ 0.3 
24-Ethyl-cholesterol 1.31 -+ 0.2 69.6 +- 9.2 89.1 +- 12.3 95.1 -+ 15.0 

aThe figures are the average /~g sterol/mg dry weight of relative peak area -+ SD obtained from 3 batches of 
spores. 

bThe figures are the average percentages of relative peak area -+ SD obtained from 3 batches of spores. 

unsatura ted  fat ty  acids may  be membrane  
components .  Polyunsatura ted  fa t ty  acids guar- 
antee high f lexibi l i ty o f  membranes  at low 
tempera tures  and are less susceptible to pho to-  
ox ida t ion  at high dayt ime tempera tures  (18). 
Because of  the ubiqui tous  nature  o f  VA endo- 
phytes ,  po lyunsa tura ted  fa t ty  acids may  play 
an impor t an t  role in helping maintain  the  
viabil i ty of  these organisms. 

Bound fa t ty  acid in A.  laevis represented 
1.2% of  the total  fa t ty  acid and their  range was 
less than that  of  the total  fa t ty  acids (Table I). 
Also, the  dis t r ibut ion was quite  d i f ferent :  
18:1(n-9),  16:1(n-7),  18:0 and 18:2(n-6) were 
the  major  fa t ty  acids. 

Sterols were ext rac ted  f rom spores o f  A. 
laevis, f ract ionated by TLC, acetylated and 
separated by GLC, using a 3% SE-30 co lumn 
(1.8 m • 3.4 mm).  Tenta t ive  ident i f icat ions 
based on re ten t ion  data of  the 3 sterols resolved 
were cholesterol ,  24-methylcholes tero l  and 
24-ethylcholes terol  (Table II) (12). The  major  
sterol that  was separated represented 79.9% of  
the  to ta l  sterols in the ungerminated  spores and 
gave a GLC re ten t ion  t ime that  corresponded to 
24-e thylcholes terol  (12). The  mass spect rum 
of  this sterol acetate  showed ion peaks at m/e  
396 [M+-(acetate)] ,  381 [M+-(CH3 + ace ta te ) ] ,  
255 [M+-(side chain + acetate)]  and 213 
[M+-(side chain + 42 + ace ta te ) ] ,  indicat ing a 
monounsa tu ra t ed  C29 sterol acetate wi th  the  
double  bond in the steroid nucleus,  thereby  
conf i rming the s tructure to be 24-ethylchol-  
esterol. 

The second most  abundant  sterol acetate  
represented 11.0% of  the total  sterols and had a 
GLC re ten t ion  t ime that  corresponded to  
choles terol  acetate  (12). The  mass spec t rum 
showed ion peaks at m/e  368 [M+-(acetate)] ,  
353 [M+-(CH3 + ace ta te ) ] ,  255 [M§ chain 
+ acetate)]  and 247 [M+-(acetate + C9H13)] , 
conf i rming the s tructure o f  this sterol acetate  
to  be that  o f  cholesterol .  The  smallest sterol 
c o m p o n e n t  isolated comprised  9.2% of  the 

to ta l  sterols and had a GLC re ten t ion  t ime that  
corresponded to 24-methylcholes tero l  (12). The  
mass spectrum of  this sterol acetate showed ion 
peaks at m/e  382 [M*-(acetate)] ,  367 [M r- 
(CHa + acetate)]  255 [M+-(side chain + ace- 
tate)]  and 213 [M+-(side chain + 42 + ace- 
ta te ) ] ,  indicating a monounsa tu ra ted  C28 sterol 
acetate  wi th  one double bond in the steroid 
nucleus,  thus conf i rming the s tructure to  be 
24-methylcholes terol .  

The  total  sterol con ten t  for spores of  A. 
laevis was 0.16% of  the spore weight. This i s  
lower  than the 0.39% sterol con ten t  repor ted  
for  G. caledonius (6), but  is still higher than the 
range repor ted  for some fungi in the order  
Mucorales, which ranged f rom unde tec tab le  to 
0.025% of myce l ium dry weight (19). The  to ta l  
sterol con ten t  of  A.  laevis consisted o f  49.8% 
free sterols, 34.4% sterol esters and 15.8% 
bound  sterols. The  major  sterol in all fract ions 
studied was 24-ethylchotesterol  (Table II), 
fo l lowed by choles terol  in the free and bound  
sterols, and 24-methylcholes tero l  in the sterol 
esters. Ergosterol  is considered to be the major  
fungal sterol, and has been more  f requent ly  
repor ted  in the  Mucorales than has choles terol  
(13). However ,  no  ergosterol  was de tec ted  in A. 
laevis. The  lipids in spores of G. caledonius and 
A. laevis have similar total  lipid contents :  bo th  
conta in  a large range o f  fa t ty  acids with (n-3) 
and (n-6) polyunsa tura ted  fa t ty  acids, and 
cholesterol ,  24-methylcholes tero l  and 24-ethyl-  
cholesterol .  
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Altered Fatty Acid Desaturation 
and Microsomal Fatty Acid Composition 
in the Streptozotocin Diabetic Rat 
FRED H. FAAS and WILLIAM J. CARTER, Veterans Administration Medical Center and 
University of Arkansas for Medical Sciences,,Little Rock, AR 72206 

ABSTRACT 

Streptozotocin diabetes in the rat diminishes the synthesis of both monounsaturated and poly- 
unsaturated fatty acids. Rat liver micfosomal fatty acid composition and fatty acid desaturation were 
studied in the streptozotocin diabetic rat. The major alterations in fatty acid composition found in the 
diabetic rat were decreased proportions of palmitoleic, oleic and arachidonic acids and an increased 
proportion of linoleic and docosahexaeneoic acids. These findings, other than the increased docosa- 
hexaeneoic acid, probably result from the diminished liver microsomal ZX9 and 2x6 desaturase activities 
found in these animals. These changes are not due to the diminished weight gain of the diabetic 
animals since restricting food intake of control animals to achieve a similar weight gain failed to 
reproduce either the changes in fatty acid composition or the decrease in fatty acid desaturati0n. The 
increased food intake of the diabetic animal may contribute to the altered proportions of linoleic and 
arachidonic acids since limiting food intake in diabetic animals to that of normal controls diminished 
the magnitude of these changes. Insulin therapy for 2 days not only reverses and overcorrects the 
diminished desaturase activities, but likewise reverses and overcorrects the altered fatty acid composi- 
tion, with the exception of the diminished arachidonic acid levels which are further decreased follow- 
ing insulin therapy. These findings strongly suggest that most of the changes in fatty acid composition 
in the diabetic rat are indeed caused by the diminished fatty acid desaturase activities. 

INTRODUCTION 

Diminished microsomal fatty acid desatu- 
ration occurs in experimental diabetes mellitus 
and is correctable with 24-hr insulin therapy 
(1-3). The A9, A6 and A5 desaturase enzyme 
activities are all diminished in diabetes even 
though these probably are different enzymes 
(4). The A9 desaturase enzyme converts satu- 
rated fatty acids into monounsaturated fatty 
acids. The A6 desaturase enzyme converts 
9,12-18:2 (linoleic acid) to 6,9,12-18:3 (3- 
linolenic acid), the initial and rate-controlling 
step in the conversion of linoleic to 5,8,11,14- 
20:4 (arachidonic acid) (5). The defect in 
experimental diabetes results from an effect on 
the terminal desaturase enzyme rather than an 
effect on the prior components of  the micro- 
somal electron transport system responsible for 
fatty acid desaturation (2,3). The principal 
physiological fatty acids whose synthesis is 
dependent on these enzymes are 9-16:1 (palmi- 
toleic acid), 9-18:1 (oleic acid), 8,11,14-20:3 
(eicosatrienoic acid), arachidonic acid and 
4,7,10,13,16,19-22:6 (docosahexaenoic acid). 
These fatty acids also can be supplied by 
diet along with linoleic acid and 9,12,15-18:3 
(linolenic acid), polyunsaturated fatty acid 
precursors which cannot be synthesized and can 
only be supplied by diet. 

Previous studies have been carried out to 
determine if this diminished fatty acid desatu- 

ration results in altered fatty acid composition 
of lipids from liver, testis and adipose tissue 
(6-10). Although the findings have not been 
uniform, it has been generally concluded that 
alterations in fatty acid composition of  certain 
lipids may be at least partly due to the impair- 
ment of fatty acid desaturation. The interpre- 
tation of these experiments has been made 
difficult by the presence of  factors other than 
diabetes that may alter lipid fatty acid compo- 
sition and by the failure to study specific 
subceUular components whose compositions 
vary considerably (11). Adipose tissue triacyl- 
glycerols reflect the fatty acid composition of 
the diet (12), as do serum and tissue phospho- 
lipids and cholesterol esters, although to a lesser 
extent. In an attempt to accentuate the changes 
in fatty acid composition in diabetes, some of 
the previous studies have been carried out in 
animals fed diets deficient in essential fatty 
acids (7,8,10), which normally accelerate fatty 
acid desaturation (4). 

The purpose of this study was to determine 
if changes in liver microsomal fatty acid compo- 
sition in experimental diabetes mellitus corres- 
pond to changes in fatty acid desaturation and 
if such changes are readily reversed by insulin 
therapy. Since the synthesis of unsaturated 
fatty acids occurs in the microsomal fraction, 
microsomal fatty acid composition might 
reflect early changes in fatty acid desaturation. 
We also have carried out studies to determine if 
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the increased food intake and/or lesser weight 
gain of the diabetic animals might contribute to 
observed changes in lipid desaturation and 
composition. 

MATERIALS AND METHODS 

Materials 

[14C]stearoyl-CoA and [1-14C]linoleic acid 
were purchased from New England Nuclear. 
Unlabeled stearoyl-CoA was purchased from 
P&L Biochemicals. Linoleic acid, free co- 
enzyme A, NADH and ATP were purchased 
from Applied Science Labs or Sigma Chemical. 
Streptozotocin was kindly supplied by the 
Upjohn Co. and the National Cancer Institute. 
All other chemicals were of reagent grade. 

Animals and Their Treatment 

White, male, Sprague-Dawley rats from 
Charles River Laboratories were maintained on 
a Purina Laboratory Chow #5001 diet ad 
libitum unless indicated otherwise. A sample 
analysis from one batch of  the diet contained 
5.0% total  lipid with a fatty acid composit ion 
of 1.7% 14:0 (myristic acid), 22.9% 16:0 
(palmitic acid), 1.9% palmitoleic acid, 7.8% 
18:0 (stearic acid), 32.4% oleic, 29.8% linoleic 
and 3.1% linolenic acids. Experimental diabetes 
was produced by the intravenous injection of 
streptozotocin in a dose of 75 mg/kg body 
weight. After  several days, blood glucose was 
estimated using Dextrostix reagent strips and an 
Ames Reflectance Meter. Only those rats with 
blood glucoses greater than 300 mg/dl were 
considered diabetic. Animals treated with 
insulin were given 4 U NPH insulin at 8 am and 
4 pm for 2 days prior to death. Control and 
untreated diabetic animals were injected with 
saline. Before injection of insulin or saline and 
immediately before death, blood was taken for 
glucose determination by a commercial glucose 
oxidase method. Rats were killed 14-21 days 
after streptozotocin injection in the fed state, 
and liver microsomes were isolated. 

Preparation of Microsomes 

Microsomes were prepared from rats killed 
by a blow to the head followed immediately by 
cervical disarticulation. The liver was rinsed in 
0.25 M sucrose, and was homogenized in 
5 ml of 0.25 M sucrose/g liver. The homogenate 
was centrifuged for 20 min at 16,000 G, and 
the resulting supernatant was centrifuged for 60 
min at 105,000 G. The surface of the micro- 
somal pellet was washed 3 times with cold 0.25 
M sucrose, and the pellet was resuspended in 
same to an appropriate protein concentration. 

In some instances, pellets were frozen for 
several days prior to use, All microsomal 
preparation was done at 0 to 4 C. When frozen 
in concentrated form (15 mg microsomal 
protein/ml 0.25 M sucrose), enzyme activities 
were stable for up to 2 weeks. Washed micro- 
somes for lipid and fatty acid analysis were 
prepared by resuspending the 105,000 G pellet 
in 0.25 M sucrose and centrifuging for 60 min 
at 105,000 G. 

Enzyme Assays 

The desaturation reactions were carried out 
as described previously (2). Stearoyl-CoA 
desaturation reaction mixtures containing 36 
/IM [ 1J4C] stearoyl-CoA (200,000 dpm), 1 mM 
NADH, 50 mM potassium phosphate buffer 
(pH 7.4) and ca. 1 mg microsomal protein in a 
total  vol of 1 ml were incubated at 37 C for 20 
rain. Linoleic acid desaturation reaction mix- 
tures containing 40 /aM [ 1J4C] linoleic acid, 5 
mM MgC12, 2 mM ATP, 50/aM coenzyme A, 1 
mM NADH, 50 mM potassium phosphate 
buffer (pH 7.4) and ca. 2.5 mg microsomal 
protein in a total  vol of  1 ml were incubated at 
37 C for 15 min. Rates of desaturation are 
nearly linear with time under these conditions. 
The reactions were terminated by the addition 
of  2 ml of ethanolic KOH (25% 10 M KOH and 
75% ethanol). The reaction mixtures were 
hydrolyzed at 70 C for 1 hr and t i trated to a 
pH of 3-4 using bromophenol  blue as indicator. 
The fat ty acids were extracted with petroleum 
ether and methylated using boron trifluoride in 
methanol as described previously (13), The 
fat ty acid methyl  esters were separated by 
argentation thin layer chromatography (TLC) 
using a hexane/benzene (50:50) solvent system 
for the stearoyl-CoA desaturase assays and a 
toluene/acetone (95:5) solvent systems for the 
linoleic acid desaturase assays (2). 14C incor- 
poration into product  was determined by the 
substrate and the product in a liquid scintil- 
lation spectrometer. 

Lipid Fatty Acid Composition 

Total microsomal lipid was extracted with 
chloroform/methanol  (2:1) (14). Fa t ty  acid 
methyl  esters of the lipid extract were formed 
as just described following alkaline hydrolysis. 
Separation of individual fat ty acid methyl  
esters was accomplished by gas liquid chro- 
matography (GLC) using a Hewlett Packard 
5711 gas chromatograph. Six-ft X 1/4 in. glass 
columns packed with 12% EGSS-X and 2% 
polyvinylpyrrolidinone on 100/120 mesh Chro- 
mosorb W (acid-washed) were used. The col- 
umns were operated isothermally for 45-75 rain 
at 185 C using 60 ml/min nitrogen (carrier gas) 
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flow rate. In the initial studies reported herein, 
chromatography was carried out for 45 min/ 
sample; consequently, the docosahexaenoate 
peak was excluded. Subsequently, chromatog- 
raphy was carried out for 90 rain to include this 
peak. Only the fatty acids which were present 
in greater than 1% proportions are reported. 
Peaks were identified by comparison of reten- 
tion times with authentic standards. The 
percentage of each fatty acid present was 
determined from the peak areas using a Hewlett 
Packard 5530 recorder-integrator. Analysis of a 
quantitative standard containing 20% by weight 
each of the methyl esters of palmitic, stearic, 
oleic, linoleic and linolenic acids revealed 
integrated areas between 19.88% and 20.18% 
for each component. 

Analytical Procedures 

Phospholipid, cholesterol and triacylglycerol 
assays were carried out on the chloroform/ 
methanol extracts by previously described 
procedures (15-17). Proteins were determined 
by a modification of the Lowry method using 
bovine serum albumin as standard (18). 

Statistical Analysis 

The results of replicate experiments were 
pooled for statistical analysis. Significant 
differences between groups were determined 
using the one-way analysis of variance. 

RESULTS 

Weight Gain and Food Intake 
in Diabetic Animals 

In the first series of experiments, the animals 
were divided into 4 groups. Group I was control 
animals and group II was diabetic animals fed 
ad lib. throughout the experiment. Group III 
was control animals whose food intake was 
restricted so that their weight gain would match 
the weight gain of the diabetics. Because 
diabetic animals have hyperphagia but gain less 
weight than controls, these food restricted 
controls were studied to determine if changes in 
desaturation or lipid composition in diabetes 
might be caused by the decreased weight gain 
and relatively increased fat mobilization of the 
diabetic animals. Group IV was diabetic animals 
whose food intake was restricted to match 
the food intake of the controls. These food- 
restricted diabetics were studied to determine if 
changes in desaturation or lipid composition in 
diabetes might be caused by the increased food 
intake of the diabetic animals. 

Figure 1 illustrates the body weight and 
food intake of the 4 groups of rats throughout 
the experiment. At the end of the experiment, 
the diabetic rats (group II) had 24% greater 
food intake but a 55% lesser weight gain than 
the controls. The food-restricted controls 
(group Ili) received 68% of the food intake of 
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FIG. 1. Body weight and food intake in diabetes. Group I-controls fed ad lib. (n = 10); group II-diabetics 
fed ad lib. (n = 12); group III-controls whose food intake was restricted so that weight gain would match that 
in diabetics (n = 10); group IV-diabetics whose food intake was restricted to match food intake of controls 
(n = 10). Diabetes was produced and experiment carried out as described in Materials and Methods. 
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the controls in order to achieve a similar weight 
gain as the diabetics. The food-restricted 
diabetics (group IV) which were given the same 
food intake as the controls had an 80% lesser 
weight gain than control animals. 

Influence of Food Intake and Weight Gain 
on Fatty Acid Desaturation in Diabetes 

Figure 2 shows the results of the fatty acid 
desaturase activities in the 4 groups of rats. The 
diabetic rats had a 90% inhibition of stearate 
(A9) desaturation and a 48% inhibition of  
linoleate (A6) desaturation. Although the 
inhibition of A6 desaturation is not statistically 
significant in this small group of  animals, 
combined results from the experiments in 
Figures 2 and 5 reveal a highly significant 34 + 
3% (mean + SE, n = 11) inhibition of A6 

desaturation in the diabetic animals. This is 
consistent with previous reports by ourselves 
and others (2,19). Control animals whose food 
intake was restricted so that their weight gain 
was equivalent to the diabetic animals had a 
marked increase in A6 desaturase activity to 
314% of control and a lesser increase in A9 
desaturase activity to 136% of  control. These 
increases in fatty acid desaturase activities in 
the food-restricted controls were unexpected 
since fasting depresses both A9 and A6 desatu- 
rase activities (4) and emphasizes the need for 
evaluation of food intake as one important 
factor in the complex control of fatty acid 
desaturation. The diabetic animals whose food 
intake was restricted to match the food intake 
of  the controls demonstrated decreases in 
desaturase activity similar to the diabetics fed 
ad lib. 
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FIG. 2. Microsomal fatty acid desaturase activity in diabetes and with food restriction. Desaturase enzyme  
assays were carried out as described in Materials and Methods in the 4 groups of  animals described in the legend 
to Fig. 1. Mean -+ SEM control stearate (18:0  ~ 18:1) and linoleate (18:2  ~ 18:3) desaturase activities were 
3.68 +- 0 .30  and 0 .92  -+ 0.03 nmol /mg protein/incubation period, respectively. Mean -+ SEM control blood 
glucose was 100 -+ 2 mg/dl. The numbers o f  animals in each group are shown in the first set o f  bars with 4 
animals in the control group. The details of  the animal groups are given in the legend to Fig. 1. *Significantly 
different from controls, p < .05;  **p < .01. 
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Microsomal Lipid Composition in Diabetes 

Figure 3 shows the microsomal composition 
of the major lipid classes in the fed and food- 
restricted control and diabetic rats. Control 
liver microsomal lipids contained 85% phospho- 
lipid, 9% cholesterol and 5% triacylglycerol. 
The diabetics fed ad lib. had slightly higher 
phospholipids than controls. The food-restricted 
controls and diabetics both had slightly higher 
cholesterol contents than the controls. Because 
there were no major differences in composition 
of the major lipid classes in any of the groups, 
changes in fatty acid composition between the 
various treatment groups are likely caused by 
changes in fatty acid composition of the 
phospholipid fraction. 

Mierosomal Fatty Acid 
Composition in Diabetes 

Figure 4 shows the results of the fatty acid 
analysis of the microsomal lipid extracts. Liver 
microsomal lipid fatty acid composition was 
altered in the diabetic animals fed ad lib. with 
significantly decreased proportions of palmi- 
toleic, oleic and arachidonic acids and an 
increased proportion of linoleic acid. The 
decreased palmitoleic acid may be a result of 
the diminished A9 desaturase activity and the 
increased linoleic acid with decreased arachi- 
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donic acid may result from the diminished A6 
desaturase activity found in these animals. 
Thus, these findings are consistent with the 
hypothesis that the altered lipid composition 
may result from diminished A6 and A9 fatty 
acid desaturation. 

The food-restricted controls (group III) had 
significantly increased proportions of palmi- 
toleic and oleic acids and a lower proportion of 
stearic acid than the controls fed ad lib. This 
may be a result of the increased A9 desatu- 
ration in these animals. No changes in propor- 
tions of linoleic or arachidonic acids were 
found, even though A6 desaturase activity was 
markedly increased in this group. Because none 
of the fatty acid composition changes in group 
III mimicked the changes in the diabetics, the 
major differences between the diabetics and 
controls fed ad lib. were not simply due to the 
lesser weight gain of the diabetics. 

The fatty acid composition changes in the 
food-restricted diabetic animals (group IV) 
were similar to those in the diabetics fed ad lib. 
except that the increased linoleic acid and 
decreased arachidonic acid were of lesser 
magnitude, and the change in arachidonic acid 
was no longer statistically significant. In addi- 
tion, the slight increase in stearic acid seen in 
the diabetics fed ad lib. was greater in the 
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FIG. 3. Microsomal lipid composition in diabetes and with food restriction. The number of animals in each 
group is shown in the bars. Animal treatments are described in Materials and Methods. Results are shown as 
mean • SEM. The asterisk indicates a significant difference from the controls, p < .01. 
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FIG. 4. Microsomal fatty acid composition in diabetes and with food restriction. Fatty acid composition was 
determined by gas chromatography as described in Materials and Methods in the groups of animals described in 
the legend to Fig. 1. The 20:3 fraction is 8,11,14-20:3. The number of animals in each group is shown in the 
first set of bars. Results are shown as mean -+ SEM. The letters (x) above the bar indicate significant differences, 
p < .01, except x' indicates p < .05. (a) Group I vs group II; (b) I vs III; (c) I vs IV; (d) II vs III, (e) II vs IV; 
(f) III vs IV. 

food-restricted diabetics, and reached statistical 
significance. This suggests that the increased 
food intake of the diabetic animals cannot 
account for the changes in palmitoleic, stearic 
and oleic acids since these changes were the 
same or greater. However, the increased food 
intake may partially account for the changes in 
linoleic and arachidonic acids seen in the 
diabetic animals since food restriction limited 
the magnitude of these changes. 

Fatty Acid Desaturase Activity in 
Insulin-Treated Diabetic Animals 

In the next group of experiments, control, 
diabetic and diabetic animals that had been 
treated with 4 U NPH insulin twice a day for 2 
days were studied. Figure 5 demonstrates that 
streptozotocin diabetes caused a 91% inhibition 
of stearate (A9) desaturation and a smaller but 
significant 26% inhibition of linoleate (A6) 
desaturation as already noted. Treatment of 
the diabetic animals with 4 U NPH insulin twice 
a day for 2 days lowered the blood glucose at 
time of sacrifice to 211 mg/dl from a pre- 
treatment mean of 403 mg/dl while causing not 
only repaired fatty acid desaturation, but a 
stimulation of A6 and A9 desaturase activities 
to values higher than control values. The 
insulin-treated animals had A9 desaturation 
rates of 479% of control and A6 desaturation 
rates of 172% of control. These findings are 
consistent with our previously published data 
(2). 

Microsomal Fatty Acid Composition 
in Insulin-Treated Diabetic Animals 

Figure 6 shows the fatty acid composition of  
liver microsomal lipid in the same control, 
diabetic and insulin-treated diabetic animals. 
The fatty acid composition in the diabetic 
animals was altered as before, with significantly 
decreased proportions of palmitoleic and 
arachidonic acids and increased proportions of 
linoleic acid. The decrease in oleic acid in these 
experiments was not statistically significant. In 
addition, in these experiments, there was a 
slight but significant decrease in palmitic acid 
and an increased proportion of  docosahexa- 
enoic acid, the level of which was not evaluated 
in the first series of experiments. The increased 
docosahexaenoic acid, a product derived from 
the desaturation and elongation of  linolenic 
acid, may be related to diminished utilization 
of this fatty acid. 

Also shown in Figure 6 is the effect of  2 
days of insulin therapy on the fatty acid 
composition changes of the microsomal lipid. 
The increased docosahexaenoic acid level of  the 
untreated diabetics was returned to normal. The 
decreased palmitic and palmitoleic acid and the 
increased linoleic acid levels were not only 
returned to normal but actually significantly 
changed in the opposite direction. Particularly 
striking was the increase in palmitoleic acid 
from 0.74% of total in the untreated diabetics 
to 6.5% in the insulin-treated diabetics, com- 
pared to a value of 1.9% in control animals. 
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FIG. 5. Blood glucose and microsomal  desaturase activities in insulin-treated diabetes. Desaturase enzyme 
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While the proportions of stearic and oleic acids 
were not significantly changed in the untreated 
diabetic animal, the insulin treated diabetics 
showed a significant decrease in stearic acid and 
an increase in oleic acid. The other change of 
particular interest was the further drop in 
arachidonic acid following insulin, rather than 
the return toward normal seen i n  the other 
fatty acids. The increases in palmitoleic and 
oleic acids with a decrease in stearic acid are 
consistent with the marked stimulation of A9 
desaturation in the insulin-treated animals. The 
significant increase in palmitic acid following 
insulin is opposite from the expected result 
from increased A9 desaturation and may be the 
result of insulin-stimulated de novo palmitate 
synthesis via its stimulatory effect on the 
acetyl-CoA carboxylase reaction (20). The 
decrease in linoleic acid following insulin is 
consistent with the marked stimulation of A6 
desaturation; however, the expected increase in 
arachidonic acid did not occur. The further 
decrease in arachidonic acid following insulin 
may reflect increased utilization of this impor- 
tant fatty acid not yet compensated for by 
increased synthesis following repair of the 
insulin-deficient state. 

DISCUSSION 

Our studies demonstrated that streptozo- 
tocin diabetes in the rat causes changes in liver 
microsomal lipid fatty acid composition with 
diminished palmitoleic, oleic and arachidonic 
acids and increased linoleic and docosahexa- 
enoic acids, consistent with the decreased liver 
microsomal A6 and A9 desaturase activities 
found in these animals. Benjamin and Gelihorn, 
studying adipose tissue, and Brenner et al., 
studying adipose tissue and testis, described a 
significant decrease in palmitoleic acid and and 
an increase in linoleic acid in alloxan diabetic 
rats (6,9). Treatment of the animals with 
insulin for 2 days significantly altered these 
levels toward normal which suggested that the 
change in palmitoleic acid was caused by 
altered synthesis of monounsaturated fatty 
acids (6). Friedmann et al. (7) found that, 
although alloxan-diabetic animals had dimin- 
ished synthesis of [14C] arachidonic acid from 
injected [14C]linoleic acid, liver phospholipid 
linoleic and arachidonic acids were unchanged 
in the diabetic animal. They noted that diabetic 
animals on a fat-free diet had diminished 
5,8,1 1-eicosatrienoic acid, which suggested that 
they were unable to normally desaturate oleic 
acid in the face of essential fatty acid defi- 
ciency. Mercuri et al. (8) subsequently showed 
an increase in linoleic acid and decrease in 

arachidonic acid in total liver lipids in alloxan- 
diabetic rats fed fat-free diets. Recently, 
Worcester et al. (10) reported decreased palmi- 
toleic and oleic acids and increased linoteic acid 
levels without a change in arachidonic acid in 
liver and plasma phospholipids of streptozo- 
tocin diabetic rats fed a low-fat fructose or 
glucose diet, although they found only a 15% 
decrease in A9 desaturase in the glucose-fed 
diabetic animals and no change in the fructose- 
fed diabetic animals. 

Diabetic animals fed ad lib. have polyphagia 
with significantly greater food intake than 
control animals, yet gain less weight than 
control animals. The diminished weight gain of 
the diabetic animals apparently did not explain 
the fatty acid composition changes seen, since 
control animals whose food intake was re -  
stricted to achieve a similar weight gain failed 
to reproduce the changes in fatty acid compo- 
sition or reduce desaturase activities. The 
increased food intake per se of the diabetic 
animals may partially account for some of the 
alterations in lipid fatty acid composition since 
limiting food intake in diabetic animals to 
that of control animals diminished the magni- 
tude of the increase in linoleic acid and the 
decrease in arachidonic acid while exhibiting 
the same depression in fatty acid desaturase 
activities as the diabetic animals fed ad lib. The 
other changes in fatty acid composition were 
similar to those in the diabetic animals fed ad 
lib. 

Insulin therapy abruptly reversed and 
overcorrected the diminished desaturase activi- 
ties in diabetes. The changes in microsomal 
fatty acid composition were likewise reversed, 
with the exception of the decreased arachidonic 
acid level, which was actually decreased further 
after insulin. This may be due to an increase in 
utilization of arachidonic acid in excess of the 
increase in synthesis. The reversal of the fatty 
acid composition changes within 2 days follow- 
ing insulin therapy, particularly exemplified by 
the striking increase in palmitoleic acid from 
.74 to 6.51% of the total, strongly suggests that 
these changes in fatty acid composition were 
indeed caused by the marked increase in 
desaturase activities. 

Moderate restriction of food intake in 
control animals increased both A6 and A9 
desaturase activities, which may explain the 
changes in microsomal fatty acid composition 
seen in these animals. This observation is being 
further evaluated. 

These results indicate that changes in fatty 
acid desaturation result in alterations in mem- 
brane lipid composition. Control of membrane 
lipid composition probably is multifactorial. In 
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addition to alterations resulting from changes in 
A6 and A9 desaturation, other factors such as 
effects on A5 desaturation, diet, fatty acid 
chain elongation, membrane lipid degradation 
and synthesis, and fatty acid oxidation all may 
be important. The physiological consequences 
of such changes in membrane composition 
remain to be determined. 
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Activity of Myocardial Lipase Using Natural Edible Oils 
As Substrates 
A. VAJRESWARI and P.G. TULPULE, National Institute of Nutrition, 
Indian Council of Medical Research, Hyderabad-500007, A.P., India 

ABSTRACT 

Rat heart homogenates were tested for their lipolytic activity toward synthetic and natural sub- 
strates such as edible oils. Triolein was hydrolyzed very efficiently by myocardial lipase whereas 
trierucin was not cleaved by the enzyme. Among the natural substrates, safflower oil, which has the 
highest degree of unsaturation, was hydrolyzed to a greater extent than the other oils. Mustard oil rich 
in erucic acid formed a poor substrate for the myocardial lipase. 

INTRODUCTION 

The ingestion of oils from the seeds of 
Cruciferae family such as rapeseed oil (Brassica 
campestris and Brassica napus) and mustard oil 
(Brassica juncea) which contain high amounts 
of erucic acid has been shown to produce 
myocardial changes in experimental animals. 
Prolonged feeding of these oils ultimately leads 
to myocardial fibrosis (1-4). Short-term feeding 
produces lipidosis in the heart and skeletal 
muscle characterized by the accumulation of 
triglycerides (5-7). The extent of lipidosis 
depends on the level of erucic acid and also on 
the age and sex of the experimental animals 
(8-10). 

The mechanism underlying the erucic-acid- 
induced lipidosis is still obscure, although 
several possibilities have been suggested. It is 
well known that the heart accumulates fat 
when it takes up more fatty acids than it can 
oxidize. The increased uptake of fatty acids 
might result from a shift in the plasmatic fatty 
acid composition in favor of erucic acid and 
from the weaker binding capacity of albumin 
for this fatty acid (1 1,12). In addition, the 
decreased rate of erucic acid metabolism, 
compared to palmitic and oleic acids, may be 
responsible for the accumulation of this fatty 
acid (13-15). However, all these hypotheses do 
not fully explain the preferential accumulation 
of triglycerides containing erucic acid in the 
myocardium. Hung and Holub (16) suggested 
that the observed spectacular increase in the 
triglyceride concentration in the hearts of rats 
fed rapeseed oil might result from an increased 
rate of triglyceride synthesis from the excess of 
available precursors. 

Recently, Mersel et al. (17) have observed 
that intraceUular heart lipase does not hydro- 
lyze trierucin and, hence, the accumulation of 
erucic-acid-rich triglycerides in the heart. 
These observations were made using synthetic 
trierucin and it is unclear whether the myo- 

cardial lipase behaves similarly toward natural 
oils which are mixed triglycerides. In this 
communication, the results of myocardial lipase 
activities using different natural oils are pre- 
sented. This report also includes the profile of 
the fatty acids liberated from various edible oils 
by myocardial lipase. 

MATERIALS AND METHODS 

Weanling male CFY rats were sacrificed by 
cervical dislocation and their hearts excised, 
weighed and dropped into ice-cold 0.25 M 
sucrose solution. The hearts were homogenized 
in a medium containing 0.25 M sucrose and 
10 mM Tris/HC1 at pH 7.4. Aliquots of this 
homogenate which contained 10 mg protein/ml 
served as the source of lipase. The reaction 
mixture had the foUowing composition: 20 mg 
of oil or synthetic glycerides, 5 ml of 1.0 M 
triethanolamine (pH 8.5), 2.5 ml of 20% 
bovine serum albumin and 2.5 ml of 0.1 M 
NaC1. It was emulsified prior to enzyme reac- 
tion in a hand homogenizer. The lipolytic 
activity was determined by adding 0.25 ml of 
homogenate to 0.75 ml of preincubated reac- 
tion mixture at 37 C and shaking for 20 min in 
a Dubenoff shaker maintained at 37 C. The 
reaction was stopped by adding 8 ml of chloro- 
form]methanol (2:1) mixture. The activity was 
determined spectrophotometrically by the 
Duncombe procedure (18). Another set of 
tubes in which the reaction was stopped by 
adding 5 ml of Dole's extract was used to 
determine the composition of the liberated 
fatty acids. The fatty acids were extracted into 
3 ml heptane and the solvent evaporated. 
Methyl esters of the fatty acids were prepared 
using methanolic NaOH. The fatty acid profile 
was determined using a Vaxian Model 3700 gas 
chromatograph with a 6 ft column of 15% 
diethyleneglycol succinate on Chromosorb W, 
mesh size 80-100; the nitrogen flow rate was 
30 ml/min. Column temperature was main- 
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tained at 185 C and injector and flame ioniza- 
t ion detector  temperatures were at 250 and 
300 C, respectively. 

RESULTS AND DISCUSSION 

Table I summarizes the results of myocardial  
lipase activities using synthetic triglycerides, 
triolein (TO) and trierucin (TE) and also 
natural oils, e.g., safflower oil (SO), groundnut 
oil (GNO), rapeseed oil (RSO) and mustard oil 
(MO) as substrates. The lipolytic activity using 
trierucin was significantly lower than that  seen 
with triolein (P < 0.001). This agrees with the 
observation made by Mersel et al. (17). With 
regard to the various oils as substrates, the 
lipase activity where mustard oil was used was 

TABLE I 

Myocardial Lipase Activi ty in Weaning Rats 

Lipase activity 
Substrate (#mol FFA/mg of protein/hr)  

Triolein 0.76 • 0.052 
(19) a 

Trierucin 0.05 -+ 0.027 b 
(8) 

Safflower oil 0.58 • 0.055 
(7) 

Groundnut  oil 0.43 • 0.058 
(7) 

Rapeseed oil 0.44 + 0.115 
(4) 

Mustard oil 0.33 • 0.034 c 
(5) 

aNumber in parentheses indicates the number of 
observations. 

blndicates  level of  significance between triolein 
and trierucin, P < 0.001. 

Clndicates level of  significance between safflower 
and mustard oil, P < 0.001. 

significantly lower than where safflower oil was 
used (P < 0.001). When groundnut oil and 
rapeseed oil were used as substrates, the activ- 
ities were similar and were intermediate to that 
of safflower oil and mustard oil. However, these 
enzyme activities were not  significantly differ- 
ent, either from that  using safflower oil or 
mustard oil as substrates. It was observed from 
the fat ty acid profiles of oils and their l ipolyzed 
products,  free fat ty  acids, (Table II) that fat ty 
acids which had a chain length greater than 20 
carbon atoms were released to a lesser extent  
compared to those with chain length less than 
20 carbon atoms. The lipolytic activity appar- 
ently was inversely proport ional  to the amount  
of  fat ty acid of  chain length more than 20 
carbon atoms present in the oil. Beare-Rogers 
and Nera (19) had observed that the lipid in the 
myocardiums of  young rats fed rapeseed oil and 
partially hydrogenated herring oil contained 
high concentrations of docosenoic acid. The 
deposit ion of  this acid can be explained on the 
basis of  the observation made h e r e - t h a t  cardiac 
lipase hydrolyzes long chain fat ty acid contain- 
ing tfiglycerides less efficiently. The small 
difference in the l ipolytic activities in this 
investigation, when groundnut oil and rapeseed 
oil were used, could occur because rapeseed oil 
contains a higher proport ion of long chain 
fatty acids than groundnut oil. 

The results indicate that the alteration in the 
l ipolytic activity of  myocardial  lipase could be 
dependent on the composit ion of  triglycerides 
with reference to the chain length and to a 
certain extent  on the degree of  unsaturation of 
the consti tuent fat ty acids. In addition, unusual 
fat ty acids such as erucic acid in the triglyceride 
predominantly affect the rate of  lipolysis. Thus, 
these studies would help in understanding the 
mechanism of lipidosis seen in animals fed 
mustard oil. 

TABLE II 

Fat ty  Acid Composi t ion of Various Oils and Their Products of Lipolysis (Free Fat ty  Acid) 

16:0 18:0 18:1 18:2 18:3 20:0 20:1 22:1 

Triolein 100 
After lypolysis  0.5 0.2 99.3 

Trierucin 
After lypolysis  

Safflower oil 11.1 0.8 13.1 
After lypolysis 6.6 Traces 5.3 

Rapeseed oil 3.9 51.0 
After lypolysis  1.1 68.8 

Groundnut  oil 12.5 2.7 48.1 
After lypolysis 12.9 2.9 48.3 

Mustard oil 3.0 1.2 14.5 
After lypolysis 3.0 6.5 26.0 

74.0 
88.1 
28.9 9.7 
20.6 9.5 
33.2 
35.8 
21.3 8.3 
30.0 29.1 

1.9 

100 

1.6 4.9 

6.0 45.7 
2.8 2.4 
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In fa t ty  acids of  chain lengths  having 18 
carbon  atoms,  there  was a t e n d e n c y  for  the  
myocardia l  lipase to  release fa t ty  acids p ropor -  
t ional  to  the  degree o f  unsa tura t ion .  However ,  
this was observed only in the  saff lower  and 
mustard  oils. I t  is possible  tha t  the  glyceride 
compos i t ion ,  ra ther  than  the  unsa tu ra t ion  of  
fa t ty  acids, de te rmines  the  release of  fa t ty  acids 
by myocardia l  lipase. F u r t h e r  invest igat ions are 
necessary to  elucidate this aspect.  

ACKNOWLEDGMENTS 

The authors are grateful to Dr. P, Srinivasa Rao, 
Senior Research Officer, for his valuable suggestions. 
Dr. S.G. Srikantia, Former Director, National Institute 
of Nutrition, Hyderabad, gave valuable support and 
expressed keen interest in the investigation. 

REFERENCES 

1. Rocquelin, O., and R. Cluzan, Ann. Biol. Anim. 
Biochim. Biophys. 8:395 (1968). 

2. Rocquelin, G., B. Martin and R. Cluzan, in "Proc. 
Intern. Conf. Sci. Technol., Marketing Rapeseed 
and Rapesee.d Products," 1970, p. 405. 

3. Kramer, J.K.G., S. Mahadevan, J.R. Hunt, F.D. 
Sauer, A.H. Corner and K.M. Charlton, J. Nutr. 
103:1696 (1973). 

4. Rocquelin, G., J.P. Sergiel, P.O. Astorg and 

R. Cluzan, Ann. Biol. Anim. Biochim. Biophys. 
13:587 (1973). 

5. Abdellatif, A.M.M., and R.O. Vies, Nutr. Metab- 
ol. 12:285 (1970). 

6. Branca, D., G. Seutari and N. Siliprandi, Int. 
J. Vit. Nutr. Res. 47:162 (1977). 

7. Beare-Rogers, J.L., E.A. Nera and B.M. Craig, 
Lipids 7:46 (1972). 

8. Abdeilatif, A.M.M., and R.O. Vies, Nutr. Metab- 
ol. 15:219 (1973). 

9. Abdellatif, A.M.M., and R.O. Vles, in "Proc. 
Intern. Conf. Sci., Techuol., Marketing Rapeseed 
and Rapeseed Products,", 1970, p. 423. 

10. Beare-Rogers, J.L., and E.A. Nera, Comp. Bio- 
chem. Physiol. 41B:793 (1972). 

11. Houtsmuller, U.M.T., C.B. Struijk and A. Van 
der Beek, J. Am. Oil Chem. Soc. 49:304A 
(1972). 

12. Gumpen, S.A., and ICR. Norum, Biochim. 
Biophys. Acta 316:48 (1973). 

13. Christophersen, B.O., and J. Bremer, Biochim. 
Biophys. Acta 280:506 (1972). 

14. Swarttouw, M.A., Biochim. Biophys. Acta 
337:13 (1974). 

15. Chak-Ki Cheng, and Shri V. Pande, Lipids 10:335 
(1975). 

16. Hung, S., and B.J. Holub. Nutr. Rep. Int. 15:71 
(1977). 

17. Mersel, M., M. HeUer and A. Pinson, Biochim. 
Biophys. Acta 572:218 (1979). 

18. Duncombe, W.G., Biochem, J. 88:7 (1963). 
19. Beare-Rogers, J.L., and E.A. Nera, Lipids 7:548 

(1972). 

[Received April  25, 1980] 

LIPIDS, VOL. 15, NO. II  



METHODS 

A Colorimetric Microdetermination of Peroxide Values 
Utilizing Aluminum Chloride As the Catalyst 
T. ASAKAWA and S, MATSUSHITA, Research Institute for Food Science, 
Kyoto University, Uji, Kyoto, 611, Japan 

ABSTRACT 

A colorimetric microassay is described for the determination of lipid hydroperoxides. Hydro- 
peroxides are reacted with potassium iodide in the presence of an acid catalyst and liberated iodine 
is measured. Aluminum chloride, an alcohol-soluble Lewis acid, is used as catalyst. Liberated iodine 
is measured colorimetrically at 560 nm after addition of starch in 0.01 N hydrochloric acid. The 
range of the measurement was 0.05-0.5/~mol of hydroperoxides. 

INTRODUCTION 

Peroxide values (PV) are usually determined 
by measuring the amount of iodine liberated 
from potassium iodide through oxidation by 
peroxides at room temperature in an acetic 
acid/chloroform medium (1-3). Colorimetric 
micromethods also have been reported. These 
include color formation with ammonium 
ferrous sulfate and ammonium thiocyanide (4), 
with ferrous chloride and ammonium thio- 
cyanide (5-8), with ferrous chloride and 2,6- 
dichlorophenol indophenol (9), direct colori- 
metric determination of iodine (10) or tri- 
iodide (11), color formation with diphenyl- 
carbazide ( 12,13), colored complex formation 
of titanium and hydroperoxides (14), and 
colored complex formation of iodine and 
cadmium ions (15). 

In our previous papers (16-18), use of PV 
test paper was described for a simplified assay 
of peroxides in lipids. The test paper consisted 
of a potassium iodide-starch-silica gel sheet. 
Because silica gel is a Lewis acid, hydroperox- 
ides can react with potassium iodide without an 
addition of acid as a catalyst. This reaction also 
was used in a colorimetric microdetermination 
of PV using a KI-silica gel reagent (I 9). How- 
ever, the process was not simple and use of only 
liquid reagents appeared desirable. 

Aluminum chloride, an alcohol-soluble Lewis 
acid, is used instead of silica gel in this pro- 
cedure, which uses only reagents that are 
commonly available. The procedure is reason- 
ably specific for hydroperoxides, is stoichi- 
ometric and is adequately sensitive. 

MATERIALS AND METHODS 

Reagents 

Potassium iodide solution was prepared from 
2 g of KI in 100 ml of ethanol; aluminum 
chloride solution was prepared from 2 g of 
A1C13 (anhydrous) and 0.02 g of o-phenan- 
throline in 100 ml of ethanol. Starch solution 
contained 1 g of soluble starch and 20 g of 
NaC1 in I00 ml of water; the mixture was 
heated until  it became clear. The potassium 
iodate (KIO3) standard solution was 1 mM. 

Procedure 

The weighed sample (200 mg or less) or 
hexane-diluted sample (200 /~1 or less) was 
placed in a test tube. Potassium iodide solution 
(0.5 ml), aluminum chloride solution (0.5 ml) 
and hexane (1 ml) were added and the mixture 
was incubated for 5 rain at 37 C in a dry block 
heater. Fifteen ml of 0.01 N HC1 and 0.5 ml of 
starch solution were added and the mixture was 
shaken vigorously. The solution was transferred 
into a centrifuge tube, centrifuged for 3 min at 
3000 rpm, and then the absorbance of the 
lower layer was measured at 560 nm. The total 
vol of the water layer was 16.5 ml. A blank test 
was run in parallel. 

Calibration 

Cahbration was dorte by comparing the 
iodine liberated from potassium iodide through 
oxidation by potassium iodate standard solu- 
tion. 

Potassium iodate standard solution (0.2 ml), 

965 



966 METHODS 

aluminum chloride solution (0.5 ml) and 
potassium iodide solution (0.5 ml) were mixed; 
0.01 N HC1 (15 ml) and starch solution (0.5 ml) 
were added and the absorbance was read at 560 
nm. The total vol was 16.7 ml. 

The potassium iodate standard solution (0.2 
ml) corresponded to 0.6 #mol I2, because KIOs 
corresponds to 3 I2. Therefore, the absorbance 
corresponding to 1 #mol active oxygen = 
A/1.2, because I2 corresponds to 2-0 (active 
oxygen), and PV (meq/kg) = active oxygen 
(#mob x 1/sample (g). The A obtained may 
depend on the kind of starch, but in our 
experiments, it was 0.95. 

This value was corrected for the difference 
in vol of the sample (16.5 ml) and the standard 
KIO3 (16.7 ml). In our experiments, it was 
calculated to be 0.96. 

1.0 

0.8 

u~ 
0.6 

~o 0.4 

o 0.2 

0.0 

0 

| i i I I I 

0 5 i0 15 20 25 3 0  
mln 

FIG. 1. Time course of iodine liberation with 
MLHPO at 37 C. A MLHPO hexane solution, 200 #1, 
was used. A concentration of 2.40 #mol/ml was 
obtained by titration with thiosulfate (3). 

RESULTS AND DISCUSSION 

The routine procedures (1-3) for the deter- 
mination of PV depend on the reaction of 
potassium iodide with peroxides in acidic 
solution, followed by titration of the liberated 
iodine with sodium thiosulfate. Our method 
makes use of the same principle; however, 
titration is replaced by colorimetric assay. The 
use of an alcohol-soluble Lewis acid makes the 
colorimetric method particularly convenient 
compared to the KI-silica gel reagent used 
previously (I 9). Trifluoroborate also is a good 
catalyst, but is not commonly available. On the 
other hand, aluminum chloride is readily 
obtained and easy to handle. However, alumi- 
num chloride tends to contain trace amounts of 
iron salts which may interfere in the reaction 
(11), and therefore, o-phenanthrohne was 
added to the solution. Hexane added to the 
reaction mixture removes the oil after the 
reaction. 

Figure 1 shows the time course of the 
reaction, i.e., the liberation of iodine, when 
pure methyl linoleate monohydroperoxides 
(MLHPO) (20) were used. A 5-min incubation 
period was sufficient to bring the reaction to 
completion. 

As shown in Figure 2, a linear relationship 
exists between absorbance and sample size for 
25-200 #1 of MLHPO in hexane solution. The 
upper limit of the measurement was 2 #mol 
active oxygen, that is, PV I 0. Larger samples 
must be diluted with nonoxidized oil or with 
hexane before PV determination or the sample 
size should be reduced. The scale of the experi- 
ments may be increased or reduced, as long as 
the ratio of reagents is kept constant. 

In the oxidized soybean oil (Fig. 3), the 
amount of liberated iodine was exactly the 

2.0 

o 1.5 

1.0 

i 0.5 

o.o~- 50 i00 150 200 

Sample (~i) 

FIG. 2. Relationship between absorbance and 
sample size. A MLHPO hexane solution, 4.37 ~tmol/ml 
obtained from titration with thiosulfate, was used. 
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FIG. 3. Relationship between absorbance and 
different peroxide samples, hydrogen peroxide sam- 
ples, and potassium iodate standard solution. For 
each sample, 200 ul was used. �9 = Potassium iodate 
standard solution; X = hydrogen peroxide; o = soy- 
bean off; PV scale applies only when 200-rag sample is 
used. 
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same as t h a t  expec t ed  f rom the  PV o b t a i n e d  b y  
t i t r a t i on  wi th  th iosu l fa te  (3).  F o r  ca l ib ra t ion  of  
the  m e t h o d ,  po ta s s ium ioda te  s t anda rd  so lu t ion  
was used.  In th is  case also (Fig. 3), t h e  a m o u n t  
of  l ibe ra ted  iod ine  in t he  m i x t u r e  of  po ta s s ium 
iodide,  a l u m i n u m  chlor ide  and  po ta s s ium 
ioda te  in e t h a n o l  was exac t ly  the  same as t h a t  
ob t a ined  by  t he  r o u t i n e  m e t h o d ,  appl ied  to a 
m i x t u r e  o f  po ta s s ium iodide ,  sulfuric  acid and  
po tass ium ioda te  in water.  H y d r o g e n  pe rox ide  
so lu t ion  s t andard ized  wi th  0.01 N th iosu l fa t e  
also l ibe ra ted  iodine  quan t i t a t i ve ly  in e thano l .  
With  po tass ium iodate ,  n o  i n c u b a t i o n  was 
necessary,  b u t  wi th  h y d r o g e n  peroxide ,  the  
so lu t ion  had  to  be i n c u b a t e d  for  5 min .  

The  a b s o r b a n c e  o f  the  iod ine - s t a rch  c o m p l e x  
m a y  vary  wi th  the  source  of  s t a rch  (21) ,  b u t  i t  
can be easily s t andard ized  wi th  po ta s s ium 
ioda te  s t anda rd  so lu t ion .  Several  k inds  o f  s ta rch  
were t es ted  and  an  a b s o r b a n c e  range  o f  0.74- 
0.95 (see Methods ,  ca l ib ra t ion)  was found .  

W h e n  th i s  m e t h o d  was appl ied to  some  
a rb i t r a ry  samples  o f  hexane -d i lu t ed  MLHPO 
and  oxid ized  soybean  oil, t he  ob t a ined  values 
(absorbance ,  ~ + SD) were 0 .916 + 0 .017  
and  0 .819  + 0 .010  f rom each of  16 experi-  
men t s ,  respect ively.  Rep roduc ib i l i t y  was satis- 
fac tory .  
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Phthalic Ester, an Artifactual Contaminant 
in Diazomethane Prepared from N-MethyI-N-nitroso-p- 
toluenesulfonamide for the Derivatization 
of Prostaglandins 
J. MAI and J.E. KINSELLA, Institute of Food Science, and 
J.S. CHDU, Department of Chemistry, Cornell University, Ithaca, NY 14853 

ABSTRACT 

During analyses of prostaglandin (PG) methoxime methyl trimethylsilyl (MO-ME-TMS) ether deriv- 
atives by gas chromatography, we consistently observed a contaminant peak which we identified as 
di-2-ethylhexyl phthalate (DEHP). The diazomethane prepared from N-methyl-N-nitroso-p-toluene- 
sulfonamide (MNTSA) using the Diazald kit was the major source of DEHP. Several other materials 
also were significant sources. The concentrations of DEHP in these materials were quantified by gas 
chromatography-mass spectrometry. 

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

Because of the importance of prostaglandins 
(PG) in metabolism and in modulating several 
physiological functions (1), and because their 
concentrations may be affected by dietary fatty 
acids (2), standard instrumental methods for 
the simultaneous identification and quantifi- 
cation of various PG and intermediate endo- 
peroxides in tissues are needed for routine 
monitoring purposes. Derivatization to form 
the volatile and stable methoxime methyl tri- 
methylsilyl (MO-ME-TMS) ether derivatives is 
the preferred approach for detection and quan- 
tification of PG (3). 

During studies of the .issue levels of PG 
using gas chromatography, we consistently 
observed a contaminant peak which interfered 
with the identification and measurement of 
some PG peaks. Using gas chromatography-mass 
spectrometry (GC-MS), we have identified this 
c o n t a m i n a n t  as di-2-ethylhexyl phthalate 
(DEHP) and the diazomethane, prepared from 
N- me t hy l -N-  n i t  r oso-p-  t o lu  e ne-sulfonamide 
(MNTSA) using the Diazald kit, is the major 
source of this compound. 

METHODS 

Samples of commercial N-methyl-N-nitroso- 
p-toluene-sulfonamide (MNTSA) were obtained 
from the Aldrich Chemical Co. (Milwaukee, WI) 
and the Sigma Chemical Co. (St. Louis, MO), 
and  N- m e t h y l - N - n i t  r o s o-N-nitroguanidine 
(MNNG) from Aldrich Chemical Co. These re- 
agents were used without further purification. 
The ethereal diazomethane was prepared from 
the MNTSA according to the procedure of 
Aldrich Diazald Technical Information (prod- 

uct no. D-2800-0) (4) using a Diazald Kit, and 
from the MNNG by the Fales et al. procedure 
(5). These diazomethane solutions were stored 
in screw-capped flasks at - 4 0  C and freshly pre- 
pared every 2 weeks. 

The oximation reagent O-methylhydroxyl- 
amine hydrochloride and silylation reagent bis- 
(trimethylsilyl) acetamide (BSA) were pur- 
chased from Applied Science (State College, 
PA). The 5~-cholestane, used as an internal 
standard, was supplied by Sigma Chemical Co. 
(St. Louis, MO). The prostaglandins (e.g., E2, 
A, ,  A2 ) were obtained from Dr. John Pike, The 
Upjohn Co. (Kalamazoo, MI). All the solvents 
used were analytical grade from Mallinckrodt 
(St. Louis, MO). The authentic fatty acid 
methyl esters were purchased from Nu-Chek- 
Prep. (Elysian, MN). Authentic di-2-ethylhexyl 
phthalate (DEPH) was obtained from Pfaltz and 
Bauer, Inc. (Stanford, CT). 

Aliquots of PG (50-100 ug) in ethanol were 
transferred to reaction vials. Following evapora- 
tion of the ethanol, 100-200 ul ethereal diazo- 
methane was added to these vials. The reaction 
was allowed to proceed for 5 rain and the sol- 
vent was then evaporated. The PG methyl esters 
were then oximated and silylated according to 
Fitzpatrick's procedures (3). 

GC was performed with a Hewlett-Packard 
(HP) 5830A instrument equipped with a flame 
ionization detector modified for capillary col- 
umn and a HP-18850A GC terminal. Two dif- 
ferent capillary columns were used, a stainless 
steel capillary column (150 x 0.01") (Perkin- 
Elmer, CT) was wall-coated with OV-101 and 
the glass capillary column (40 m x 0.30 mm) 
was coated with the same liquid phase. 

A splitless mode was used for sample injec- 
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tion. The purge time was adjusted for 0.3 min 
after injection. The injection port and detection 
port temperatures were 250 and 300C,  re- 
spectively. The initial column temperature was 
45 or 60 C, the temperature was held for 5 min 
and then programmed at 25 C/min for 5 min 
and followed by 10 C/min until 245 or 260 C 
was reached. The flow rates of the carrier gas 
(N 2) was 1.2 ml/min and the make-up gas (N 2 ) 
30-40 ml/min. The flow rates of the air and 
hydrogen were 200 ml/min and 20 ml/min, 
respectively. 

The GC-MS was performed on a Finnigan 
GC-MS 3300 unit and a Data System 150 from 
Systems Industries (Sunnyvale, CA). A 12' x 
I /8" ,  3% OV-101 glass column was pro- 
grammed from 200 to 295 C at 20 C/min. Chem- 
ical ionization was used to determine the 
molecular weight (MW) of the unknown. The 
chemical ionization methane reagent gas pres- 
sure was set at 400 microns. 

For accurate identification and quantifi- 
cation of the unknown, several analyses were 
performed using a Hewlett-Packard 5992B 
GLC-MS system using the technique of selected 
�9 t . t t  
xon mass spectrometry. A 2 x 1/4 glass col- 
umn packed with 3% SE-30 (80-100 mesh) was 
used for the separation of the unknown com- 
pound by GC. The column was run iso- 
thermally at 240 C using helium carrier gas at 
15 ml/min. 

RESULTS A N D  DISCUSSION 

Both the glass and stainless steel capillary 
columns efficiently separated the PG deriva- 
tives. However, an unknown peak consistently 
appeared on chromatograms of reagent blanks 
(Fig. 1A) as well as those of authentic PG sam- 
ples (Fig. 1B). Overlapping of peaks or only 
partial separation from the unknown peak were 
obtained when PGA derivatives were analyzed 
on the stainless steel capillary column (Fig. 1C). 

After appropriate systematic analyses of re- 
agents, solvents, reaction vials, containers and 
the Diazald kit, we found that the ethereal 
diazomethane, the diethyl ether, the 95% 
ethanol, the cap of the diazomethane storage 
flask, the cap of the diethyl ether tank, the cap 
of the 5 gal 95% ethanol tank, the vials for the 
prostaglandin samples, the rubber thermometer  
holder and the Tygon tubing R-3603 of the 
Diazald kit and the glassware components of 
the Diazald kit all contained the contaminant. 
The Tygon R-3603 tubing and the ethereal 
diazomethane contained the highest concentra- 
tion of the unknown peak. Most of the con- 
taminant in the ether originated from the diazo- 
methane prepared from the MNTSA using the 
Diazald kit. Further analyses were conducted to 

(A) 

i PGA 2 

2 PGA I 

3 PGA 2 

4 PGA I 

5 PGE 2 

6 PGE 2 

(B) 

+ ~ 

w 

(C) 

FIG. 1. Gas chromatograms of (A) reagent blank run 
by 40 m x 0.30 mm OV-101 glass capillary column 
indicating the presence of the unknown (B) prosta- 
glandins A2, A~ and E 2 MO-ME-TMS anti- and syn- 
isomers coeluted with the unknown on 40m x 
0.30mm glass capillary column; 5a-cholestane was 
used as an internal standard (C) overlapping of one of 
the PG A2, Mo-ME-TMS isomer with the unknown run 
by a 150' x 0.01" OV-101 stainless steel capillary 
column. See the Methods for the details of running 
condition. 

confirm the identity of the unknown. 
Extraction of the MNTSA, obtained from 

Aldrich and Sigma, with hexane and GC analy- 
ses showed that these extracts contained 3 and 
2 peaks, respectively, none of which corre- 
sponded to the unknown peak in the distilled 
ethereal diazomethane. Analyses of these peaks 
by GC-MS showed them to be p-toluene sul- 
f o n y l  azide, N-methyl-p-toluene-sulfonamide 
and e thyl -m-methylphenylsu l fonyl  acetate, 
respectively. These data indicated that the 
M N T S A  did n o t  c o n t a i n  the unknown 
compound. 

When the ethereal diazomethane was pre- 
p a r e d  f r o m  N - m e t h y l - N - n i t r o s o - N - n i t r o -  
guanidine (Aldrich Chemical Co.), the unknown 
peak was not observed. 

From these experiments, it was apparent 
that the diazomethane prepared from MNTSA 
was the source of the unknown. When in- 
creasing amounts of diazomethane prepared 
from MNTSA was injected into the GC, a linear 
recovery of the unknown was obtained. 

E t h e r e a l  d i a z o m e t h a n e  prepared from 
MNTSA using the Diazald Kit was dried under 
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nitrogen. The yellowish, sticky, oily residue was 
weighed and dissolved in a known amount of 
hexane. 

The mass spectra data (Fig. 2) indicated that 
the MW of the unknown was 390, correspond- 
ing to a formula of C24H3804 + (abundance at 
m/e 391 was the parent ion after protonation 
by CHs+). The most abundant peak at m/e 149 
[M-141] corresponded to the rearrangement 
ion from phthalate anhydride formed by loss of 
water from the diacid fragment at m/e 167 
[M-223] (6). The fragment at m/e 279 [M-111] 
was derived by the loss of a 2-ethylhexyl group 
from the parent molecular ion. This was further 
supported by the fragment of m/e 112 [M-278] 
corresponding to a 2-ethylhexene hydrocarbon 
from the alcohol moiety. 

From the information available, the mass 
spectrum indicated a structure of a di-2-ethyl- 
hexyl phthalate (DEHP). The amount of DEHP 
in the reagents, solvents and apparatus was 
determined by GC-MS using the selected ion 
monitoring technique and data are summarized 
(Table 1). 

Phthalate esters, which are widely used as 
plasticizers, are potentially toxic (7), and thus 
are of concern to public health and environ- 
mental personnel. They are metabolized and 
converted to water-soluble products and ex- 
creted by rats (8). The occurrence of these 
esters in commercial solvents and laboratory 
equipment has been reported (9). DEHP is 
widely used as a plasticizer (10) to impart 

des i red  flexibility and softness to plastic 
products. 

MNTSA has been used as a precursor for 
diazomethane for a long time. The presence of 
DEHP in the diazomethane has not yet been 
reported, probably because high temperatures 
(>  230 C) and a relatively nonpolar liquid phase 
are necessary for its elution from gas chromato- 
graphic columns. In our experience with several 
liquid phases (e.g., Silar 10C, EGSS-X, FFAP, 
OV-17 and OV-101), the OV-101 gave the best 
resolution and recovery of DEHP. The other 3 
phases were too polar and DEHP was not eluted 
as a symmetric peak. The failure to observe 
DEHP contaminants during analysis of fatty 
acid methyl esters prepared using diazomethane 
from MNTSA is perhaps because the column 
temperature is too low to volatilize the com- 
pound and/or the liquid phase used is too polar 
for elution. In our work with prostaglandin 
derivatives, high temperature (>  230 C) and 
nonpolar liquid phases are required and these 
cause the elution of DEHP. The sensitivity re- 
quired for the accurate quantification of PG 
makes it extremely important to eliminate con- 
tamination or artifacts such as that demon- 
strated by our present observation. 

In order to avoid contamination by DEHP in 
the diazomethane prepared by the Diazald Kit, 
all the materials which are made of plastic or 
solvents which have had contact with plastic 
con ta iners  should be fastidiously avoided. 
Glassware used to prepare or store diazo- 
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FIG. 2. Chemical ionization mass spectrum of di-2-ethylhexyl phthalate (DEHP) isolated from ethereal 
diazomethane. 
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TABLEI  

Concentrations of Di-2-ethylhexyl Phthalate 
(DEHP) from Different Sources of Contamination 

As Quantified by GC-MS Selected Ion 
Monitoring Technique 

Sources of DEHP Concentration 0~g/ml) 

Tygon tubing R3603 a 
Ethereal diazomethane prepared 

by Diazald Kit 
Redistilled ethyl ether (100 ml) 

washing residue of all the 
glassware from a new set 
of Diazald Kit 

Cap of the diazomethane 
storage flask a 

Cap of the 5 gal 95% 
ethanol tank 

Thermometer holder of the 
Diazald Kit a 

Cap of the diethyl ether tank a 
Diethyl ether 
Vials for prostaglandin samples a 
95% Ethanol 

1.5 x 102 

4.3 x 10 - 1  

6.5 x 10 - 2  

5.1 x 10 - 2  

4.2 x 10 - 2  

3.8 x 10 - 2  
2.6 x 10 - 2  
6.2 x 10 -4. 
4.3 x 10 -4- 
9.0 x 10 - 5  

aExtracted by 20 ml redistilled diethyl ether. 

m e t h a n e  s h o u l d  be t h o r o u g h l y  c leaned  w i t h  
redist i l led e t h e r  f o l l ow ed  by DEHP-f ree  n- 
hexane .  I t  also is r e c o m m e n d e d  tha t  the  p las t ic  
t u b i n g  supp l i ed  wi th  the  Diazald Kit  s h o u l d  be 
rep laced  w i t h  a p las t ic izer- f ree  t u b i n g  or  the  
e therea l  d i a z o m e t h a n e  co l lec ted  t h r o u g h  this  
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t u b i n g  s h o u l d  be d iscarded ,  r a t h e r  t h a n  c o m -  
b ined  w i t h  the  o t h e r  p o r t i o n  co l lec ted  as is cur- 
r en t l y  sugges ted  by  the  m a n u f a c t u r e r  (Aldr ich ,  
Diazald Techn ica l  I n f o r m a t i o n ) .  
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The Identity of the Cholesteryl Esters in Human Milk 1 
R.M. CLARK, A.M. FERRIS, N. FEY, K.E. HUNDRIESER and R.G. JENSEN, 
Department of Nutritional Sciences, University of Connecticut, Storrs, CT 06268 

ABSTRACT 

Milk samples were collected from 11 mothers who were at least 4 weeks postpartum. The amounts 
of fat and the fatty acid compositions of cholesteryl esters (CE) and triacylglycerols (TG) in the milk 
were determined. The mean concentration of total milk lipid was 3.01 gm/100 ml of milk + .42 SD. 
The major fatty acids esterified with CE and TG were 16:0, cis 18:1 and 18:2. The patterns were 
similar except for a greater proportion of cis 18:1 in the CE. The major trans fatty acid detected was 
the 18:1 isomer which accounted for 4.48% of the TG fatty acids and 2.96% of the CE fatty acids. 

INTRODUCTION 

Among  many groups in the Uni ted States 
and elsewhere, there is a reemergence in the 
popular i ty  of  breast feeding. With the Amer ican  
Academy of Pediatrics (1) publicly endorsing 
the use of  human milk as the sole source of  
nutr ients  for an infant during the first 6 months  
of  life, the t rend for increased breast feeding 
should cont inue.  As the use of human milk in- 
creases, we should know, to the ex ten t  possible, 
the nutr ient  con ten t  of this milk. It  is therefore  
impor tan t  that  we have a detailed knowledge of  
the compos i t ion  of human milk and an under-  
standing of the factors which may affect it. 

Unfor tuna te ly ,  our knowledge of  the com- 
posi t ion of  human milk, o ther  than concentra-  
tions of major  classes of nutrients ,  is very lim- 
ited. In our recent  review on the lipids in 
human milk,  we noted  that  there was lit t le or 
no in format ion  available on several lipid classes 
(2). One of  these neglected classes was the 
cholesteryl  esters (CE) of  human milk. Bracco 
(3) repor ted  that  sterol esters accounted  for ca. 
15% of the total  sterol in human milk and con- 
tained a high propor t ion ,  amounts  unspecified,  
of  18:2 and 18:3. However ,  there are no quan- 
ti tative data available on the fa t ty  acids associ- 
ated with CE in human milk or ident i ty  of  
o ther  fa t ty  acids. The amounts  of  total  cho- 
lesterol in human milk have been repor ted  as 
ranging f rom 200 to 564 mg/100  g of  lipid (4). 

Our objective was to ident i fy  the fat ty  acids 
of  CE and compare  them to those in triglycer- 
ides (TG). In previous work with milk f rom 

1Scientific Contribution No. 821, Storrs Agri- 
cultural Experiment Station, University of Con- 
necticut, Storrs, CT. 06268 

other  species, differences were found in the 
fat ty  acid composi t ions  of  CE and TG (5). 

MATERIALS AND METHODS 

Eleven heal thy mothers  4-48 weeks post- 
pa r tum donated milk. General  heal th  quest ion-  
naire and dietary recall forms were used to 
el iminate volunteers  with factors known to af- 
fect lactation.  Milk samples were col lected be- 
tween 9 :30-12:00  a.m. at least 1 hr after the 
infants '  last feeding. One breast was empt ied  
with the aid of  an electric breast pump (Egnell, 
Inc., Gary, IL). The milk was immedia te ly  
placed on Dry Ice and then t ransported in a 
s ty rofoam container  t o  the labora tory  for stor- 
age at - 7 0  C. 

On the day of  analysis, milk quickly was 
thawed to 25 C and a 10-ml al iquot  taken. The 
lipids were ext rac ted  with 90 ml ch lo ro fo rm/  
methanol  (2: 1). Af ter  removing the ch loroform 
layer, the supernatant  was washed with an addi- 
t ional  60 ml of  ch loroform.  The ch loroform 
layer and wash were combined  and evaporated 
under  reduced pressure. Tota l  lipids were deter- 
mined gravimetrically.  

Polar and nonpolar  lipids were separated on 
a co lumn containing Unisil (Clarkson Chemical  
Co., Williamsport,  PA) as r ecommended  by 
Rouser et al. (6). CE and TG were isolated on 
Silica Gel G thin layer chromatographic  plates 
developed with pe t ro leum e the r / e thy l  e ther /  
glacial acetic acid (90:30:2) .  When necessary, 
fur ther  pur i f icat ion of CE and TG was achieved 
by a second plat ing on Silica Gel G plates de- 
v e l o p e d  with p e t r o l e u m  e ther /e thy l  e ther  
(95:5).  CE and TG were eluted f rom the ab- 
sorbent  with ch lo ro fo rm/me thano l  (9:1).  The 
infrared spect rum of  CE isolated f rom human  
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milk resembled the spectrum of pure CE. 
The fatty acids associated with the CE and 

TG were transesterified with sodium methoxide 
(7). The methyl esters of the fatty acids were 
ana lyzed  using gas liquid chromatography 
(GLC). The column was packed with 15% OV- 
275 on 100/120 Chromosorb P AW-DMCS 
(Supelco, Inc. Bellefonte, PA). Identifications 
of fatty acids were based on retention times of 
known fatty acids and carbon number plots. 
The fatty acids associated with CE and TG are 
reported as weight percentages. The presence of 
trans fatty acid in CE and TG was verified by 
absorbance of their methyl esters at 10.3 g on 
the infrared spectrum (8). The composition of 
the fatty acids associated with CE and TG were 
compared statistically using multivariant analy- 
sis (9). Individual fatty acids were compared 
using a t-test (10). 

RESULTS AND DISCUSSION 

The mean vol of milk collected was 75.3 ml 
+ 53.6 SD. Average total lipid in the 11 samples 
was 3.01 gm/100 ml of milk + .42 SD. 

The composition of the fatty acids esterified 
as TG and CE is given in Table I. The major 
fatty acids identified with each class of lipids 
were similar. However, the proportion of indi- 
v i d u a l  f a t t y  ac ids  d i f fe red  significantly 
(P < . 0 5 )  between lipid classes. The major dif- 
ference was due to cis 18: 1. The proportion of 
cis 18:1 in CE averaged 41.12%, which was 
significantly (P < .05) greater than the 34.89% 
observed in TG. Keenan and Patton (5) re- 
ported a similar increased 18:1 associated with 
CE in goat and cow milk. 

973 

Keenan and Patton also observed a greater 
proportion of odd-chain fatty acids esterified to 
cholesterol than to TG in the milk from goats 
and cows. We did not consistently find measur- 
able amounts of odd-chain fatty acids. In some 
TG samples, trace amounts (< .1%)  of 15:0 
were detected. Odd-chain fatty acids probably 
were associated with CE but, because of the 
small concentration of CE in our samples, were 
not detected. 

During the past 20 years, the consumption 
of vegetable oils and partially hydrogenated 
vegetable oils has increased in America (11). 
The hydrogenation of vegetable oils results in 
the formation of several trans isomers of the 
fatty acids. It has been estimated that Ameri- 
cans who have increased their intake of poly- 
unsaturated fatty acids could be consuming up 
to 7% of total dietary calories as trans fatty 
acids (11). The trans fatty acids find their way 
into human milk, and amounts of 2-18% of the 
total fatty acids have been reported (4). In this 
study, trans isomers of 16:1 and 18:1 were 
tentatively identified (Table I). The quantities 
of trans 18:1 in TG averaged 4.48%; range 
2.47-7.45%. The t rans  18:1 in CE averaged 
2.96%; range 0-6.76%. The percentage of trans 
18:1 in CE did not increase with the proportion 
of cis 18:1 in CE, suggesting a preferential 
esterification of the cis isomer to cholesterol. 

In conclusion, the major fatty acids esteri- 
fled to CE in human milk were identified and 
found to be similar to those in TG. There was a 
greater proportion of cis 18:1 in CE than in 
TG. The major trans fatty acids were 16:1 and 
18:1 isomers. The smaller proportion of trans 

fatty acids associated with milk CE suggests a 

TABLE I 

Fatty Acids Associated with Triacylgylcerols and Cholesteryl Esters in Human Milk 

Fatty 
acid 

8:0 
10:0 
12:0 
14:0 
16:0 
16:1 trans 
16:1 eis 
18:0 
18:1 trans 
18:1 cis 
18:2 
18:3 
20: polyene 
and greater 

Triacyl$lycerols Cholesteryl esters 

Mean SD Mean SD 

Wt % 

0.17 0.07 Tr a 
1.34 0.48 0.59 0.74 
5.16 1.52 3.19 2.29 
5.41 1.22 4.75 1.91 

21.52 2.19 23.83 5.26 
0.39 0.27 ND b 
3.37 0.69 1.48 1.40 
7.99 1.55 8.03 3.43 
4.48 1.33 2.97 2.60 

34.89 2.31 42.71 11.66 
14.18 4.43 12.38 7.35 
0.49 0.55 Tr 

.90 0.83 Tr 

aLess than 0.1%. 
bNone detected. 
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decreased  i n c o r p o r a t i o n .  The  c o m p e t i t i o n  o f  
t r a n s  f a t ty  acids w i th  o t h e r  f a t t y  acids fo r  ester-  
i f i ca t ion  w i t h  cho l e s t e ro l  s h o u l d  be inves t iga ted  
fu r the r .  
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The Effects of Dietary 9-trans,12-trans-Octadecadienoate 
on Composition and Fatty Acids of Rat Lungs 
P. YU, J. MAI  and J.E. KINSELLA,  Institute of Food Science, 
Cornell University, Ithaca, NY 14853 

ABSTRACT 

Dietary trans, trans-linoleate (trans 18:2), when fed to rats in increasing amounts, caused a reduc- 
tion in lung weights, particularly at very high dietary concentrations. The fatty acids of the phospho- 
lipids and triglycerides were altered. The percentage of oleic and arachidonic acid decreased as dietary 
trans 18:2 was increased. Eicosatrienoic acid (20:3) appeared in the phospholipids of lungs from rats 
receiving 100% dietary trans 18: 2, but its concentration was much lower than in lungs from rats on an 
essefitial fatty acid deficient diet, indicating that trans 18:2 inhibited the enzymes synthesizing 20:3. 

The biosynthesis and secretion of the lipid 
constituents of the pulmonary surfactant sys- 
tem, which is required to facilitate gas ex- 
change, is critical for lung function (1,2). In 
addition, the production of prostaglandins,, 
endoperoxides and prostacyclin and their pre- 
cursors is extremely important for hemo- 
dynamics and pulmonary performance (3-5). 
There is limited information concerning the 
effects of dietary fatty acids on lung lipids and 
particularly the effects of trans acids on the 
levels of linoleic and arachidonic in pulmonary 
tissue. Processed fats and oils, which contain 
varying amounts of trans isomers of fatty acids 
(6), are a significant source of dietary lipids and 
they affect the fatty acid compositio'n of vital 
organs (7-10). Herein we report the effects of 
high levels of trans, trans-linoleic acid on lung 
lipids, particularly the levels of linoleic and 
arachidonic acid in the lipid classes. 

METHODS AND M A T E R I A L S  

Animals and Diet 

Weanling male Sprague-Dawley rats weighing 
40-50 g were fed a basal fat-free diet (11) sup- 
plemented 5% by weight with one of 4 fats. 
Highly purified methyl esters of 9-cis, 12-cis- 
o c t a d e c a d i e n o a t e ,  9-trans, 12-trans octadeca- 
dienoate (Nu-Chek-Prep, Elysian, MN) and 
hydrogenated coconut oil (Nutritional Bio- 
chemicals, Cleveland, OH) were used as dietary 
sources of fat. The rats were divided into 4 
groups of 12 each and fed on a diet containing 
cis, cis-linoleate (c,c-18:2, treatment A), a mix- 
ture of equal amounts of trans, trans-l inoleate 
and cis, cis-l inoleate (treatment B), trans, trans- 
linoleate (t,t-18:2, treatment C) or hydro- 
genated coconut oil (treatment D) as sole 
sources of dietary fats, respectively�9 All diets 
except the HCO diet were mixed every 3-4 days 
and stored in a cold room (5 C). Fresh diet was 
provided daily to each group. After 12 weeks, 

rats from each group were lightly anesthetized 
with ether. After complete bleeding, the lungs 
were removed from the rats, washed, weighed, 
frozen in liquid nitrogen and stored at - 2 0  C 
until  analyzed. 

Lipid Analyses 
The lipids were extracted from homogenized 

lung tissue with chloroform/methanol (2: 1, v/v) 
according to the Folch et al. method (12). The 
lipids dried under nitrogen were weighed and 
dissolved in chloroform (containing 0.01% 
BHT) to give a known concentration of lipids. 
Cholesteryl esters, triglycerides, free fatty acids 
and phospholipids were separated by thin layer 
chromatography (TLC) on activated Silica Gel 
G plates with standard references on both edges 
(13). The plates were developed in petroleum 
ether/ethyl ether/acetic acid (70:30:1), dried 

�9 g t . 

and sprayed with 0.2% of 2,7-dlchlorofluo- 
rescein. The lipid classes were scraped from the 
TLC plates, extracted (triglycerides and cho- 
lesteryl esters were eluted with diethyl ether 
containing 1% acetic acid; free fatty acids and 
phospholipids were eluted with chloroform/ 
methanol [2:1]),  filtered through Whatman 
No. 1 paper, and concentrated under nitrogen. 
The  phospholipids were quantified colori- 
metrically (14). Fatty acid methyl esters were 
analyzed by gas liquid chromatography (GLC) 
(Hewlett Packard Model 5830A) using a silan- 
ized stainless steel column (1.9 m x 2 ram) with 
10% EGSS-X coated on gas-Chrom Q 100-120 
mesh (Applied Science, Inc.). The temperatures 
of the injection port and the detector were 250 
and 300 C, respectively. The temperature of the 
column was programmed from 170 to 210 C, at 
a rate of 1.5 C/min. A glass capillary column 
( 3 0 m  long, Perkin Elmer) wall-coated with 
Silar 10C was used for the separation of the 
cis, cis- and trans, trans-isomers of linoleic acid. 
The flow rate of carrier gas nitrogen was 1 
ml/min for the glass capillary column, and 15 
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ml /min  for the packed column. The identi t ies 
of  GLC componen t s  were determined as de- 
scribed earlier (15). Protein was quant if ied by 
the Lowry  et al. me thod  ( 1 6 ) u s i n g  bovine 
serum albumin as a standard. 

RESULTS 

The rats receiving hydrogena ted  coconut  oil 
showed the typical  symptoms  of essential fa t ty  
acid deficiency (7,9,11,17).  This was exacer- 
bated in the rats on trans, trans-linoleate as re- 
f lected in the body weights (Table I). The lung 
weights decreased with the intake of trans- 
l inoleate,  part icularly on diet C. The prote in  
and lipid con ten t  of  the pu lmonary  tissue in 
rats on the different  dietary fat ty  acids revealed 
no major changes. The phospholipids were low- 
est in lungs f rom rats receiving dietary cis, cis- 
linoleate. 

The fat ty  acid composi t ion  (percentage dis- 
t r ibut ion)  of  the total  lipids and triglycerides in 
lungs f rom rats fed on diets D and C (Table II) 
showed patterns typical  of  E F A  deficiency,  i.e., 
elevated levels of  palmitoleic  acid, oleic acid 
a n d  eicosatr ienoate ( 2 0 : 3 [ n - 9 ] )  and lower 
levels of l inoleate ( 18: 2[n-6] ) and arachidonic 
acid (20:4).  Higher levels of  dodecanoic  and 
te t radecanoic  acids occurred in the lipids of  
lungs f rom rats fed diet D, reflect ing the pres- 
ence of these fa t ty  acids in the coconut  fat. 
Lipids of  the lungs from rats on diet C accumu- 
l a t e d  s i g n i f i c a n t  l e v e l s  o f  l inolelaidate  
(1 8: 2-t,t). The concentra t ions  of l inoleate 
(18: 2[n-6] ) and arachidonate  were elevated in 
the total  lipids f rom rat lungs of  diet A. The 
fa t ty  acid composi t ion  of lung lipids of  rats fed 
diet B exhibi ted  a pat tern in termedia te  be tween  
those of  lungs f rom rats on diets A and C. 

The fa t ty  acid composi t ion  of  the phospho-  
lipids differed f rom that  of  the triglycerides 
most  not iceably  with respect to palmitic,  oleic 
and trans, trans-linoleate levels. The phospho-  

lipids (PL) composed  most ly  of  phosphat idyl-  
choline (PC) (55%) had a high con ten t  of  palm- 
itic acid (16: 0) in all groups, reflect ing the fact 
that  d ipalmitoyl  lec i th in  is the major  species of  
PL (1). The relative percentage of  16:0 was 
somewhat  depressed in PL from rats on diets B, 
C and D. In the EFA-def ic ient  rats, groups C 
and D, there was a marked increase in palmi- 
t o l e i c  and oleic acid. Eicosatr ienoic acid 
( 2 0 : 3 [ n - 9 ] )  accumula ted  in PL of group D and 
to a much  lesser degree in rats f rom group C, 
suggesting that  the dietary trans-18:2 may have 
impaired the e longat ion and fur ther  desatura- 
t ion of  18:2 (9). The trans, trans-linoleate was 
excluded f rom the phospholipids to a greater 
ex ten t  than in the case of  the triglycerides, 
part icularly in rats on diet B. 

The palmitic acid was markedly  depressed in 
the cholesteryl  esters (CE) of rats on diets lack- 
ing dietary linoleate. There was a marked in- 
crease in palmitole ic  and oleic acids, particu- 
larly in the EFA-def ic ient  animals. A 2-fold 
higher level of  cis, cis-18:2 in group B compared  
to group A suggested that,  in the presence of  
trans, trans-18:2, there was some increase in 
selective incorpora t ion  of  cis, cis-18:2 into CE. 
There apparently was a tendency  to exclude 
trans, trans-18:2 f rom CE as indicated by the 
low level of  this fa t ty  acid in lungs f rom rats on 
diet B. In the absence of  dietary cis, cis-18:2, 
i.e., diet C, trans, trans-18:2 accumula ted  in CE. 
As observed with the PL, the level of  arachi- 
donic acid was higher in the CE of lungs f rom 
rats on dietary hydrogenated  coconut  oil. 

The actual concent ra t ion  of  individual fa t ty  
acids (mg/g lung tissue) in the lungs was deter- 
mined to facilitate quant i ta t ive  comparisons 
(Table III). In general, the trends no ted  for the 
percentage distr ibut ion ref lected the changes in 
actual concentrat ions.  There was a marked in- 
crease in pentadecanoic  acid in lungs f rom 
EFA-def ic ient  animals. The monoeno ic  acids 
were increased, except  in the case of  C where 

TABLE I 

The Body, Lung Weights and Composit ion of Rats after 
12 Weeks on Different Dietary Fats 

Body weight (g) 
Lung weight (g) 
Protein mg/g 
Total lipid mg/g 
Phospholipids mg/g 

Dietary fat 
50% 100% Hydro- 

Linoleate Linolelaidate Linolelaidate genated 
coconut  oil 

(A) (B) (C) (D) 

373 +- 26 334 -- 26 228 +- 26 308 + 29 
1.95+0.16 1.63_+0.20 1.49+0.03 1.87 + 0.20 
128 - 11 135 _+ 7.0 125 -I-6.0 127 --+ 7.0 
96.8-----4.9 117.8----- 5.6 96.26 -I-7.5 109.9_+ 5.6 
44.0 ---- 2.6 54.6 -I-4.0 47.17+5.2 57.8-t-6.0 
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TABLE III 

Concentration of Major Fatty Acids Associated with Total Lipids and 
Phospholipids in Lung Tissue from Rats on Different Dietary Fats a 

Fatty 
acid 

Concentration (mg total fatty acid 
acid/g lung tissue) 

Concentration (rag phospholipid 
fatty acid/g lung tissue) 

A B C D A B C D 

12:0 . . . . . . . . . . . .  3.6 . . . . . . . . . . . . . . . .  
14:0 2.2 2.4 2.2 5.3 1.1 1.2 1.3 1.8 
15:0 .... 0.1 5.4 4.1 .... 0.2 0.2 1.2 
16:0 27.0 31.4 28.2 27.6 21.0 23.2 17.0 20.0 
16:1 6.9 9.0 9.4 12.8 2.1 2.0 5.1 5.2 
18:0 6.2 6.1 4.1 3.2 2.5 2.9 1.3 2.7 
18:1 20.4 30.1 17.0 26.3 3.7 6.1 6.3 6.6 
18:2t, t .... 5.9 4.3 . . . . . . .  0.5 1.4 .... 
18:2c, c 16.1 11.5 1.7 2.6 1.2 2.4 0.5 0.7 
20:3(n-9) . . . . . . . .  1.2 2.6 . . . . . . . .  0.6 2.0 
20:4(n-6) 4.6 4.6 0.8 2.0 1.3 0.5 0.5 1.2 
20:5(n-3) 0.8 .... 0.2 0.6 . . . . . . . .  0.5 t 
22:4(n-6) 0.8 0.7 2.1 0.9 0.4 t t t 
22:6(n-3) . . . . . . . .  4.3 1.9 0.1 0.4 t t 

aA, B, C, D as described in Methods. 

oleic acid was depressed.  The  c o n c e n t r a t i o n  o f  
the  essent ia l  f a t ty  acids 18:2 and  20 :4  were 
s igni f icant ly  r educed  in the  rats on EFA-  
def ic ient  diets. 

In the  case of fa t ty  acids associa ted  wi th  the  
PL, pa lmi t ic  acid, the  ma jo r  c o m p o n e n t ,  was 
no t  a f fec ted  very m u c h  by die tary  f a t t y  acids, 
excep t  in lungs  f ro m rats on  the  trans, trans diet 
which  possessed  lower  c o n c e n t r a t i o n s  of pa lm-  
itic acid. Th e  pa lmi to le ic  acid level was en- 
h a n c e d  in C and  D and oleic acid in B, C and  D. 
C o m p a r e d  to the  levels in to ta l  lipids, the  con-  
cen t r a t i on  of trans, t rans-18:2 was m u c h  lower  
in PL f rom lungs  of rats  on die tary t r e a t m e n t s  
B and  C. The  PL f rom lungs  of  rats  on diet B 
con t a in ed  twice t h e  level o f  cis, cis 18:2 com-  
pared to  those  o n  diet  A. 

DISCUSSION 

The  ef fec ts  of  trans-l inoleate and EFA-  
def ic ient  diets  on g r o w t h  and  organ weights ,  
hear t  and  k id n ey  have been  r epo r t ed  (10 ,18) .  
The  trans, trans-l inoleate resu l t ed  in lower  b o d y  
and  lung weights.  Unl ike  the  da ta  for  hea r t  and  
k idney ,  where  dis t inct  t r ends  were observed,  
the  da ta  on p ro t e in  and  lipid c o n t e n t  of  lungs  
s howed  no clear p a t t e rn s  of  change  in r e sponse  
to d ie tary  fat. 

The  changes  in f a t t y  acids are in a g r e e m e n t  
wi th  earlier obse rva t ions  (7-10) ,  ind ica t ing  in- 
creased syn thes i s  of  m o n o e n o i c  acids and  eico- 
sa t r ienoic  acid in EFA-de f i c i en t  animals .  How-  
ever, the  increase in levels of  these  were less in 
rats  on diet C c o m p a r e d  to D. This  is in accord  
wi th  the  knowledge  tha t  trans, trans-l inoleate 

inh ib i t s  acyl  desa tu rases  (9). In  the  PL and CE, 
it appeared  tha t  in the  p resence  of  cis, cis-lin- 
oleate  the  trans, trans-l inoleate was exc luded .  
This  is cons i s t en t  wi th  the  r epo r t ed  discrimi- 
na t i on  against  i n c o r p o r a t i o n  o f  trans, trans i n to  
choles te ry l  esters  o f  egg yo lk  (19)  and  cardiac 
t issue (8). 

Despi te  the  var ia t ions  in o the r  c o m p o n e n t s ,  
the  cons i s t ency  of  the  pa lmi t i c  acid concen t ra -  
t ion  in lungs  f rom rats  on  d i f fe ren t  diets  prob-  
ably ref lec ts  the  knowledge  t h a t  d ipa lmi toy l  
lec i th in  is the crit ical f unc t i ona l  lipid o f  lung  
t issue (1) and  t hus  is conserved.  The  low con-  
cen t r a t i on  of a r a c h idona t e  assoc ia ted  wi th  lung  
PL, especial ly in rats  receiving trans, trans-li- 
noleate ,  migh t  resul t  in d imin i shed  pros ta -  
g landin  p r o d u c t i o n  as observed  for p la te le ts ,  
because  the  c o n c e n t r a t i o n  of  p recur so r  f a t ty  
acid appa ren t ly  a f fec t s  the  a m o u n t  of  pros ta-  
g landin  s y n t h e s i z e d  (11).  Cu r r e n t  research  is 
conc e rne d  wi th  d e t e r m i n i n g  the  e f fec ts  of  trans 
f a t ty  acids on p ros t ag l and in  syn the s i s  in lung  
t issue.  

REFERENCES 

1. Frosolono, M.F., "Lipid Metabolism in Mam- 
mals," Vol. 2, Plenum, New York, NY, 1977, p. 
1. 

2. Tombropoulos, E.G., and J.G. Hadley, Lipids 
11:491 (1976). 

3. Dawson, W., J. Boot, A.F. Cockrill, D.N. Mailer 
and D.J. Osborne, Nature 262:699 (1976). 

4. Gryglewski, R.J., A. Dembrinska-Kiec and L. 
Grodz inska ,  in "Prostaglandins and Throm- 
boxanes," edited by Berti, Samuelsson and Velog, 
Plenum Press, New York, NY, 1977, p. 165. 

5. Smith, A.P., in "Prostaglandins: Physiological, 
Pharmacological and Pathological Aspects," edi- 

LIPIDS, VOL. 15, NO. I I 



COMMUNICATIONS 979 

ted by S. Karim, University Park Press, Baltimore, 
MD, 1976, p. 83. 

6. Carpenter, D.L., and H.T. Slover, J. Am. Oil 
Chem. Soc. 50:372 (1973). 

7. Anderson, R.L., C.S. Fullmer, Jr., and E.J. Hol- 
lenbach, J. Nutr. 105:393 (1975). 

8. Takatori, T., F. Phillips and O.S. Privett, Lipids 
11:357 (1976). 

9. Privett, O.S., F. Phillips, H. Shimasaki, T. Nozawa 
and E. Nickell, Am. J. Clin. Nutr. 30:1009 
(1977). 

10. Yu, P., J. Mai and J.E. Kinsella, Am. J. Clin. Nutr. 
33:598 (1980). 

11. Kinsella, J.E., D.H. Hwang, P. Yu, J. Mai and J. 
Shimp, Bioche.m.J. 184 : 701 (1979). 

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

13. Kinsena, J.E., Biochim. Biophys. Acta 164:540 
(1968). 

14. Raheja, R.K., C. Kaur, A. Singh and I.S. Bhatia, J. 
Lipid Res. 14:695 (1973). 

15. Kinsella, J.E., J.L. Shimp, J. Mai and J. Weih- 
rauch, J. Am. Oil Chem. Soc. 54:424 (1977). 

16. Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. 
Randall, J. Biol. Chem. 193:265 (1951). 

17. Holman, R.T., J. Am. Oil Chem. Soc. 55:774A 
(1978). 

18. Kinsella, J.E., P. Yu and J. Mai, Lipids 14:1032 
(1979). 

19. Lanser, A.C., T.L. Mounts and E.A. Emken, 
Lipids 13:103 (1978). 

[Received June 2, 1980] 

LIPIDS, VOL. 15, NO. 11 



Fatty Acid Profile of Myocardial Lipid 
in Populations Consuming Different Dietary Fats 
INDUSHEKHAR SHENOLIKAR, National Institute of Nutrition, 
Indian Council of Medical Research, Hyderabad-500007, India 

ABSTRACT 

Human hearts from medico-legal autopsies were obtained from 3 regions of India where the edible 
oils used are different. These 3 population groups consumed either mustard oil (Calcutta), coconut oil 
(Trivandrum) or peanut oil (Madras). Among the saturated fatty acids, laurie acid was found only in 
the myocardium of subjects from Trivandrum (3.5% of the total fatty acids [TFA]), heptadecanoic 
acid only in the samples from Madras (1.4% TFA) and arachidic acid only in those of Calcutta (1.9% 
TFA). Erucic acid was present only in the samples received from Calcutta and acted as a marker of 
mustard oil consumption. It had a mean concentration of 5.6% TFA. From the level of erucic acid 
present in the myocardial lipid, it is apparent that, at the level of intake of mustard oil prevalent in 
India, the risk of developing myocardial fibrosis is slight. 

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

Myocardial fibrosis as a result of prolonged 
feeding of rapeseed oil (Brassica campestris) has 
been shown in various experimental animals 
(1-3). The high content of erucic acid in this oil 
has been determined to be a causative factor 
(4). Mustard oil (Brassica juncea) (which also 
contains similar amounts of erucic acid), when 
fed to monkeys at a level of  20% in the diet for 
a period of ca. 60 weeks, produced myocardial 
fibrosis in a considerable number of animals 
(5). Although the level of  oil used in this study 
was very high and habitual Indian diets do not 
contain such a high level (6), we considered it 
important to explore the relevance of these 
observations made in the subhuman primates to 
the human situation. We decided that a compar- 
ative study on the morbid anatomy of hearts 
obtained from autopsies from subjects living 
in a region where mustard oil was the habitual 
edible oil and from subjects whose diets never 
included mustard oil would provide useful 
information. Histopathological examination of 
the hearts showed essentially similar findings in 
these 2 types of populations (7). In this com- 
munication, we present data on the fatty acid 
profile of lipids extracted from the myocar- 
diums of subjects whose habitual diets con- 
tained mustard oil, or peanut, sesame or coco- 
nut oils. 

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

Hearts from medico-legal autopsies which 
presented a broad cross-section of the popu- 
lation under study were examined. Brief 
information on the socioeconomic status, 
dietary habits and the nutritional status of 
deceased individuals was obtained. Heart 
specimens were obtained from 3 centers -  

Calcutta, Madras and Trivandrum, where the 
edible oils consumed differ. Samples obtained 
from Calcutta served as the study material 
since mustard oil is used in the diets there. The 
edible oil of preference in Trivandrum is 
coconut oil, whereas people in Madras use 
either peanut or sesame oils. Madras and 
Trivandrum were therefore included in the 
study as 2 important sources of control mate- 
rial for comparison with the study material 
from Calcutta. 

The majority of the specimens from all 3 
areas were from subjects in the age range 
21-40 years. This was arranged deliberately 
since we thought this would have provided 
sufficient time for any effects of  consumption 
of mustard oil to be manifest. 

After the gross examination of the heart, 
it was fixed in 10% buffered neutral formalin. 
A 2-cm thick ring of the heart cut across the 
2 ventricles midway between the apex and the 
atrioventricular rings was used for analyses. The 
tissue was washed free of formalin, minced and 
lipids extracted according to Folch et al. (8). 
The effect of storing the heart in formalin on 
the fatty acid profile of the lipid was investi- 
gated in a preliminary study and it was found 
that there was no difference in the fatty acid 
profile of  heart lipid extracted either from fresh 
tissue or from tissue stored in formalin. How- 
ever, some lipid did leach out during formalin 
fixation and the total lipid content therefore 
was not estimated. Methyl esters of fatty acids 
were prepared according to Fried (9). Analysis 
was done on a gas chromatograph with a 6-ft 
column of 15% diethyleneglycol succinate on 
Chromosorb W, with a flow rate of  30 ml 
N2/min. The temperature was maintained 
between 198-200 C for column, injection port 
and flame ionization detector. 
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RESULTS 

The fatty acid composition, expressed as the 
percentage of total fatty acids of the myo- 
cardial lipids from the 3 regions, are depicted in 
Table I. 

Among the saturated fatty acids, laurie acid 
was found in the myocardium of subjects from 
Trivandrum only (3.5%). Similarly, heptadeca- 
noic acid was only in the myocardium of 
subjects from Madras (1.4%). Arachidic acid 
was only in the Calcutta samples (1.9%). 
Palmitic acid was present to the same extent 
in the fat samples of hearts from all 3 centers 
(30.1, 26.3 and 31.0% in Madras, Calcutta and 
Trivandrum, respectively). The mean concen- 
tration of  myristic acid was 3.0% in Calcutta 
samples, 7.3% in Trivandrum samples and 4.2% 
in Madras samples. The concentration of 
stearic acid was 8.4% in Madras samples, 
6.7% in Calcutta samples and 4.9% in Trivan- 
drum samples. 

The concentration of oleic acid was higher 
than that of other unsaturated fatty acids in the 
myocardia received from all 3 centers. Its 
concentration was 39.1% in the lipid obtained 
from the hearts received from Madras, 31.0% in 
the myocardial lipid of  samples received from 
Trivandrum and 35.0% in that of samples 
received from Calcutta. The concentration of 
palmitoleic acid was 13.3% in the myocardial 
lipid from Trivandrum, 9.3% in Calcutta 
samples and 8.4% in the lipids of hearts from 
Madras. The mean concentrations of  linoleic 
acid in the myocardial lipids from Calcutta, 
Madras and Trivandrum were 12.2, 8.4 and 
9.0%, respectively. 

Erucic acid was present only in the samples 
received from Calcutta. Every heart had it, 
although the concentration varied widely from 
a low of 1% to a high of 9.9% with a mean of  

5.6%. Not a single heart from Madras or from 
Trivandrum had even trace amounts of this 
fatty acid. 

DISCUSSION 

Although there are several reports to indi- 
cate the deleterious effects of consuming high 
levels of rapeseed oil and mustard oil in experi- 
mental animals, so far there has been no report 
to suggest its toxicity in human populations 
consuming rapeseed or mustard oil. There are 
no reports suggesting a higher incidence of  
cardiac abnormalities in areas in India where 
mustard oil is traditionally consumed compared 
to the incidence in areas where mustard oil is 
not consumed. As mentioned earlier, histo- 
pathological examination showed no difference 
in the incidence of fibrosis in the myocardia 
among the 3 centers. 

Results of diet surveys carried out in several 
parts of  Calcutta have shown that mustard oil 
provides between 1 and 3% of total daily 
calorie intake (6). Although monkeys fed a 
diet which contained 20% mustard oil devel- 
oped myocardial fibrosis (5), those fed a diet 
which contained lower levels of either 5 or 10% 
mustard oil did not  show fibrotic changes 
even after prolonged feeding (10), indicating 
that the level of mustard oil consumed was 
important in the development of myocardial 
fibrosis. In these studies on monkeys, the 
concentration of erucic acid in the myocardium 
was proportional to the level of  mustard oil in 
the diet (10,11). The mean concentration of  
erucic acid in the myocardial fat of monkeys 
which had received 5 and 10% mustard oil were 
9.5 and 14.4%, respectively, of the total fatty 
acids (10). In animals that received mustard oil 
at a 20% level, the concentration of erucic acid 
in the fat of hearts which showed fibrosis was 

TABLE I 

Profile of Major Fatty Acids of Human Myocardial Fat 

Fatty acid Calcutta Madras Trivandrum 

Laurie 12:0 Trace Trace 3.5 (0.7-12.0) 
Myristic 14:0 3.0 (1.4-7.1) 4.2 (2.2-10.8) 7.3 (3.6-12.9) 
Palmitic 16:0 26.3 (18.7-36.7) 30.1 (17.4-52.4) 31.0 (19.8-43.7) 
Palmitoleic 16:1 9.3 (1.8-19.7) 8.4 (2.1-17.4) 13.3 (7.2-22.5) 
Heptadecanoie 17:0 ND a 1.4 (0.6- 6.7) ND 
Stearic 18:0 6.7 (2.7-14.1) 8.4 (1.8-21.4) 4.9 (0.8-11.7) 
Oleic 18:1 35.0 (11.7-49.0) 39.1 (21.0-58.0) 31.0 (24.1-44.8) 
Linoleic 18:2 12.2 (1.0-33.9) 8.4 (1.0-21.6) 9.0 (2.1-18.2) 
Arachidic 20:0 1.9 (0.5-18.5) Trace ND 
Erucic 22:1 5.6 (1.0-9.9) ND ND 

Values expressed as percent of total fatty acids: mean and range of 50 samples f r o m e a c h  
region. 

aND = not detected. 
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38% of t o t a l  f a t t y  acids and  t ha t  in non- f ib ro t i c  
hea r t s  was 24% of  the  t o t a l  f a t t y  acids (11) .  In 
t he  myocard ia l  lipid o f  hear t s  received f rom 
Calcut ta ,  t he  m e a n  c o n c e n t r a t i o n  of  erucic acid 
was 5.6% of  the  to ta l  f a t ty  acids, a level which  
was even lower  t h a n  the  m e a n  c o n c e n t r a t i o n  
seen in m o n k e y s  fed 5% m u s t a r d  oil. Even  t he  
h ighes t  c o n c e n t r a t i o n  of  erucic  acid (9 .9% of  
t he  to ta l  f a t t y  acids) in  the  hear t s  received f rom 
Calcu t ta  was well be low the  14% seen in 
m o n k e y s  fed 10% m us t a r d  oil and  s o m e w h a t  
s imilar  to  the  level seen in the  m o n k e y s  wh ich  
had  received 5% mus t a r d  oil. T h e  c o n c e n t r a t i o n  
of  erucic acid in the  myoca rd i a l  Lipid in t he  
h u m a n  hea r t  appa ren t ly  fits in well w i th  the  
level of  m u s t a r d  oil c o n s u m e d  in the  diet .  I t  is 
t hus  a p p a r e n t  tha t ,  at  t he  level of  in t ake  o f  
mus t a rd  oil p reva len t  in th is  coun t ry ,  the  risk 
o f  developing myoca rd ia l  f ibrosis  is small. 
However ,  w h e t h e r  the  r e d u c t i o n  in t he  mi to -  
chondr ia l  resp i ra t ion  observed in m o n k e y s  fed 
5 and  10% mus t a rd  oil (10)  also can occu r  in 
th is  p o p u l a t i o n  and  the  s ignif icance of  such a 
r e d u c t i o n  are unclear .  This  aspect  needs  f u r t h e r  
inves t igat ion.  

I t  is in t r iguing  t h a t  the  l inoleic  acid c o n t e n t  
o f  t h e  myoca rd ia l  lipid o f  samples  received 
f rom T r i v a n d r u m  were similar to  those  o f  t he  
o t h e r  2 centers ,  in spite of  the  fact  t h a t  coco-  
n u t  oil is a p o o r  source o f  l inoleic  acid. F r o m  
the  i n f o r m a t i o n  ob t a ined  on  the  d ie ta ry  hab i t s  
o f  th is  popu la t ion ,  i t  was observed  t ha t  fish is 
an integral  par t  o f  the  diet .  Thus ,  it can  be 
assumed t h a t  this  essential  f a t t y  acid is in te-  
gra ted  i n to  the  m y o c a r d i u m s  of  the  T r i v a n d r u m  
p o p u l a t i o n  t h r o u g h  the  c o n s u m p t i o n  of  fish. 

Long cha in  p o l y u n s a t u r a t e d  f a t t y  acids, 
especial ly a rach idon ic  acid, wh ich  n o r m a l l y  are 
p r e sen t  in the  myoca rd ia l  l ipid (10) ,  were n o t  
de t ec t ed  in the  l ipids of  m y o c a r d i u m  received 
f rom any  o f  t he  centers .  This  p r o b a b l y  is 
because  there  was a t ime  lapse b e t w e e n  d e a t h  

and  au topsy ;  these  p o l y u n s a t u r a t e d  fa t ty  acids 
migh t  have degraded dur ing  th is  t ime.  
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LETTER TO THE EDITOR 

A Test for the Biochemical Efficiency of Isotopic Cholesterol 

Sir: 
The impuri ty of labeled compounds and 

their instability during storage has been the 
subject of many laboratory investigations. 
Breakdown of radioactive cholesterol, in 
particular, has been reported from at least 
2 laboratories (1,2). Since isotopically labeled 
cholesterol is widely used in many biochemical 
as well as clinical studies, the puri ty of these 
preparations is of considerable importance. 
Snyder and Piantadosi (3) have emphasized the 
careful distinction between chemical and 
radiochemical purity,  but Davidson et al. (4) 
found that, while certain tri t iated cholesterol 
preparations were acceptable by chemical and 
radiochemical in vitro criteria, the same prepa- 
rations were radiochemically unreliable in vivo 
during experiments with human subjects. 

We have found that a tr i t iated cholesterol 
preparation (95% radiochemically pure by  thin 
layer chromatography [TLC])  was only 60% 
efficient as a substrate for the enzyme lecithin: 
cholesterol acyltransferase (LCAT). Conse- 
quently, this enzymatic assay might be used in 
deciding whether a certain labeled cholesterol 
preparation is suitable or not  for biochemical 
and in vivo experimentation.  

In this communication,  a simple method is 
described for the performance of such a test. 
The procedure is based on the comparison of  
serum cholesterol esterification measured by 
isotopic and chemical methods.  The assay 
system using labeled cholesterol has been 
described (5) and it is based on the original 
technique of Stokke and Norum (6). Briefly, 

�9 . . ! 

fresh human serum is incubated with 5 ,5-  
dithiobis (2-nitro-benzoic acid; DTNB) for 30 
min at 37 C to temporari ly inactivate the 
enzyme. Labeled cholesterol is added next as 
a human serum albumin emulsion (6) and 
a/lowed to incubate with the serum for 4 hr 
at 37 C to facilitate the transfer of [3H]- 
cholesterol from the albumin to the lipo- 
proteins. Aliquots are removed at the selected 
time intervals (including 0 time) into chloro- 
form/methanol  (2:1) for lipid extraction. The 
extracts are then concentrated and TLC, 
staining and scintillation counting are per- 
formed as described previously (7). The per- 
centage esterification for each time period is 

calculated upon counting the labeled free and 
esterified cholesterol. The radioactive measure- 
ments are then compared to the amount of 
cholesterol esterified as determined by gas 
chromatography (GC) (6,8) or by a colori- 
metric method (9,10). The labeled cholesterol 
may be judged of good quality if the results 
with radioactive substrate are 95% or higher of 
those obtained by GC or colorimetry. 

We have used this assay system in our 
laboratory for several years for the analysis of 
hundreds of serum samples with excellent 
reliability. Upon switching from one radioactive 
cholesterol preparation to another, however, 
the activity of the control  dropped 40% (Table 
I). This determination was repeated more than 
20 times and always gave the same low values. 
The reduced substrate efficiency was reflected 
in the comparison of the esterification mea- 
sured by radioactive counting to chemical 
determination (10). The radioactive counting 
turned out  to  be ca. 50% of the chemical 
determination (Table II). 

Upon careful examination of  each com- 
ponent  of the assay mix (phosphate buffer, 
DTNB, serum albumin preparations and mer- 
captoethanol) ,  we concluded that  only the 
labeled cholesterol (Schwarz/Mann prep #2) 
could be responsible for the unusually low 
results obtained. We paid particular at tention 
to eliminating the possibility that inadequate 
equilibration of the labeled cholesterol with 
l ipoprotein cholesterol caused the change in 
cholesterol esterification (11). Since the pro- 
cedure for the introduct ion of labeled chol- 
esterol was identical for all assays (4,5) and 
only one of the isotopic samples gave substan- 
tially and repeatedly lower results, we con- 
cluded that  insufficient equilibration of the 
labeled and unlabeled substrate could not  be 
the cause of our findings. Furthermore,  Wallen- 
tin and Vikrot  have shown (12) that the 4-hr 
incubation period with labeled cholesterol 
( recommended by Stokke and Norum [6] and 
used in our procedure) is more than sufficient 
to achieve complete equilibration with the 
l ipoprotein cholesterol pool. 

The most feasible explanation of  our find- 
ings is that the major contaminant  present in 
the low efficiency (Schwarz/Mann prep #2) 
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TABLE I 

Measurement of the Initial Rate of Serum Cholesterol Esterification 
Using Various Tritiated Cholesterol Preparations 

Source of labeled Schwarz/Mann NeWNuclearEngland 
cholesterol Prep #1 Prep #2 Prep #1 

Cholesterol esterified 
/~mol/ml/min 1.3 .765 1.33 

TABLE II 

Comparison of Values Obtained for Serum Cholesterol Esterification 
Measured by Coiorimetric Assay (10) and Radio Assay (S) a 

Source of labeled Schwarz/Mann NeWNuclearEngland 
cholesterol Prep #1 Prep #'2 Prep #1 

Cholesterol esterified 
mamol/ml 
Efficiency of radioactive cholesterol 

preparation as indicated by the assay 

I b 342 342 342 
2 b 328 188 331 

96% 55% 97% 

aIncubation for 8 hr at 37 C. 
b 1 : Colorimetric assays ; 2 : radio assay. 

prepara t ion ,  is a c o m p o u n d  similar to chol- 
es terol  to the  ex ten t  tha t  it travels wi th  chol- 
esterol  on TLC while it is suff ic ient ly  d i f fe rent  
to  be re jec ted  by lec i th in :choles te ro l  acyl- 
t ransferase  for  ester if icat ion.  

The fact  tha t  LCAT was unable  to use this 
sample of  t r i t ia ted choles terol  (Schwarz /Mann  
prep  #2)  fully, raises the  possibi l i ty  that  such 
a p repara t ion  would  no t  react  normal ly  in o the r  
biological systems.  

Con tamina ted  and de te r io ra ted  isotopic  
c o m p o u n d s  may  tu rn  up in any labora tory .  The 
presence  of  a con t aminan t  in a t r i t ia ted chol- 
esterol  p repara t ion  already has been repor ted  
by Bayly and Evans (1) who  found  tha t  even 
reverse i so tope  di lu t ion analysis failed to de tec t  
t he  presence  o f  the impur i ty .  Fur the r ,  Davidson 
et al. (4) recent ly  have found  that  all in vitro 
criteria failed to  indicate  any con t amina t i on  in 
t r i t ia ted choles terol  p repara t ions  which,  never- 
theless, behaved anomalously  u p o n  in jec t ion  
into h u m a n  subjects.  Davidson et al. recom- 
m e n d  tha t  all ba tches  o f  radioactive choles terol  
be tes ted  in an in vivo assay system before  they  
are used in metabol ic  exper iments .  

The m e t h o d  described in this communi -  
cat ion could well serve to test  the  biological 
eff ic iency of  labeled choles terol  samples 
wi thou t  involving more  cost ly  and compl ica ted  
in vivo techniques .  The means  of  tes t ing the  
b iochemica l  eff ic iency o f  labeled choles terol  

thus  should be useful  to  all investigators who  
rout ine ly  use these i sotopic  preparat ions .  

A N D R A S  G. LACKO, 
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Texas College o f  Os teopa th ic  Medicine 

and Division of  Biochemis t ry ,  
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Sterol Analysis of the Inner 
and Outer Mitochondrial Membranes in Yeast 
C.K. BOTTEMA and L.W. PARKS, 1 Department of Microbiology, 
Oregon State University, Corvallis, OR 97331 

ABSTRACT 

The membranes of yeast mitochondria were separated and analyzed for lipid content. The sterol- 
to-phospholipid molar ratio was found to be very similar between the inner and outer membranes 
(1:30). These observed ratios could be substantially altered by using a crude mitochondrial pellet 
contaminated with a "floating lipid layer." In this case, the sterol-to-phospholipid molar ratios were 
1: 8 to 1 : 26 for the outer and inner mitochondrial membranes, respectively. 

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

Sterols play a p rominen t  role in the fluidity,  
integri ty and structure of  eucaryot ic  mem- 
branes. Thus, in organelles such as mito-  
chondria,  where membranes  control  the func- 
tion of  the organelle,  it is essential to know 
how the sterol is distributed.  Toward this end, 
mi tochondr ia l  membranes  f rom several systems 
have been analyzed for their  lipid conten t  (1-5). 
Thus far, no sterol analysis of  the inner and 
outer  mi tochondr ia l  membranes  has been re- 
por ted  for yeast.  However ,  a s tudy with an- 
o ther  fungus, Neurospora crassa, conc luded  
that  sterols were located exclusively in the out-  
er mi tochondr ia l  membrane  (3). This was in- 
consistent  with our previous exper iments  in 
which sterol modif icat ions  ef fec ted  al terat ions 
in the Arrhenius plots of  the inner mi tochon-  
drial membrane  enzyme cy toch rome  oxidase 
(6). In order  to resolve this apparent  dis- 
crepancy and to ascertain the impor tance  of  
sterol in yeast  mi tochondr ia ,  we have separated 
the mi tochondr ia l  membranes  in Saeeharo- 
myees cerevisiae and determined the amount  of  
ergosterol  present  in each membrane  with re- 
spect to o ther  membrane  components .  

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

Culture Conditions 

An isolate of  MCC, a wild-type diploid strain 
of  Saccharomyees eerevisiae, was grown to late 
exponent ia l  phase (20 hr) at 28 C with aeration 
in media containing t ryp tone  (1%), yeast  ex- 
tract  (0.5%) and e thanol  (2% v/v). 

Isolation of Mitochondria 

Cells were harvested by centr i fugat ion at 
5,000 G for  I min and washed with distilled 
water (10 ~ of  media typically yielded 60 g wet 
wt of  cells.) The cells were resuspended in 
0.5 M r  0.1 M Tris buffer,  pH 

IAuthor  to w h o m  correspondence should be 
addressed. 

9.3, at a ratio of  2 ml buffer /g  wet wt of  cells 
and incubated  at 28 C with gentle shaking for 5 
min. The cells were pel leted (12,000 G, 1 rain) 
and washed twice with a buffer  solut ion at pH 
5.8 containing 0.7 M sorbitol ,  0.3 M mannitol ,  
0.1 M citrate,  10 mM K2HPO 4, and 1 mM 
EDTA. To form spheroplasts, the washed pellet  
was resuspended in the same buffer  containing 
20% Glusulase, an enzyme  extract  f rom Helix 
pomatia, at 2.5 ml buffer /g wet wt cells. The 
suspension was incubated  for 1 hr  at 28 C with 
gentle shaking. The spheroplasts were pel leted 
by centr i fugat ion at 3,000 G for 10 min, 
washed 3 t imes in a buffer  containing 0.9 M 
sorbitol,  10 mM Tris, and 0.5 mM EDTA at pH 
7.4, and then resuspended in the same buffer  at 
10 ml/6  g wet wt spheroplasts. The spheroplast  
suspension was passed through a French pres- 
sure cell at 1,000-2,000 psi. Unbroken  sphero- 
plasts and cell debris were removed by 3 centri- 
fugations each at 1,100 G for 10 min. To pellet  
the mi tochondr ia ,  the supernatant  was spun at 
12,000 G for 20 min. The mi tochondr ia  were 
resuspended in the above 0.9 M sorbltol  buffer  
and centr i fuged at 1,100 G for 10 min to re- 
move the last of  the cellular debris. The super- 
natant  was centr i fuged once again at 12,000 G 
for 20 min to recover  a crude mi tochondr ia l  
pellet. This mi tochondr ia l  pellet  was resus- 
pended in the same buffer,  placed on 20-70% 
linear sucrose gradients and centr i fuged for 30 
rain at 22,700 G in a Sorvall Model  SS90 verti- 
cal rotor .  The gradients were f ract ionated and 
eaqh fract ion assayed for marker  enzymes  (see 
Results). The major  band was ident i f ied as 
mi tochondr ia l  and was repel leted by centrifuga- 
tion at 27,000 G for 20 min. 

Separation and Isolation of the Inner 
and Outer Mitochondrial Membranes 

In a procedure  modif ied  from Neuper t  and 
Ludwig (7), the mi tochondr ia  were subjected to 
osmotic  swelling and shrinking to enhance the 
membrane  separation,  fo l lowed by our pro- 
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cedure of mechanical shearing through an 
Eaton pressure cell to strip the outer mito- 
chondrial membrane away from the inner mem- 
brane envelope. The whole mitochondria were 
swollen by resuspending the mitochondrial pel- 
let in 20 mM Tris buffer at pH 8.0 ( i  ml buffer/ 
gm wet wt mitochondria) and incubating on ice 
for 1.5 min. A solution of 1.8 M sorbitol, 2 mM 
ATP, 2 mM MgCl 2 was then added (0.5 ml 
sorbitol-ATP-MgCl 2 solution/g wet wt mito- 
chondria) and the suspension was left on ice for 
I hr to allow shrinkage of the inner membrane. 
The  mitochondrial suspension was quickly 
frozen in an Eaton pressure cell and, while still 
frozen, passed through the small orifice of the 
cell at 5000 psi. The sheared mitochondria were 
diluted by adding 2 ml of 20 mM Tris buffer at 
pH 8.0/~ wet wt mitochondria, loaded on 
I0-20-30-40-50-70% (1:2:2.5:2.5:2.5:1 vol ra- 
tios) discontinuous sucrose gradients, and centri- 
fuged at 50,000 G for 1.5 hr. The gradients 
were fractionated in l-ml vol from the top and 
each faction was analyzed for total free ergo- 
s t e r o l ,  phospholipid, protein and enzyme 
activity. 

Quantitation of Sterol, Phosphollpid and Protein 

The lipids were extracted from each fraction 
and from whqle mitochondria by the Bligh and 
Dyer method (8) and separated by thin layer 
chromatography (TLC) using the Skipski et al. 
procedure (9). Ergosterol was quantitated by 
gas liquid chromatography (GLC) using choles- 
tane as an internal standard (10). Cholesterol 
was added during the extraction procedure as a 
carrier sterol. The quantitation of the recovered 
cholesterol by GLC also provided a measure- 
ment of the efficiency of the sterol extraction. 

Phospholipid samples were taken from the 
lipid extracts described prior to the TLC sepa- 
ration, and were quantitated by the Ames 
method (1 1). Protein was determined for each 
fraction by the Lowry et al. procedure (12). 
Bovine serum albumin (BSA) was used as the 
protein standard. 

Enzyme Markers 

The following enzymes have been localized 
by Bandlow and Bauer (13) in yeast and were 
used as marker enzymes to determine the com- 
position of each fraction and the degree of 
c r o s s - c o n t a m i n a t i o n .  R otenone-insensitive 
NADH-cytochrome c reductase (outer mito- 
chondrial membrane), succinate-cytochrome c 
reductase (inner mitochondrial membrane) and 
NADPH-cytochrome c reductase (microsomal) 
were assayed by the Sottocasa et al. methods 
(14). Malate dehydrogenase activity (mitochon- 
drial matrix) was measured as described by 

AND L.W. PARKS 

Vary et al. (15), cytochrome c oxidase activity 
(inner mitochondrial membrane) as described 
by Thompson and Parks (16), and kyurenine 
h y d r o x y l a s e  activity (outer mitochondrial 
membrane) as described by Schott et al. (17). 
Chitin synthetase, identified as a plasma mem- 
brane marker in yeast (IS),  was assayed by 
Cabib's method (19). 

Mitochondrial Respiration 

Mitochondrial respiration was measured at 
28 C in an oxygraph buffer at pH 6.6 contain- 
ing 15 mM Tris, 15 mM maleate, 0.67 ml 
phosphoric acid, 1.2 mM EDTA, 6 mM MgC12 
and 0.2% BSA. Ethanol was used as the respira- 
tory substrate. 

Materials 

Glusulase was purchased from Endo Labora- 
tories. All enzyme assay reagents, L-kyurenine, 
rotenone, cytochrome c, oxaloacetate, NADPH, 
BSA, NADH, trypsin, trypsin inhibitor, N- 
acetylglucosamine and succinate were from 
Sigma Chemical Co., St. Louis, Mo. UDP- 
[ 14 C]_N.ace ty lg lucosamine  was purchased 
from New England Nuclear, Boston, MA. 

Instrumentation 

A Beckman L-65 ultracentrifuge and Sorvall 
RC-2B centrifuge were used for the centrifuga- 
tions. The Eaton pressure cell (20) was used in 
a Carver Model B laboratory press. The enzyme 
assays were conducted with a PMQ II Zeiss 
spectrophotometer and the mitochondrial respi- 
ration measured on a Gilson oxygraph equipped 
with a Clark O2 electrode. GLC separations of 
sterols were performed with a Varian Series 
2700 gas chromatograph equipped with a 
CDS-111 data processor and a Supelco SP-2250 
column. 

RESULTS 

Assessment of the Purity of Membrane Fractions 

The purity and intactness of the mitochon- 
drial preparation is established in Table I. 
NADPH-cytochrome c reductase and chitin 
synthetase specific activities (sp act) showed 
that there was little contamination of the mito- 
chondria with microsomal or plasma membrane 
protein. The mitochondria  also appeared to be 
intact, exhibiting respiratory competency (RC 
values of at least 2.5, as calculated from state 
3/state 4) and little mitochondrial enzyme re- 
lease. This fact was important in that mito- 
chondria which were prepared from mechanic- 
ally broken cells (i.e., shaking with glass beads 
or disruption in a Bronwill MSK tissue homoge- 
nizer) were damaged and thus did not swell or 
shrink when placed in the anisotonic buffers. 
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TABLE I 

Assessment of the Purity and Intactness of the Mitochondria 

989 

Fract ion Malate dehydrogenase 
(~tmol NADH oxidized) 

min-mg prote in  

NADPH-Cyt C Reductase 
(~mol cyt c reduced) 

rain-rag protein 

Chitin synthetase 
(microunits) 

mg protein 

12,000 G supernatant 9.2 24.2 56. l 
(microsomes and cytosol) 
12,000 G pellet 105.1 0.6 24.5 
(crude mitochondria) 
Major gradient band 168.2 0.0 1.5 
(purified mitochondria) 

Malate  d e h y d r o g e n a s e  ( m i t o c h o n d r i a l  matr ix  e n z y m e )  speci f ic  act iv i t ies  w e r e  ca lcu la ted  f r o m  the  e x t i n c t i o n  
c o e f f i c i e n t  o f  N A D H  (e = 6 .22  x 103  M - - l c m  - 1 )  at 3 4 0  nm.  N A D P H - e y t o c h r o m e  c reductase  ( m i c r o s o m a i  
e n z y m e )  spec i f i c  act ivi t ies  w e r e  ca lcu la ted  f r o m  the  e x t i n c t i o n  c o e f f i c i e n t  o f  c y t o c h r o m e  c (e = 19.1 x 103 
M - - l c m  - 1 )  at 5 5 0  n m .  O ne  uni t  o f  chi t in  s y n t h e t a s e  (p lasma m e m b r a n e  e n z y m e )  ac t iv i ty  is the  i n c o r p o r a t i o n  o f  
1 /zmol  o f  a e e t y l g l u c o s a m i n e / m i n  i n t o  ch i t in  (19 ) .  E n z y m e  act iv i t ies  w e r e  m e a s u r e d  as descr ibed in Methods  and  
Materials.  

Since the swelling and shr inking of  the mi to-  
chondria l  membranes  proved necessary for ade- 
quate separat ion,  the organelle had to be in tact  
pr ior  to t rea tment .  

Inner  and ou te r  mi tochondr ia l  membranes  
f rom gradient-purif ied mi tochondr i a  could be 
sat isfactori ly separated after  passage th rough  
the Ea ton  press as demons t r a t ed  by the mem-  
brane marker  enzymes  (Table II). The distri- 
but ion  of  marker  enzyme  activities reveal minor  
c ross -contamina t ion  of  these membranes  (Fig. 
1). This c ross -contamina t ion  was on the order  
of  1 0 % - a p p a r e n t l y  typical  in such separa t ion 
exper iments  (7,21,22).  Despite repea ted  at- 
t empts ,  the c ross -con tamina t ion  could n o t  be 
reduced and o the r  m e t h o d s  of  disrupt ion,  e.g., 
sonicat ion (7), homogen iza t ion  (23) and treat-  
m e n t  with i onophor s  (13), failed to isolate the 

inner  memb ran e  as cleanly. 
The gradient  f ract ions conta ining memb ran e  

were ident i f ied  on the basis of  the en zy me  
markers  (Table II). Frac t ion  1 (0-10% sucrose) 
had ne i ther  inner  nor  ou te r  mi tochondr ia l  
memb ran e  enzyme  activities. I t  did, however ,  
conta in  some protein .  Fract ions  2-3 (10-20% 
sucrose) con ta ined  the ou te r  mi tochondr ia l  
membrane .  Frac t ions  4, 5 and 6 (20-30% su- 
crose) had essentially no assayable enzyme  
activity but did conta in  protein .  Frac t ions  7-8 
(30-40% sucrose) had bo th  ou te r  and inner  
mi tochondr ia l  memb ran e  en zy me  activity and 
p robab ly  represen ted  the fo rma t ion  of  mixed  
vesicles. Compared  to the tota l  enzyme  yield,  
however ,  this f ract ion was small. The inner  
mi tochondr ia l  memb ran e  was in f ract ion 9-10 
(40-50% sucrose). The densi ty  of  the inner  

TABLE II 

Total Activities of Marker Enzymes in Gradient Fract ions  

Fraction Cytochrome Succinate-cyt C NADH-cyt C Kyurenine 
oxidase reductase reduetase hydroxylase 

(/~mol cyt ox) (#tool cyt red) (#mol cyt red) (nmol hydrox) 

min min min min 

1 1.8 0.5 5.5 0.1 
2-3 11.2 1.3 90.6 4.7 
4-6 7.3 1.2 6.3 0.2 
7-8 19.6 3.3 19.1 0.8 
9-10 53.4 7.3 11.8 0.7 

11-12 7.3 0.8 1.1 0.2 

The inner and outer membranes of gradient-purified mitochondria were separated and identified by m a r k e r  
enzymes. Cytochrome oxidase (inner membrane enzyme), succinate-cytochrome c reductase (inner membrane 
enzyme), and ro tenone- insens i t i ve  NADH-cytochrome c reductase (outer membrane enzyme) total activities 
were  ca lcu la ted  on the basis o f  the c y t o c h r o m i c  c extinction coefficient (e = 19.1 x 103 M--lcm -1 )  at 550 nm. 
Kyurenine hydroxylase (outer membrane enzyme) total activities were calculated on the basis that  20 ~zg 
hydroxylated kyurenine has an optical density 0.183 units  at 492 nm (17). Enzyme assays were  c o n d u c t e d  as 
descr ibed in Methods and Materials. 
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m i t o c h o n d r i a l  m embrane  was jus t  slightly 
higher  than whole  mi tochondr i a  run on the 
same gradients.  Frac t ions  11-12 (50-70% su- 
crose) had little enzyme  activity or protein .  

Quantitation of Sterol, Pbospholipid 
and Protein in Membrane Fractions 

The analysis of  the sterol,  phospho l ip id  and 
pro te in  in each f rac t ion is provided in Table III. 
The e rgos te ro l - to-phosphol ip id  molar  ratio of  
the gradient-purif ied whole  mi tochondr i a  was 
1:33. The inner  ( f ract ions  9-10) and outer  
( f rac t ions  2-3) mi tochondr ia l  membranes  con- 
ta ined similar e rgos te ro l - to-phosphol ip id  molar  
ratios of 1:30 and 1:29, respectively.  

The ratio of  ergosterol  to p ro te in  in whole  
mi tochondr i a  was similar to the inner  mito-  
chondria l  membrane .  The oute r  membrane ,  
though,  had a higher ratio of  ergosterol  to pro- 
tein than the inner  membrane ,  as expec ted  
since the inner  membrane  is k n o w n  to  conta in  
more  p ro te in  than  the ou te r  m e m b r a n e  (24). 

If  the crude mi tochondr ia l  pel let  (i.e., the 
mi tochondr ia l  pel let  prior  to  gradient  purifica- 
t ion) was subjec ted  to the separa t ion pro- 
cedure,  a d i f fe rent  pa t te rn  of  sterol  ratios was 
observed as out l ined  in Table IV. (Note:  The 
crude mi tochondr i a  did have the same marker  
e n z y m e  dis t r ibut ion  [Fig. 1] as the gradient-  
purif ied mi tochondr i a  separat ions) .  The ergo- 
s te ro l - to-phosphol ip id  molar  ratio of  the whole  
crude mi tochondr i a  was significantly higher 
(1 : 14) than the gradient-puri f ied mi tochondr ia .  
The inner  and outer  membranes  also had slight- 
ly higher ratios of  1:26 and 1:22. However ,  the 
major  di f ference was the  appearance  of  a 
" f loa t ing  lipid layer"  ( f rac t ion  1), which was 
u n o b s e r v e d  in the gradient-purif ied mi to-  
chondr ia  separat ions.  This " f loa t ing  lipid layer"  
had ex t remely  high molar  ratios of  ergosterol  to 
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FIG. 1. Total activities of marker enzymes vs 
grad ien t  fractions. The inner and outer membranes of 
gradient-purified mitochondria were separated on dis- 
continuous sucrose gradients and identified by marker 
enzymes. Cytochrome oxidase (--A_A_A_), the inner 
membrane marker, total activities were calculated 
from the extinction coefficient of cytochrome c (e = 
19.1 x 10 3 M-lcm -1) at 550 nm. Kyurenine hy-  
droxylase (--o--e--o--), the outer membrane marker, 
total  activities were calculated on the basis that 20 #g 
hydroxylated kyurenine has an optical density of 
0.183 units at 492 nm (17). Fraction numbers increase 
with the density of the gradient, fraction 1 being the 
top of the gradient. Each fraction represents a 1 ml 
volume. Preparation of the gradients and enzyme 
assays are described in Methods and Materials. 

phospho l ip id  (1:2)  and ergosterol  to  p ro te in  
( 0 . 0 5 5  umol /mg) ,  and thus represen ted  a 
unique fract ion.  

DISCUSSION 

Our results demons t r a t e  tha t  the ratios of  
free sterol  to the o ther  m e m b r a n e  c o m p o n e n t s  

TABLE III 

Lipid analysis of the Fractions Derived from Gradient-Purified Mitochondria 

Fract ion  Sterol/protein Phospholipid/protein Sterol/phospholipid 
(/~mol/mg) (~mol/mg) (#mot/#mol) 

1 0.0008-+0.0001 0.1574-0.001 0.0051 
2-3 (outer) 0.0142 -+ 0.0002 0.416 -+0.019 0.0341 
7-8 (mixed) 0.0094 + 0.0003 0.232 -+ 0.004 0.0405 
9-10 (inner) 0.0088 -+ 0.0001 0.266 + 0.008 0.0331 
Total 0.0098 + 0.0005 0.311 -+ 0.007 0.0315 
Whole mitochondria 0.0094 -+ 0.0001 0.313 -+ 0.007 0.0300 

The mitochondria used for these membrane separations were gradient-purified as out- 
lined in Methods and Materials. The quantitation of the sterol, phospholipid and prote in  is 
described in Methods and Materials. All values are expressed as total /~mol or mg/gradient 
graction. The fractions containing membrane were identified on the basis of marker enzyme 
activities (see text for description). Each entry is the average of 5 experiments and is 
uncorrected for cross-contamination. 
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TABLE IV 

Lipid Analysis of  the Fractions Derived from Crude Mitochondria 

991 

Fraction Sterol/protein Phospholipid/protein Sterol/phospholipid 
0zmol/mg) (/.tmol/mg) 0~mol/#mol) 

1 (lipid layer) 0.0546 4- 0.0014 0.108 + 0.016 0.5056 
2-3 (outer) 0 .0180 + 0.0026 0.399 + 0.020 0.0451 
7-8 (mixed) 0.0186 + 0.0031 0.375 + 0.019 0.0497 
9-10 (inner) 0.0101 --- 0.0012 0.263 --- 0.019 0.0384 
Total 0.0233 + 0.0031 0.275 + 0.020 0.0847 
Whole mi tochondr ia  0.0252 + 0.0030 0.344 --- 0.031 0.0738 

The mitochondria  used for these membrane  separations were the crude mitochondrial  
pellets taken prior to gradient purification as described in Methods and Materials. The sterol, 
phospholipid and protein were quant i ta ted as detailed in Methods and Materials. All values 
are expressed as total #mol  or mg/gradient  fraction. The fractions containing membrane  
were identified on the basis of  marker  enzyme activities (see t e x t  for description). Each 
entry is the average of 5 exper iments  and is uncorrected for cross-contamination.  

TABLE V 

Comparison of Mitochondrial Sterol Ratios f rom Different Systems 

Sterol/phospholipid Sterol/protein 
(/~mol/#mol) (/~mol/mg) 

Source Whole Outer Inner Whole Outer Inner Ref. 
mitos membrane  membrane  mitos membrane  membrane  

Rat liver 1:10 1:8 ~.1:100 0.0160 0.0552 ~---D.0015 (1) 
Rat liver 1:10 1:4 1:29 0.0210 0.0559 0.0087 (25) 
Pig heart  1:24 1:15 1:91 0.0120 0.0260 0.0047 (5) 
Guinea pig heart  1:39 1:16 1:33 0.0059 0.0778 0.0131 (4) 
N e u r o s p o r a  1:11 1:3 1:32 0.0378 0.4836 0.0126 (3) 
Yeast 

Crude 1:14 1:8 a 1:26 0.0252 0.0355 a 0.0101 
Purified 1:33 1:29 1:30 0.0094 0.0142 0.0088 

this paper 
this paper 

aRatios of  the "floating lipid layer"  (fraction 1) is included as part of  the outer  membrane  (fractions 2-3). 
Mitochondrial sterol ratios f rom different sys tems were compiled directly from values reported in the cor- 

responding publication or calculated from the given data. The mitochondrial  sterol ratios for yeast were calcu- 
lated from Tables II and III. Ergosterol: MW = 397; cholesterol: MW = 387; average phospholipid:  MW = 700. 

do  n o t  v a r y  s i g n i f i c a n t l y  b e t w e e n  t h e  i n n e r  a n d  
o u t e r  m i t o c h o n d r i a l  m e m b r a n e s  in  y e a s t .  T h i s  
is i n c o n g r u o u s  w i t h  p r e v i o u s  w o r k  in  r a t  l iver  
( 1 , 2 5 ) ,  g u i n e a  p ig  h e a r t  (4) ,  p ig  h e a r t  (5 )  a n d  N.  
c r a s s a  (3 )  m i t o c h o n d r i a ,  w h e r e  t h e  s t e r o l - t o -  
p h o s p h o l i p i d  m o l a r  r a t i o s  in  t h e  o u t e r  m e m -  
b r a n e s  r a n g e d  f r o m  1:3 t o  1 :16  a n d  t h e  i n n e r  
m e m b r a n e s  r a n g e d  f r o m  1 : 29  t o  1 : 100  ( T a b l e  
V).  I n  t h e s e  p u b l i c a t i o n s ,  i t  was  c o n c l u d e d  t h a t  
t h e  m i t o c h o n d r i a l  m e m b r a n e s  were  v e r y  d i f fe r -  
e n t  in  s t e ro l  c o m p o s i t i o n .  

Y e a s t ,  t h e n ,  are  d i s t i n c t  f r o m  o t h e r  s y s t e m s  
w h e r e  t h e  o u t e r  m i t o c h o n d r i a l  m e m b r a n e  h a v e  
b e e n  r e p o r t e d  to  h a v e  h i g h e r  s t e ro l  r a t i o s  t h a n  
t h e  i n n e r  m e m b r a n e .  O u r  p r ec i s e  s e p a r a t i o n  a n d  
q u a n t i t a t i o n  o f  s t e ro l s ,  a n d  e f f e c t i v e  i s o l a t i o n  
a n d  f r a c t i o n a t i o n  o f  y e a s t  m i t o c h o n d r i a  s u p -  
p o r t  t h i s  c o n c l u s i o n .  T h e  bas is  fo r  th i s  d i f f e r -  
e n c e  is t h e  s t e ro l  r a t i o s  o f  t h e  o u t e r  m e m b r a n e  

o f  y e a s t  m i t o c h o n d r i a .  B o t h  t h e  r a t i o s  o f  s t e r o l  
to  p h o s p h o l i p i d  a n d  s t e r o l  to  p r o t e i n  fo r  t h e  
y e a s t  o u t e r  m e m b r a n e  are  s u b s t a n t i a l l y  l o w e r  
t h a n  a n y  o t h e r  p u b l i s h e d  r e p o r t  ( T a b l e  V).  T h e  
i n n e r  m e m b r a n e  a n d  w h o l e  m i t o c h o n d r i a  o f  
y e a s t ,  o n  t h e  o t h e r  h a n d ,  are  c o m p a r a b l e  to  
s eve ra l  o t h e r  s y s t e m s  ( T a b l e  V).  T h e  y e a s t  
w h o l e  m i t o c h o n d r i a ,  e .g. ,  h a v e  s t e r o l  r a t i o s  
s i m i l a r  to  p ig  h e a r t  a n d  g u i n e a  p ig  h e a r t  m i t o -  
c h o n d r i a .  T h e  i n n e r  m e m b r a n e  o f  y e a s t  m i t o -  
c h o n d r i a  c o n t a i n e d  a s i g n i f i c a n t  a m o u n t  o f  
s t e r o l  l ike  m a n y  o t h e r  r e p o r t s .  I n  s o m e  ca se s  
(1 ,5 ) ,  t h o u g h ,  t h e  i n n e r  m e m b r a n e  was  re- 
p o r t e d  to  be  f ree  o f  s t e ro l .  

T h e  d i s p a r i t y  b e t w e e n  p r e v i o u s  r e p o r t s  a n d  
o u r  p r e s e n t  w o r k  m a y  be  e x p l a i n e d  o n  t h e  bas i s  
o f  d i f f e r e n c e s  in  e x p e r i m e n t a l  m e t h o d s .  Re-  
p o r t e d  s t e r o l - t o - p h o s p h o l i p i d  m o l a r  r a t i o s  c a n  
v a r y  w i d e l y ,  e v e n  in  w h o l e  m i t o c h o n d r i a  f r o m  
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t h e  s a m e  s o u r c e  (e .g . ,  r a t  l iver  m i t o c h o n d r i a  
[ 1 , 2 6 ] ) .  Q u a n t i t a t i v e  t e c h n i q u e s  fo r  t h e  l ip ids ,  
p a r t i c u l a r l y  t h e  s t e ro l s ,  m a y  be  a m a j o r  c a u s e  o f  
t h e s e  v a r i a t i o n s .  As  t he  a m o u n t  o f  s t e ro l  e s t e r s  
in t h e  p u r i f i e d  y e a s t  m i t o c h o n d r i a  was  e x t r e m e -  
ly s m a l l  ( d a t a  n o t  g iven) ,  s t e ro l  e s t e r s  a n d  pre -  
c u r s o r s  we re  n o t  i n c l u d e d  in o u r  d a t a  as t h e y  
were  in t h o s e  r e p o r t s  w h e r e  t h e  L i b e r m a n n -  
B u r c h a r d  a s s a y  fo r  s t e ro l s  o r  s a p o n i f i c a t i o n  
e x t r a c t i o n  fo r  l ip ids  was  e m p l o y e d .  O n l y  t h e  
" f l o a t i n g  l ipid l a y e r "  f r o m  t h e  c r u d e  m i t o c h o n -  
dr ia  s h o w e d  d e m o n s t r a b l e  q u a n t i t i e s  o f  s t e r o l  
es te r s .  T h i s  c o n t a m i n a t i n g  l ip id  s o u r c e  was  
e l i m i n a t e d  in o u r  p r e p a r a t i o n s .  

A n o t h e r  p o s s i b l e  e x p l a n a t i o n  as to  t he  dis- 
a g r e e m e n t  b e t w e e n  o t h e r  r e p o r t s  a n d  o u r  re- 
su i t s  m a y  lie in  t h e  p u r i t y  o f  t h e  m i t o c h o n d r i a .  
In  o u r  e x p e r i m e n t s  w i t h  y e a s t ,  g r a d i e n t - p u r i f i e d  
m i t o c h o n d r i a  d id  n o t  h a v e  t h e  " f l o a t i n g  l ip id  
l a y e r , "  w h i c h  s u g g e s t s  t h a t  it  is a l ip id - r i ch  
m e m b r a n e  c o n t a m i n a t i n g  c r u d e  m i t o c h o n d r i a l  
p r e p a r a t i o n s .  In  l igh t  o f  t h e  r e l a t ive ly  h i g h  
ac t i v i t y  o f  t h e  p l a s m a  m e m b r a n e  m a r k e r ,  c h i t i n  
s y n t h e t a s e ,  in t h e  c r u d e  m i t o c h o n d r i a l  pe l le t ,  
t h i s  c o n t a m i n a t i n g  l ipid m a y  be sma l l  p l a s m a  
m e m b r a n e  vesic les .  S ince  th i s  " f l o a t i n g  l ipid 
l a y e r "  h a s  a h i g h  s t e r o l - t o - p h o s p h o l i p i d  m o l a r  
r a t io ,  i n c l u s i o n  o f  th i s  f r a c t i o n  as p a r t  o f  t h e  
o u t e r  m i t o c h o n d r i a l  m e m b r a n e  by  e x p e r i -  
m e n t o r s  w o u l d  p r o d u c e  a large  d i f f e r e n c e  be- 
t w e e n  t he  s t e ro l  r a t i o s  o f  t he  i n n e r  a n d  o u t e r  
m e m b r a n e s .  In  p a r t i c u l a r ,  t h i s  w o u l d  e x p l a i n  
t he  d i s c r e p a n c y  b e t w e e n  o u r  r e su l t s  fo r  y e a s t  
a n d  t h o s e  r e p o r t e d  for  Neurospora. 

A l t h o u g h  s o m e  r e p o r t s  i n d i c a t e d  t h a t  e s sen-  
t ia l ly  n o  s t e ro l  is p r e s e n t  in t he  i n n e r  m i t o -  
c h o n d r i a l  m e m b r a n e  ( 1 , 3 , 5 ) ,  we f ind  s t e ro l  
a s s o c i a t e d  w i t h  th i s  m e m b r a n e .  In  v i ew  o f  var i-  
o u s  e x p e r i m e n t s ,  i n c l u d i n g  o u r  o w n ,  t h a t  
d e m o n s t r a t e d  t he  i n f l u e n c e  o f  s t e ro l s  on  i n n e r  
m i t o c h o n d r i a l  m e m b r a n e  e n z y m e s  ( 6 , 2 5 , 2 7 ) ,  it  
s h o u l d  be  n o  s u r p r i s e  t h a t  f ree  s t e ro l s  are  p a r t  
o f  t h a t  m e m b r a n e .  S ince  s t e ro l s  p r o v i d e  b o t h  
f l u i d i t y  a n d  r ig id i ty  to  m e m b r a n e s ,  t he i r  pres-  
e n c e  m a y  be n e c e s s a r y  in t h e  i n n e r  m i t o c h o n -  
drial  m e m b r a n e  to  i n s u r e  t he  e n z y m e s  a su i t -  
ab le  e n v i r o n m e n t  in w h i c h  to  f u n c t i o n  ~28).  
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Fatty Acid Synthesis in vivo and Hepatic Contribution 
to Whole-body Lipogenic Rates in Obese Zucker Rats 1 
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Research Service, Veterans Administration Wadsworth Medical Center, 
Los Angeles, CA 90073, and the Department of Medicine, 
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ABSTRACT 

We have re-examined the claim by Godbole and York, based on the effect of surgical hepatectomy 
(Diabetologia 14:191, 1978), that liver contributed more than 90% of the newly synthesized FA 
found in adipose tissue of obese rats at the end o f a  1-hr pulse of 3H:O. The amount of newly synthe- 
sized FA transported via plasma VLDL from liver to adipose tissue was estimated in lean and obese 
Zucker rats byp determining the effects of Triton WR-1339, which blocks the uptake of VLDL-TGFA 
into tissues. Triton treatment was found not to cause any significant change in the amount of radio- 
active FA found in subcutaneous/perimetrial fat tissues, carcass or liver in either chow-fed or high- 
glucose, fed-refed lean or obese rats, although in the fed-refed dietary state the proportion found in 
the fiver was increased over that in the chow-fed groups. Furthermore, the amounts of newly made 
FA which accumulated in the plasma of Triton-treated, chow-fed and glucose-fed refed animals during 
this period constituted only a few percentages of those found in the adipose tissue of these animals. 
Thus, in contrast to the claims of Godbole and York, no significant transfer of newly made FA from 
fiver to adipose tissue occurs during a 1-hr experiment; it follows that the amounts of these FA found 
in different tissues at the end of that period are valid measurements of their actual lipogenic activities 
in situ. It is suggested that the Godbole and York results are artifacts of their surgical hepatectomy 
procedure. 

ABBREVIATIONS 

TG, triglycerides; VLDL, very low density lipo- 
protein(s); FA, fatty acids; TLFA, total lipid fatty 
acid~ 

INTRODUCTION 

The  genet ica l ly  obese  rat  deposi ts  excessive 
quan t i t i e s  of  fat  in i ts adipose  t issues (1). Many  
s tudies  have shown  t h a t  b o t h  hepa t i c  and  
ex t r ahepa t i c  F A  synthesis ,  as well as hepa t i c  
p r o d u c t i o n  of  VLDL-TG,  are increased in obese  
as compared  to lean Zucke r  ra ts  (2-4),  bu t  t he  
relat ive i m p o r t a n c e  of  the  liver and  adipose  
t issue in the  synthes is  of  the  excess l ipids 
depos i t ed  in the  lean rats  is still con tes ted .  In a 
r ecen t  paper  (5) ,  G o d b o l e  and  York  made  very  
s t rong claims for  the  d o m i n a n t  role o f  the  l iver 
in th is  process,  based pr imar i ly  on  the i r  obser-  
va t ion  t h a t  h e p a t e c t o m y  decreased by  10-fold 
the  a m o u n t  o f  newly  syn thes ized  FA which  was 
f o u n d  in the  ma jo r  adipose  t issues of  o b e s e  
Zucker  ra ts  1 hr  fo l lowing in t r avenous  in j ec t ion  
of  aH20.  However ,  since th is  decrease could  be  
secondary, to  the  severe upse t  of  n o r m a l  m e t a b -  
ol ism p r o d u c e d  by  th is  t r auma t i c  p rocedure ,  
and  since the  rates  of  appea rance  of  se rum 
3H-TGFA repo r t ed  by  these  au tho r s  were 
incons i s t en t  wi th  the i r  o w n  i n t e r p r e t a t i o n ,  we 

1presented in part at the 1979 meeting of the 
American Society of Biological Chemists. 

have re -examined  this  ques t ion ,  using T r i t o n  
WR-1339  (6),  r a t h e r  t h a n  surgical h e p a t e c t o m y ,  
to  b lock  any  t r ans fe r  of  newly  syn thes ized  F A  
f rom the  liver to adipose  tissue dur ing  the  
e x p e r i m e n t ;  cond i t i ons  were o the rwise  similar 
to those  of  G o d b o l e  and York  (5).  We also 
e x t e n d e d  the  same app roach  to an imals  on  a 
fat-free,  high-glucose diet ,  wh ich  we have 
s h o w n  to induce  m a x i m a l  hepa t i c  l ipogenesis  in 
mice,  wi th  the  liver a c c o u n t i n g  for  over  one-  
hal f  of  t o t a l  b o d y  F A  synthes is  (7).  Our  resul ts  
are s t r a igh t fo rward :  dur ing  the  per iod  o f  1 hr  
used by  G o d b o l e  and  York,  t he re  is n o  de tec t -  
able t r ans fe r  of  newly  syn ths ized  F A  f rom the  
liver to  adipose  t issue;  the  a m o u n t s  of  these  F A  
in d i f fe ren t  t issues at the  end  of  t h a t  pe r iod  
the re fo re  ref lect  the i r  relat ive ind igenous  rates  
of  F A  synthes is .  

EXPERIMENTAL PROCEDURES 

Rats 

Female  obese  Zucke r  fa / fa  rats  and  the i r  
lean f i t ter  ma tes  (+/?)  were purchased  f rom 
Byrd  Memor ia l  Labora to r ies ,  Bos ton ,  MA. 
Six-week-old ra ts  wi th  m e a n  b o d y  weights  
o f  118 g ( lean)  and  157 g ( fa / fa) ,  m a i n t a i n e d  on  
Pur ina  chow ad l i b i t um were used for  the  first  
expe r imen t ,  and  des ignated  " c h o w - f e d . "  O t h e r  
6-week-old ra ts  were swi tched  to  a 58% glucose 
fat-free diet  (8)  2 weeks  pr ior  to  t he  second  
e x p e r i m e n t  and  des ignated  "high-glucose,  fed- 
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refed group";  their mean body weights were 
174 g (lean) and 239 g (fa/fa). 

Injection of Triton WR-1339 and ~H20 

Triton WR-1339 (600 mg/kg, as a 20% w/v 
solution in saline) was injected into a tail vein 
of  unanesthetized lean and obese rats (n = 
4/group) held in restraining cages. This was 
followed within 2 min by ~ (200 #1, 2.5 
mCi) intraperitoneally (ip). Control animals 
were given 3H20 only. The high-glucose, 
fed-refed group (4/group; lean and obese) 
received 1 g glucose/100 g body weight as a 
50% aqueous glucose solution intragastrically 
30 min prior to aH20 injection. 

Sampling of Tissues 

All rats were killed by decapitation 60 min 
after aH20 injection. Blood was collected in 
heparinized tubes; plasma was separated and 
stored frozen until analyzed. Livers were 
perfused with 100 ml saline, blotted on filter 
paper, weighed and frozen in liquid nitrogen. 
About 1 g (lean), or 3 g (obese) of subcutane- 
ous and perimetrial fat tissues were dissected 
out, weighed and frozen. The remaining carcass 
was frozen in liquid nitrogen and stored frozen. 

Analysis of Tissue Fatty Acids 

Liver samples (2-3 g) were saponified with 
10 ml of 15% KOH in 50% ethanol for 2 h ra t  
80 C. After extraction of nonsaponified lipids 
and acidification with 12 N HC1, TLFA were 
extracted with 15 ml petroleum ether (30-60 
C), washed twice with 10 ml water, and an 
aliquot dried down and counted in a 1:1 
Instagel-toluene mixture. Appropriate quench 
corrections were made with internal standards. 

Subcutaneous and perimetrial fat tissues (1-2 
g) were worked up in a similar manner, with 
frequent shaking during a 4-hr digestion with 
15% KOH in 50% ethanol, to ensure complete 
saponification of the large amounts of tri- 
glycerides. 

Carcasses of lean and obese rats were di- 
gested with 350 and 480 ml, respectively, of 
30% KOH in 50% ethanol at 80 C for 2 hr. 
Extraction and counting procedures were the 
same as for liver. To correct for chemical 
exchange of  solvent 3H+, unlabeled carcasses of 
one lean and one obese rat were processed with 
addition of  aH20 to the saponification mixture. 
The corrections amounted to less than 10% of 
the experimental values. 

Total lipids from blood plasma were ex- 
tracted according to Bligh and Dyer (9). Fatty 
acids were obtained as already described after 
saponification in 1 ml 15% KOH in 50% etha- 

nol. Plasma TG were estimated according to 
Galletti ( 102. 

Plasma ~ specific activity (sp act) was 
determined at t = 60 min and assumed to equal 
that of  body water (5). Rates of FA synthesis 
from aH20 were calculated using the Wind- 
mueUer and Spaeth formula (11). 

RESULTS 

The accumulation of newly synthesized 
fatty acids in perimetrial and subcutaneous 
adipose tissue, expressed as /~mol/g tissue/hr 
and in total liver and extrahepatic carcass, in 
#mol/hr,  are shown for chow-fed and high- 
glucose, fed-refed groups in Tables I and II, 
respectively. Table III summarizes the relative 
accumulation of newly made FA in total liver, 
plasma, extrahepatic carcass and a calculated 
"average" total adipose tissue (see following) in 
all experimental groups. 

In agreement with the results of Godbole 
and York (5), the accumulation of newly made 
FA in total liver, and per g perimetrial and 
subcutaneous adipose tissue, were about one 
order of magnitude greater in obese compared 
to lean, chow-fed Zucker rats (Table I). Most 
significantly, however, the data in Table I 
further show that none of these rates were 
significantly affected by the administration of 
Triton WR-1339, the agent used to block the 
uptake of liver-derived FA by adipose tissues. 
In the obese group, the effectiveness of the 
Triton block was demonstrated by an increase 
in the levels of serum TG concentration from 
167 -+ 25 to 786 + 96 mg/dl. However, the 
amounts of newly synthesized, i.e., labeled, FA 
trapped in serum lipids of these animals were 
low and not different from those found in 
the untreated controls; in fact, the radioactivity 
in the aliquots of serum TGFA taken in this 
experiment was too low to be accurately 
determined. These values are, therefore, given 
in Table III as estimated maximal values. Thus, 
during the brief 1-hr pulse experiment with 
tritiated water, which was also used by Godbole 
and York (5), we found neither measurable 
transfer of newly made FA from liver to 
adipose tissue, nor, indeed, significant release of  
such labeled FA from the liver into the circu- 
lation in either lean or obese Zucker rats. 

The only statistically significant difference 
between Triton-treated animals and controls in 
Table I was a small decrease (18%) in the total 
amount of newly synthesized FA in the carcass 
of  Triton-treated, lean rats; its metabolic 
significance seems doubtful. More to the point 
is a comparison between the rates of accumu- 
lation in adipose tissue and total carcass. The 
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TABLE I 

Accumulation o f  Newly Synthesized Fatty Acids in Tissues of Chow-Fed, 
Lean and Obese Zucker Rats 1 Hr Following Injection of  3H2Oa 

995 

Animals Triton b 

Newly synthesized fatty acids 

Adipose tissue c Calculated average 
Liver Carcass SC PM adipose tissue 

Lean 

Obese 

pmol/l hr #mol/g-hr tzmol/l hr 

3.0• 0.7 33 + 1 0.38• 0.34• 0.07 
ns e <0.01 ns ns 2 

4.8• 0.3 28• 1 0.18• 0.28• 

27 • 13 103 • 2 1.6 +- 0.5 1.6 • 0.8 
ns ns ns ns 110 

35 • 5 117• 1.5 S0.7 3.2 +0.3 

aMean • SE from 4 rats/group;average body weights: lean 118 g, obese 157 g. 
bTriton WR-1339 (200 mg/ml, 600 mg/kg BW) was injected iv into unanesthesized rats. 
CSC: subcutaneous ; PM : perimetrial. 
dUsing numerical average of ~zmol/g/hr for SC and PM in both Triton and non-Triton groups (see text). 
ens: not significant. 

maximum calculated total adipose tissue in our 
lean and obese rats would be ca. 7 and 47 g, re- 
spectively (taking total body fat to be 5 and 
25% of body weight in our lean and obese rats 
[see following] and to be entirely accounted 
for as adipose tissue containing 83% [w/w/ fat 
[12]).  Assuming this behaved as a simple 
average of  the perimetrial and subcutaneous 
a d i p o s e  tissues shown in Table I, this average 
total adipose tissue should accumulate ca. 2 
/amol/hr of  newly synthesized FA in lean rats, 
an order of magnitude less than the 33/amol/hr  
actually found in the total extrahepatic carcass 
of these animals. Thus, under the conditions of 
our experiment, most extrahepatic FA syn- 
thesis in lean, chow-fed rats Occurred either in 
adipose tissues much more active than the 
major perimetrial or subcutaneous depots, or in 
other, non-adipose tissues. In the obese animals, 
however, the calculated average accumulation 
of newly synthesized FA in adipose tissue 
would be ca. 110/ lmol/hr ,  i.e., the same as the 
average actually found in extrahepatic carcass. 
Thus, in the obese animals, adipose tissues such 
as the perimetrial and subcutaneous depots 
were sufficient to account for extrahepatic 
accumulation of  newly synthesized FA in the 
total carcass (Table liD. 

Table II summarizes the results obtained 
when the experiment just described was re- 
peated on high-glucose, fed-refed animals. 
Compared to the chow-fed group, lean animals 
responded to this hyperlipogenic regimen with 
5- to 7-fold increased rates of deposition of  
newly made FA in both liver and adipose 
tissues, which brought these rates up to the 

same level as those in chow-fed, obese animals 
(Table I). In the high-glucose, fed-refed obese 
animals, however, only the liver showed a 
marked increase (about 4-fold) compared to 
the chow-fed, obese group, whereas the rates 
per g perimetrial and subcutaneous adipose 
tissues remained essentially unchanged (com- 
pare Tables I and II). Again, Triton WR-1339 
failed to produce any significant change in the 
accumulation of  newly made FA in any of  the 
tissues in either lean or obese animals. Further, 
although the Triton treatment increased the 
concentration of plasma TG 10-fold in both 
groups (from 35 + 15 to 408 + 17, and 45 + 17 
to 580 + 300 mg/dl for lean and obese, respec- 
tively), the content of newly synthesized 
plasma TGFA, which were accurately deter- 
mined in this experiment, again did not differ 
between Triton-treated animals and untreated 
controls in either lean or obese rats, and the 
values were all low (Table III). Thus, as was 
true for the chow-fed animals, little newly 
synthesized FA could have been transferred 
from liver to adipose tissue in either group of 
animals during the period of  this experiment. 

Total  carcass FA were measured as 5 + 0.7 
and 25 + 1.7% of body weight, respectively, in 
these lean and obese rats. By the arguments 
already used for the chow-fed animals, 10.5 g 
of average total body adipose tissue in the lean 
group should accumulate ca. 19 /amol newly 
made FA/hr, again substantially less than the 
value in extrahepatic carcass, which averaged 
ca. 60/~mol/hr  (Table II). For the obese group, 
on the other hand, their 72 g average adipose 
tissue would accumulate 182 gmol  newly 
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synthesized FA/hr, again sufficient to account 
for the observed average accumulation of 175 
#mol/hr in the carcass of this group (Table II). 

DISCUSSION 

T h e  r e l a t i v e  a m o u n t s  r e p o r t e d  h e r e  f o r  
n e w l y  s y n t h e s i z e d  F A  f o u n d  in  l i ve r  a n d  

a d i p o s e  t i s sue s  a t  t h e  e n d  o f  a 1-hr p u l s e  w i t h  
t r i t i a t e d  w a t e r  a re  s i m i l a r  t o  t h o s e  g i v e n  b y  
G o d b o l e  a n d  Y o r k  ( 5 ) ;  w h a t  is  a t  i s sue  is 
w h e t h e r  t h i s  p a t t e r n  a lso  r e p r e s e n t s  t h e  r e l a t i v e  

r a t e s  o f  s y n t h e s i s  in  t h e s e  t i s sues ,  o r  w h e t h e r  i t  
-is t h e  r e s u l t  o f  l a rge - sca le  r e d i s t r i b u t i o n  be-  

tween these tissues during the period of the 
experiment. Godbole and York calculated the 
total amounts of newly made FA which accum- 
ulated in the liver and (estimated) total adipose 
tissues in 5-week-old obese rats to be about 
equal, ca. 200 #mol/hr each. However, since 
hepatectomy reduced the accumulation in the 
adipose tissues by 90%, they concluded that the 
true rates of FA synthesis in intact rats must 
have been 380/amol/hr in liver vs ca. 20/amot/ 
hr in adipose tissues, and consequently, that 
about half of the labeled FA newly synthesized 
in the liver had been transferred to adipose 
tissue within the 1-hr period of the experiment. 

TABLE II 

Accumulat ion of  Newly Synthesized Fat ty  Acids in Tissues of High-Glucose, 
Fed-Refed Lean and Obese Zucker Rats 1 Hr Following Injection of 3H2Oa 

Newly synthesized fat ty acids 

Adipose tissue 

Animals Triton b Liver Carcass SC PM 
Calculated average 

adipose tissue 

Lean 

Obese 

gmol/1 hr ~mol /g-hr  

2 6 •  6 6 7 •  4 1 . 6 •  2 . 6 •  
ns d ns ns ns 

3 0 •  8 51•  7 1 . 0 •  2 . 0 •  

133•  8 2 0 5 •  2 . 5 •  3 . 1 •  
ns ns ns ns 

9 6 •  1 5 6 •  2 . 1 •  2 . 4 •  

/~mol/1 hr 

19 

182 

aMean • SE from 4 rats/group. Average body weights:  lean 174 g, obese 239 g. 
bTriton WR-1339 (200 mg/ml, 600 mg/kg BW) was injected iv into unanesthesized rats. 
CSee Table I, footnote  d. 
dns: not significant. 

TABLE III 

Percent Distribution of Newly Synthesized Fatty Acids in Tissues of 
Zucker Rats after a 1-Hr Pulse with aH20 in vivo a 

Newly synthesized FA found in : 

Dietary state Triton Liver Plasma Carcass 
Calculated average 

adipose tissue 

(I) Fed ad lib• 
Lean 

Obese 

(II) High-glucose 
fed/re fed 

Lean 

Obese 

8 . 2 •  <1 b 9 1 . 8 •  
+ 14 .8•  1.1 <1 8 5 . 4 •  

2 0 . 6 •  <1 7 9 . 4 •  
+ 22 .8 •  1.5 <1 7 7 . 3 •  

2 7 . 0 •  1 . 7 •  7 1 . 4 •  
+ 3 7 . 0 •  2 . 2 •  6 0 . 8 •  

3 5 . 7 •  1 . 3 •  6 3 . 3 •  
+ 3 5 . 0 •  1 . 9 •  6 3 . 1 •  

6 

78 

21 

62 

aMean • SE from 4 rats/group. Conditions are described in Tables I and II. 
bThere was no detectable radioact ivi ty in plasma aliquots used to determine activity. 
CSee legend to Table I, footnote  d. 
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The validity of these conclusions obviously 
depends critically on the hepatectomy pro- 
cedure used to establish this drastic redistri- 
bution. A priori, its magnitude seems startling, 
considering the short span of the experiment. 
Since transfer from liver to adipose tissue 
occurs via secretion and uptake of VLDL-TG, 
the maximal rate of transfer can not exceed the 
total flux of TGFA through that compartment. 
We may estimate this rate for the obese rats 
used by Godbole and York (5) to be between 
30 and 60 mg TG/hr. The higher value was 
calculated from their study as follows: we 
assumed their animals had moderately hyper- 
lipemic plasma corresponding to a plasma TG 
concentration of 150 mg/dl (4), a plasma vol of 
4.5% of body weight and a total plasma TG 
pool size of 7.5 mg. Accepting the 0.1-hr 
half-life of Intralipid found by these authors as 
valid for VLDL-TG, the maximal flux through 
this plasma compartment in their study would 
have been 7.5 x 0.69/0.1 = 50 mg TG/hr. A 
lower estimate (30 mg TG/hr) is based on our 
own observed rate of TG secretion, using Triton 
WR-1339, corrected for difference inthe plasma 
vol of our 6-week-old and their 5-week-old 
obese rats. Since secretion of 50 mg TG/hr 
equals 200 /zmol FA/hr, which also was the 
amount of newly made FA postulated to have 
been transferred from liver to adipose tissue 
during the 1-hr experiment, this interpretation 
would require both (a) that the liver secreted 
only such FA as had also been synthesized de 
novo during that time, and (b) that all TGFA 
secreted into plasma must be taken up and 
stored by adipose tissue. Both of these pro- 
posals are implausible. First of all, FA newly 
synthesized in liver mix with, and are substan- 
tially diluted by, FA derived from serum FFA 
and the continuous turnover of intracellular 
lipids in the liver. Second, the arrangement 
of the VLDL secretory apparatus in liver 
produces a considerable delay in the appearance 
of newly synthesized FA in serum TG within 
the time frame of 1 hr, as shown in Figure 2 of 
Godbole and York. Third, adipose tissue is by 
no means the only destination for plasma 
TGFA in the rat; a large proportion goes to 
other tissues, including substantial re-uptake 
into the liver itself (13; Kannan, et al., to be 
published). Thus, although the impact of these 
complicating circumstances on the results 
reported by Godbole and York cannot be 
quantitatively predicted with any certainty, 
these considerations a priori render it ex- 
tremely unlikely that the massive transfer of 
newly synthesized FA from liver to adipose 
tissue proposed by Godbole and York could 
occur within their 1-hr experimental period. We 

therefore designed our experiments to demon- 
strate this point directly, by using Triton 
WR-1339 to block the uptake into adipose 
tissue of any newly synthesized FA secreted into 
plasma as VLDL-TGFA. As already discussed in 
Results, this blockage, indeed, had no signifi- 
cant effect on the amounts of newly made FA 
found in adipose tissue in any of our experi- 
mental groups, a result which immediately rules 
out any transfer on the scale proposed by 
Godbole and York. Furthermore, direct analy- 
sis of the TG which did accumulate in the 
plasma of Triton-treated animals showed them 
to contain very little newly synthesized FA, ca. 
2% of the amounts calculated to be present in 
total adipose tissue in the high-glucose, f e d -  
refed animals (Table III). Thus, only insignificant 
amounts of newly synthesized FA could have 
been transferred from the liver to adipose tissue 
in the controls not treated with Triton WR- 
1339. This, in fact, is also the conclusion to be 
drawn from the serum data reported by God- 
bole and York (5). These authors point to their 
finding of larger amounts of radioactive serum 
TGFA in obese compared to lean animals as 
further support for their postulated massive 
transfer of newly synthesized FA from liver to 
adipose tissue in the obese rats; however, a 
simple quantitative analysis of their data proves 
that, in their experiments, also only a small 
fraction of the radioactivity found in adipose 
tissue FA could have been transported there 
from the liver via plasma. The total amount of 
radioactivity lost from the plasma TGFA 
compartment in 1 hr (qp [ 1 hr])  can be calcu- 
lated from the relationship: 

qp (I hr) = A (1 hr) Lpp, 

where A (1 hr) = the area (dpm.min) under the 
serum 3H-TGFA vs time curve for 0-1 hr, and 
Lpp = the fractional rate constant of plasma 
TGFA turnover (min -l  ). Using 0.11 min -1 
for the Lpp, corresponding to the 6 min half-life 
given by Godbole and York, and the measured 
area under the curve in their Figure 2 (135 x 
10 a dpm.min), we obtain qp(1 hr) = 135 x 
10 a dpm.min x 0.11 min -1 = 15,000 dpm. 
From this value, we may calculate (11) that 1.7 
/amol of newly synthesized, liver-derived 
FA was lost from the plasma compartment of 
these obese rats in 1 hr. Thus, even if exclu- 
sively taken up by adipose tissue, this again 
would represent only ca. 1% of the 200/.tmol/ 
newly synthesized FA calculated by Godbole 
and York to be present in total perimetrial and 
subcutaneous adipose tissues of their obese 
animals. Clearly then, both in our experiments 
and in those of Godbole and York, the contri- 
bution of the liver to the newly synthesized FA 
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f o u n d  in adipose  t issue at 1 h r  was en t i re ly  
negligible. Thus ,  the  i n t e r p r e t a t i o n  o f  our  o w n  
f indings  and those  o f  G o d b o l e  and  York  is 
exac t ly  oppos i te  of  the i rs :  t he  a m o u n t s  of  
newly  syn thes ized  F A  f o u n d  in adipose  t issue 
at  1 hr  are s t r a igh t fo rward  m e a s u r e m e n t s  of  the  
F A  synthes is  in si tu in  t h a t  tissue. Once  th is  has  
been  es tabl ished,  the re  r emains  l i t t le  d i f fe rence  
in  i n t e r p r e t a t i o n  o f  our  e x p e r i m e n t s  and  those  
o f  G o d b o l e  and  York  (5),  o the r  t h a n  an  ac- 
c o u n t i n g  for  the  gross a r t i fac t  p r o d u c e d  by  
surgical h e p a t e c t o m y .  Here,  t he  depress ion  
o f  f ipogenesis in the  adipose  t issue o f  obese  
an imals  f o u n d  by  G o d b o l e  and  York  mos t  
l ikely re f lec ted  the  depress ion  of  p lasma 
glucose and  insul in  also found  in these  animals.  
A l t h o u g h  the  au tho r s  po in t  to  the  fact  t h a t  a 
similar e f fec t  also was seen in lean,  hepa tec -  
t omized  animals,  wh ich  did n o t  show signifi- 
can t ly  depressed  adipose  t issue l ipogenesis ,  th is  
could resul t  s imply  f rom the  fact  t h a t  the  ra tes  
in  lean an imals  were an  o rde r  of  m a g n i t u d e  
lower  t h a n  those  in the  obese ;  thus ,  severely 
decreased glucose u p t a k e  i n to  the  adipose  t issue 
of  h e p a t e c t o m i z e d  animals  could  well  be 
ra te- l imi t ing  for  l ipogenesis  on ly  in the  obese  
rats. 

I t  should,  of course,  be  stressed t ha t  this  
da ta  in n o  way shows t h a t  t r a n s p o r t  of  the  
newly  syn thes ized  F A  f rom the  liver is an 
ins igni f icant  source  o f  adipose  t issue d e p o t  FA ;  
i t  mere ly  d e m o n s t r a t e s  t h a t  i ts  k ine t ics  make  
this  t r ans fe r  u n d e t e c t a b l e  in  sho r t - t e rm  experi-  
m e n t s  of  the  k ind  discussed here.  We have 
stressed the  i m p o r t a n c e  of  d is t inguishing  
be tween  the  t r a n s p o r t  of  t r ace r  and  t racee  in 
our  o t h e r  s tudies  of  T G F A  t r a n s p o r t  f r o m  liver 
to  adipose  t issue in b o t h  mice  and  rats  (Kan-  

N. BAKER ANDJ. ELOVSON 

nan,  Elovson,  Lyon ,  Mead and  Baker ,  manu-  
scr ipts  in p repa ra t ion) .  The  resul ts  of  these  
k ine t ic  studies,  and  s imple cons ide ra t ions  o f  
mass  ba lance  in t he  s teady  state ,  suggests t h a t  a 
cons iderable  p o r t i o n  of  newly  syn thes ized  F A  
depos i t ed  in the  adipose  t issue of  b o t h  lean and  
obese  ra ts  are made  in the  fiver, especial ly in 
those  nu t r i t i ona l  cond i t i ons  where  the  fiver 
a ccoun t s  for  one - th i rd  to one -ha l f  of  t o t a l  b o d y  
F A  synthesis .  
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Influence of Lecithin on the Chromatography 

of Steroidal Glucosiduronates 

in Chloroform/Formamide 
VERNON R. MATTOX 1 and ROBERT E). LITWILLER, Mayo Foundation and 
Mayo Graduate School, Rochester, MN 55901 

ABSTRACT 

The interaction between lecithin and steroidal glucosiduronates was investigated by use  of partition 
chromatography in chloroform/formamide and infrared spectroscopy. It was observed that lecithin 
increases the solubility of both glucosiduronic acids and esters in chloroform and concluded that this 
phenomenon occurs because of the formation of hydrogen bonds between the phosphodiester group 
of lecithin and hydroxyl groups of the steroid conjugates. 

INTRODUCTION 

Phosphatidylcholine (lecithin) is a major 
component of animal cell membranes and it 
plays a significant role in the transport of 
various substances in body fluids and across 
membranes. Thus, the interaction of lecithin 
and other naturally occurring compounds is of 
considerable importance. Lecithin is known to 
increase the solubility of several compounds in 
relatively nonpolar solvents. Kendall (1) ob- 
served that epinephrine, which normally is 
insoluble in chloroform, is soluble in this 
solvent in the presence of lecithin. In studies on 
carbohydrates, Taylor and Taylor (2) found 
that lecithin promotes the solubilization of 
glucose, glucuronolactone and related com- 
pounds in benzene. Burstein (3) reported that 
androstenalone sulfate, which is relatively 
polar, was extractable from water in the pres- 
ence of lecithin, and Furasawa et al. (4) found 
that the solubility of various carboxylic acids in 
chloroform is considerably increased in the 
presence of lecithin. 

Our prior interest in the use of alkylam- 
monium compounds in chromatography sys- 
tems (5,6) to increase the solubility of steroidal 
glucosiduronates in relatively nonpolar organic 
solvents led us to consider how lecithin, which 
contains a phosphodiester group and a~quarter- 
nary ammonium group, would interact with 
glucosiduronic acids and glucosiduronic esters. 
This paper describes the influence of lecithin on 
the chromatographic mobility of glucosiduronic 
acids and esters in CHC13-HCONH2 and the 
influence of lecithin and tetraheptylammonium 
chloride on the infrared (IR) spectra of the 
glucosiduronic esters in chloroform. 

IAuthor to whom correspondence should be 
addressed.  

EXPERIMENTAL 

Steroidal glucosiduronates were synthesized 
and characterized in our laboratory. Chloro- 
form and formamide used in chromatography 
were of reagent grade. Chloroform for IR 
spectroscopy was freed of alcohol by passing it 
through a column of alumina (neutral, activity 
grade I) and stored over sodium hydroxide 
pellets in the dark. Sources of other chemicals 
were as follows: tetraheptylammonium chloride 
(TA'C1), Eastman Organic Chemicals, Ro- 
chester, NY; tri-n-octylamine (TOA), K&K 
Laboratories, Inc., Plainview, NY; lecithin for 
chromatography (vegetable, purified), Mann 
Research Labs., New York, NY ; lecithin for IR 
experiments (synthetic fi-'y-dipalmitoyl-D-L-a- 
glycerlphosphoryl choline), Sigma Chemical 
Co., St. Louis, MO. 

Chromatographic procedures have been 
described previously (5,7). Chromatography 
was carried out in a sealed jar that contained 
chloroform and was lined with paper that was 
impregnated with formamide. A sheet of paper 
was drawn through a mixture (3:7, v/v) of 
stationary phase (0.0-0.8 M salt in formamide) 
and methanol; about 15 min later, the solutes 
were applied. The chromatogram was developed 
by allowing equilibrated mobile phase (0.05- 
0.10 M additive in chloroform) to flow down 
the paper. Steroidal glucosiduronates were 
located by viewing the papers over 254 nm 
radiation or by treating them with 0.4% tetra- 
zolium blue/3 N NaOH (1:9). Formamide was 
removed (6) from the papers prior to treatment 
with the alkaline tetrazolium blue reagent. The 
front of the solubilizer (lecithin, TOA, or 
TA'CI) that was present in the mobile phase on 
the chromatogram was visible after treatment 
of the paper with the alkaline tetrazolium blue 
reagent. 

999 



1000 V.R. M A T T O X  AND R.D. L I T W I L L E R  

Infrared spectra were taken on a Beckman 
IR-18 instrument using matched NaC1 cells 
which have a path length of 0.10 mm. 

RESULTS A N D  DISCUSSION 

Eight steroidal glucosiduronic acids and the 
corresponding methyl esters were chromato- 
graphed on paper in chloroform/formamide 
with and without various additives in the 
mobile phase. Results are summarized as R F 
values in Table I. 

None of the glucosiduronic acids migrated 
measurably frpm the origin in the parent 
system of ch~oroform/formamide. When the 
chloroform phase was ca. 0.05 M with lecithin, 
all of the acids migrated significantly and their 
migration increased still further when the 
concentration of  lecithin was increased to 0.10 
M. Parallel runs in which the mobile phase was 
0.10 M with lecithin, tri-n-octylamine (TOA) 
(5) and tetraheptylammonium chloride (TA'C1) 

(5) indicated that lecithin has about the same 
effect in increasing the mobility of  the glucosi- 
duronic acids as does the free amine TOA but 
much less effect than the quaternary ammo- 
nium halide TA'C1. 

The R F values of the methyl esters also 
increased when lecithin was added to the 
mobile phase and the change in R F was found 
to parallel the change in concentration of the 
lecithin. Addition of TOA to the mobile phase 
did not increase the migration of the esters and 
in a few instances, it retarded their movement 
slightly. In general, the change in RF of the 
esters when lecithin was added to the system 
was similar in magnitude to that found when an 
equivalent molar amount of TA'C1 was used. 

The effect of the various additives on the 
partition of the steroidal glucosiduronates 
between chloroform and formamide can be 
evaluated quantitatively by converting R F 
values to R M values; R M = log(vl--7 - 1) The R r  
change in R M for a specific compound when 

T A B L E I  

R F Values for  Steroidal  G lucos idu rona t e s  in C h l o r o f o r m / F o r m a m i d e  
wi th  Dif fe ren t  Solubil izers in the  Mobile Phase 

Addi t ive  b i n  m o b i l e  phase 

C o m p o u n d  a None  Leci thin  c T O A  d TA"  CI e 

E G A  <0 .01  0 .016  f 0 .027  0 .024  0 .79  
SG A  <0 .01  0 .027  f 0 .043 0 .044  0.86 
B G A  <0 .01  0 .018  f 0 .027 0 .035 0 .78  
A G A  <0 .01  0 .018  f 0 .030  0 .043 0 .79  
Q G A  <0 .01  0 .038  f 0 .057  0.14 0 .90  
T H S  3-GA <0 .01  0.011 f 0 .018  - - 
T H A  3-GA <0 . 01  0 .010  f 0 .014  0 .024 0 .50  
T H Q  3-GA <0 .01  0 .016  f 0 .029  0 .088  -- 
EGMe 0 .010  0.13 f 0 .25 0 .010  0.16 
SGMe 0 .029  0.26 f 0 .36 0.025 0.27 
BGMe 0.025 0.26 f 0 .38  0.025 0.26 
AGMe 0 .077  0.30 f 0.41 0 .060  0 .37  
QGMe 0 .28  0.63 f 0.66 0.22 0.62 
T H S  3-GMe 0 .019  0 .20  f 0 .28 -- -- 
T H A  3-GMe 0 .044  0.16 f 0.25 0 .034  0.25 
T H Q  3-GMe 0.23 0.42 f 0 .48  0.15 - -  

R F values  for  the  acids were  based on  the  f ron t  of  the  addi t ive ;  R F values  for  the  esters  
were  based on  the  c h l o r o f o r m  f ront .  

aGlucos iduron ic  acids are abb rev ia t ed  GA, co r r e spond ing  tne thy l  esters are abb rev ia t ed  
GMe. E G A  = 17a  -hyd roxy -  3 ,11 ,20- t r ioxopregn-4-en-21-y l  ~ -D-g lucopyranos iduron ic  acid ; 
SG A  = 1 7 a - h y d r o x y -  3 ,20-d ioxopregn-4-en-21-y l  13-D-glucopyranosiduronic acid; BGA = 
l l / 3 -hydroxy-3 ,20-d ioxopregn-4 -en -21-y l  /3-D-glucopyranosiduronic acid; A G A  = 3,11,20-  
t r ioxopregn-4-en-21-y l  /3-D-glucopyranosiduronic  acid;  Q G A  = 3 ,20-d ioxopregn-4-en-21-y l  
f l -D-glucopyranos iduronic  acid;  THS  3-GA = 17a ,21-d ihydroxy-20-oxo-5 /3-pregnan-3a-y l  
~ -D-g lucopyranos iduron ic  acid; T H A  3-GA -- 2 1 - h y d r o x y - l l , 2 0 - d i o x o - 5 ~ p r e g n a n - 3 c ~ - y l  
/3-D-glucopyranosiduronic  acid; T H Q  3-GA = 21-hydroxy-20-oxo-SJ3-pregnan-3a-yl  /3-D- 
g lucopyranos idu ron i c  acid, 

bMobile  phase was  ca. 0 .10  M wi th  addit ive.  

CLecithin was vege tab le  in origin, p r o b a b l y  d imyr i s toy l .  

dTr i -n -oc ty lamine .  

e T e t r a h e p t y l a m m o n i u m  chlor ide.  

fMobile phase was  ca. 0 .05 M wi th  lecithin.  
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T A B L E  II  

R F Values for  Steroidal  Glucosiduronates wi th  0.10 M Lecithin 
in the  Mobile Phase o f  C h l o r o f o r m / F o r m a m i d e  and wi th  

Various  Salts in the Stat ionary Phase 

Addit ive  b in stat ionary phase 

C o m p o u n d  a None  KC1 KI  LiCI 

E G A  0 .027  0 .049  c 0 .085 0 .063 0.15 
SG A  0 .043  0 .074  c 0 .14  0.11 0.22 
B G A  0 .027  0.041 c 0 .074  0 .058  0.12 
A G A  0 .030  0.041 c 0 .072  0 .056  0.12 
Q G A  0 .057  0 .095 c 0 .17  0 .12  0 .27  
THS 3-GA 0 .018  0 .024  c 0 .028  0 .028  0 .048  
T H A  3-GA 0 .014  0 .020  c 0 .020  0 .017  0 .0 2 9  
T H Q  3-GA 0 .029  0 .039  c 0 .059  0 .048  0 .10  
EGMe 0.25 - 0.31 0 .28  0.31 
SGMe 0.36 -- 0.45 0 ,44  0.51 
BGMe 0 .38  -- 0 .48  0.43 0.52 
A G M e  0.41 - 0 .50 0.43 0.52 
QGMe 0.66 - 0.75 0.76 0 .79  
T H S  3-GMe 0 .28  - 0 .38  0 .37  0 .40  
T H A  3-GMe 0 .24  - 0 .33 0 .28  0.35 
T H Q  3-GMe 0 .48  -- 0 .62 0 .59  0 .63  

R F values  for  the  acids were based on  the leci thin f ron t ;  R F values  for  the esters were 
based on  the  c h l o r o f o r m  f ron t .  

aSee f o o t n o t e  to Table  I for  exiatanat ion o f  abbrevia t ions .  

bStat ionary phase was  0 .80  M wi th  salt. 

CStat ionary phase was  0 .20  M wi th  salt. 

chromatographed in the presence and in the 
absence of a substance added to increase 
solubility can be interpreted as approximately 
equal to the log of the change in partition 
coefficient (conc in the mobile phase/conc in 
the stationary phase). When the mobile phase 
of chloroform/formamide was made 0.10 M 
with lecithin, the partition coefficient of the 
glucosiduronic acids was increased 2- to 6-fold. 
When TA'C1 was used under comparable 
conditions, the partition coefficient of the acids 
was increased 100- to 200-fold. These values are 
minimal amounts; although all R F values of the 
acids in the solvent system without additives 
are <0.01, the calculations are based on the 
assumption that each R F value was 0.01. 

In contrast to the foregoing observations 
with the acids, lecithin is even more effective in 
increasing mobility of the esters than is TA" C1. 
Addition of lecithin to the mobile phase of 
the chromatography system to give a 0.10 M 
solution causes a 3.3- to 32-fold increase in the 
partition coefficient of the esters whereas the 
largest increase in partition coefficient caused 
by an equivalent amount of  TA'C1 was 19-fold. 

Incorporation of  KI, KC1 or LiC1 into the 
chromatography system led to a significant 
increase in the mobility of both the acids and 
esters (Table II) and the order of increasing 
effect on mobility was KI < KC1 < LiC1. The 
fact that incorporation of  these salts into the 

system which contained lecithin increased 
mobility of the acids rather than retarding it 
indicates that the effect is not produced by an 
ion-excbange mechanism (5). This conclusion is 
supported by the finding that KC1 did not pass 
into CHC13 and react with the ionic centers of 
lecithin when 0.2 M lecithin-CHCl3 was equili- 
brated with 0.5 M KC1/formamide; under such 
conditions, the concentration of KC1 in the 
CHC13 phase was only 0.0007 M greater than in 
an analogous partition experiment in which no 
lecithin was included in the CHC13. In view of 
the foregoing observations, it is presumed that 
salts exert their effect on the partition by 
"salting out"  the glucosiduronates from the 
formamide phase. 

Previously, it has been reported (8) that the 
phosphodiester group of lecithin forms a 
hydrogen bond with the hydroxyl group of 
cholesterol and we have confirmed this obser- 
vation. We found that with 0.05 M cholesterol 
in chloroform the hydroxyl band at 3610 cm -1 
was shifted to 3350 cm -1 (Ao-= 260 cm -1) in 
the presence of 0.20 M lecithin whereas it was 
shifted to 3360 cm -1 (A~=  250 cm -1) by 0.20 
M TA'C1; this observation implies that lecithin 
forms stronger H-bonds with cholesterol under 
these conditions than does TA'C1. As indicated 
by values for the equilibrium constants, various 
phosphate esters form particularly strong 
H-bonds (9) with hydroxyl groups of diverse 
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c o m p o u n d s  and  f o r m a t i o n  o f  these  b o n d s  is 
a c c o m p a n i e d  by  large decreases  in  t he  fre- 
q u e n c y  of  the  h y d r o x y l  band .  

We have s h o w n  also t h a t  lec i th in  fo rms  
h y d r o g e n  b o n d s  wi th  THQ 3-GMe (Fig. 1), a 
typ ica l  s te ro ida l  g lucos iduronic  ester.  In  t he  

~ H20H 

C=O 
I 

~176 

H 

FIG. 1. Structure of THQ 3-GMe. 

presence  of  l e c i t h in ,  the  in t ens i ty  of  the  b a n d  
for  the  u n b o n d e d  h y d r o x y l  v ib r a t i on  (Fig. 2a, 
3600  cm -1 , d o t t e d  l ine) is less t h a n  i ts  i n t ens i ty  
in the  presence  of  TA 'C1  (Fig. 2b, 3600  cm -1 , 
d o t t e d  line). In  addi t ion ,  the  shif t  of  the  b a n d  
is greater  in the  presence  of  lec i th in  ( 3 6 0 0  to  
3220  cm -1)  t h a n  of  TA 'C1  ( 3 6 0 0  to  3280  
cm -1 ). 

In the  ca rbony l  region,  the  IR s p e c t r u m  of  
THQ 3-GMe con ta ins  2 b a n d s  (Fig. 3) ,  t he  
ca rbony l  group of  the  es ter  f u n c t i o n  absorbs  at  
1748 cm -1 and  the  G-20 ca rbony l  g roup  at 
1707 cm -1 . A d d i t i o n  o f  T A  ~ C1 or  l ec i th in  al ters 
the  a b s o r p t i o n  o f  the  c a r b o n y l  func t ions .  The  
abso rbance  at 1748 cm -1 increases u p o n  
add i t i on  o f  TA 'C1  (Fig. 3b)  and  this  increase  is 
a ccompan ied  by  a decrease in a b s o r b a n c e  at 
% 1730 cm -~ . We pos tu la t e  t h a t  e lec t ron- r ich  C1 
of  TA 'C1  c o m p e t e s  wi th  the  es ter  c a r b o n y l  in 
fo rming  an H - b o n d  wi th  the  C-4'  h y d r o x y l  
group.  As a result ,  the  abso rbance  of  the  
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H - b o n d e d  carbonyl ,  wh ich  occurs  at a b o u t  
1730 cm -1 and  is masked  by  the  more  in tense  
bands  at 1748 and  1707 cm -1, is d imin i shed  
and the  abso rbance  of  the  unassoc ia ted  car- 
b o n y l  group is increased.  A similar  p h e n o m -  
e n o n  p r o b a b l y  occurs  in t he  presence  o f  leci- 
th in  (Fig. 3a) bu t  the  c a r b o n y l  groups  of  
lec i th in  absorb  so m u c h  of  the  i nc iden t  radi- 
a t ion  at  1750-1720  cm -1 t ha t  the  i n s t r u m e n t  
does  no t  r e spond  proper ly .  

The  abso rbance  of  the  C-20 c a r b o n y l  g roup  
at 1707 cm -1 decreases u p o n  add i t i on  of  e i the r  
TA~ or  leci thin.  We pos tu la t e  t ha t  this  
decrease resul ts  f rom f o r m a t i o n  o f  an  H - b o n d  
b e t w e e n  the  addi t ives  and  the  C-21 h y d r o x y l  
.group. W h e t h e r  the  change in spec t rum is 
associated wi th  the  b reak ing  o f  an in t r amolec -  
u lar  H - b o n d  b e t w e e n  the  C-21 h y d r o x y l  group 
and  the  C-20 c a r b o n y l  group or to  some o t h e r  
m e c h a n i s m  is unc lea r  since there  is con t rove r sy  
conce rn ing  w h e t h e r  i n t r amo lecu l a r  hyd rogen  
bond ing  actual ly  occurs  wi th  s teroids  which  
have this  t ype  of  s t ruc tu re  (10-13) .  

F requen t ly ,  an inves t iga tor  who  is a t t emp t -  
ing to  isolate a na tu ra l  p r o d u c t  f rom biological  
sources  will ex t rac t  an aqueous  suspens ion  or  
so lu t ion  wi th  a n o n p o l a r  so lvent  in order  to  
remove  u n w a n t e d  mater ia l .  The  m a r k e d  influ-  
ence  which  lec i th in  may  have on  increas ing 
the  solubi l i ty  of  var ious  classes of  polar  com- 
p o u n d s  in n o n p o l a r  solvents  implies  t ha t  an 
inves t iga tor  shou ld  be  wary of  the  possible 
presence  of  lec i th in  in ex t rac t s  of  na tu ra l  
p roduc t s  and the  ef fec t  i t  may  have on  the  
pa r t i t i on  of  polar  c o m p o u n d s  b e t w e e n  polar  
and n o n p o l a r  solvents.  A l t h o u g h  it  has  been  
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FIG. 2. Influence of lecithin (a) and TA.C1 (b) on 
the absorbance of the hydroxyl groups in THQ 3-GMe 
in CHC1 s. The solid line represents the IR spectrum 
of  0.05 M THQ 3-GMe in CHCI 3 with CHC13 in the 
reference cell; the dotted line represents the IR 
spectrum of 0.05 M THQ 3-GMe in 0.20 M additive- 
CHCI s with 0.20 M additive-CHC1 s in the reference 
cell. 

FIG. 3. Influence of lecithin (a) and TAoC1 (b) on 
the absorbance of the carbonyl groups in THQ 3-GMe 
in CHC13 . The solid line represents the IR spectrum 
of 0.05 M THQ 3-GMe in CHC13 with CHC13 in the 
reference cell; the dotted line represents the IR 
spectrum of 0.05 M THQ 3-GMe in 0.20 M additive- 
CHC13 with 0.20 M additive-CHC13 in the reference 
cell. 
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demonstrated that lecithin can increase the 
solubility of polar compounds in the less polar 
phase during extraction in a separatory funnel 
and during chromatography on sheets of paper, 
we postulate that it can exert the same influ- 
ence in appropriate solvent systems during 
chromatography in columns and on thin 
layers. 
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Sterols of the Oyster, Crassostrea virginica 
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University of Maryland, College Park, MD 10742, and 
SAMSON R. DUTKY, Insect Physiology Laboratory, Agricultural Research Service, 
USDA, Beltsville, MD 20705 

ABSTRACT 

A commercial sample of the oyster, Crassostrea virginica, obtained from Maryland waters of the 
Chesapeake Bay, contained 31 desmethylesterols and at least eight 4-monomethylsterols. The com- 
bined gas liquid chromatography-mass spectra of the minor components showed the presence of 6 
unusual sterols, 24-ethylcholest-22-en-3~ ol, 4a-methyl-24-ethylcholestan-3&ol, occelasterol, (24E)-24- 
propylidene-cholest-5-en-3/3-ol, (24Z~24-propylidene-cholest-5-en-313-ol, and 24-methylene-choles- 
tanol. The C-24 configuration of 24-ethylcholest-5-enol, 24-methyl-cholesta-5,22-dienol, and 24-ethyl- 
cholesta-5,22 dienol were elucidated by 220 MHz nuclear magnetic resonance spectrometry. 

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

Many investigations have pointed out that 
the bivalves are unique in containing a great 
diversity of A 5-sterols. However, the origin of 
sterols in the bivalves is not fully elucidated. 
Rubinstein and Goad (1) reported that the 
marine diatom, Phaeodactylum tricornutum, 
contained epibrassicasterol, (24S)-24-methyl- 
cholesta-5,22E-dienol, as a principal sterol, and 
suggested that diatoms probably are the pri- 
mary source of this sterol which is one of the 
prominent sterols in the bivalves and some 
marine invertebrates (2-4). Kobayashi and Mit- 
suhashi (5) also have suggested that epibrassi- 
casterol is far more abundant in marine environ- 
ments than brassicasterol, (24R)-24-methyl- 
cholesta-5,22E-dienol. Thus, the C-24 con- 
figuration of C 2 s- and C~ 9-sterols has received 
great interest in relation to the origin of sterols 
in marine invertebrates. Except for a few 
studies, however, the C-24 configuration has 
n o t  been sufficiently characterized in the 
sterols of marine invertebrates, especially with 
the stanols and monoene sterols with saturated 
side chains of C 9 and C10. This primarily 
results from the difficulty in separating them 
by sophisticated chromatographic techniques. 

Lipophilic Sephadex column chromatog- 
raphy has been used for the separation of scal- 
lop sterols containing a complex mixture of 
C~6-C30 sterols, and then assigned the C-24 
configuration of C 28- and C 29-sterols by high 
resolution (220 MHz) nuclear magnetic spec- 
trometry (NMR) (6,7). The sterols of the oys- 
ter, Crassostrea virginica, have been investigated 
by several workers (8,9). However, the char- 
acterization of minor components is not fully 
accomplished. Therefore, we have reexamined 
the sterols of the oyster, C. virginica, and paid 

1present address: Faculty of Fisheries, Kagoshima 
University, Japan. 

careful attention to the presence of methyl- 
sterols and other minor desmethylsterols which 
will provide significant information on the bio- 
synthesis and modification of exogenous sterols 
in the oyster and other bivalves. 

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

Chromatography 

Gas liquid chromatography (GLC) was per- 
formed on a Gtowall Chromalab A-110 equip- 
ped with an argon ionization detector and a 
glass column ( 1 .8m x 3 .4mm id) of 3.0% 
SE-30 at 250C (10). Relative retention times 
(RRT) were relative to cholesteryl acetate un- 
less specified. Thin layer chromatography 
(TLC) was carried out using the following ad- 
sorbents and solvent systems: adsorbent-Silica 
Gel G, 10% (w/w) AgNO3-Silica Gel G, and 
20% (w/w) AgNO 3-Silica Gel HF 2s4 + 366; 
s o l v e n t s - c h l o r o f o r m  (commercial reagent 
grade) (system I), chloroform/methanol (98:2) 
( s y s t e m  II) ,  chloroform/methanol (65:35) 
(system III), ethanol/free chloroform (system 
IV), and hexane/benzene (5:2) (system V). 
Sterols were detected under ultraviolet (UV) 
light after spraying Rhodamine 6G or by heat- 
ing after spraying 10% H2SO 4 in ethanol. 
Sterols or steryl acetates on the TLC plates 
were eluted with ether. Column chromatog- 
raphy of lipids on Silica Gel 60 (150 g) eluted 
with 150 ml each of 0 and 2% methanol in 
chloroform and 750 ml each of 6, I0, 15, 25 
and 50% methanol in chloroform was carried 
out to separate steryl esters, free sterols and 
steryl sulfates; the eluates were checked by 
TLC on Silica Gel G with system III. Column 
chromatography of unsaponifiable matter on 
alumina (Woelm, grade II-III) was performed by 
increasing the proportions of ether in hexane 
(11). Column chromatography on 20% (w/w) 
AgNO3-impregnated silicic acid (Bio-Sil| 
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100-220 mesh, Bio-Rad Laboratories, Rich- 
mond, CA) (AgNO3-column chromatography) 
was conducted by increasing the proport ions of 
benzene in hexane (12). Column chromatog- 
raphy on a lipophilic Sephadex, the hydroxy-  
a lkoxypropyl  derivative (13), was carried out  
according to the Patterson et al. method (6). 

Physieochemical and General Methods 

Mass spectra were obtained on a LKB 9000 
mass spectrometer equipped with a Varian 
SS100 Data System. For  combined GLC and 
mass spectrometry (GLC-MS), the LKB 9000 
mass spectrometer  was coupled with a column 
of 0.75% SE-30 (1.8 m x 4 mm id) and oper- 
ated under the following conditions: GLC col- 
umn temperature 230 C, electron energy 70 eV, 
accelerating voltage 3.5 kV, ion source tempera- 
ture 290C and electron multiplier 3.7 kV. 
NMR spectra were measured on a Varian 
HR-200 spectrometer  (220 MHz, sweep width 
250 Hz in CDD13. Acetylat ion of sterols was 
carried out with dry pyridine/acetic anhydride 
(1:1, v/v) at room temperature. Hydrolysis of 
steryl acetates was done with 5% KOH in etha- 
nol at 70 C for 1 hr. Steryl sulfates were solvo- 
lyzed to free sterols by refluxing with 2% acetic 
acid in dioxane at 80 C for 24 hr. 

Isolation of Sterols 

The oysters, C. virginica, 12.0 kg in fresh 
weight, were obtained from a commercial 
source, September 21, 1979. Lipids (117.5 g) 
were  extracted with chloroform/methanol /  
water by the Bligh and Dyer method (14). Ali- 
quots of lipids (14.0 g) were separated into 
steryl ester, free sterols and steryl sulfate frac- 
tions by column chromatography on Silica Gel 
60. Steryl esters, free sterols and steryl sulfates 
were mainly eluted with 0, 2 and 10-15% meth- 
anol in chloroform, respectively. The steryl 
ester and free sterol fractions were separately 
saponified, and the unsaponifiable matters were 
chromatographed on alumina (50 g) with 200 
ml each of 0, 10, 20, 30, 40, 50 and 70% ether 
in hexane and 100% ether. Sterols were eluted 
with 30-40% ether in hexane. The steryl sulfate 
fraction was solvolyzed, and the free sterols 
obtained were purified by alumina column 
chromatography and TLC on Silica Gel G with 
system I. The percentage composit ion of sterols 
from the 3 sterol fractions was determined by 
GLC. 

The  remainder  of lipids (103.5g)  was 
saponified, and the unsaponifiable matters were 
chromatographed on alumina (I  kg)with 2,000 
ml each of 0, 10, 20, 30, 40 and 70% benzene 
in hexane and 100% benzene. In this alumina 

co lumn chromatography, methylsterols and 
desmethylsterols were mainly eluted with 10% 
and 20-50% ether in hexane, respectively. The 
desmethylsterols (6.5 g) were acetylated and 
the acetate derivatives purified by alumina col- 
umn chromatography. Recrystallization from 
methanol  afforded desmethylsterol acetates 
(7.5 g). The methylsterol  fraction obtained by 
the initial alumina column chromatography was 
contaminated with a small amount of des- 
methylsterols. Rechromatography of the crude 
methylsterol  fraction on alumina afforded the 
mixture of methylsterols free of desmethyl- 
sterols. The isolated methylsterols (296 mg) 
gave a single spot in TLC on Silica Gel G with 
system II, but they were shown to be heteroge- 
nous by GLC. The methylsterols were less polar 
than common desmethylsterols but more polar 
than dimethylsterols such as lanosterol,  so they 
were suspected to be a mixture of 4a-methyl- 
sterols. 

Fractionation and Characterization 
of Desmethylsterols 

The desmethylsterol acetates (7.5 g) were 
chromatographed on 20% (w/w) AgNO3-silicic 
acid (440 g) with 1,500 ml each of 0, 10, 15, 
20, 27, 29, 33, 36, 40, 50, 60 and 75% benzene 
in hexane and 100% benzene. Seventy-one frac- 
tions (each fraction, 300 ml or 250 ml) were 
c o l l e c t e d  and monitored by GLC and/or  
GLC-MS. 

Fraction 15. Fractions 1-14 gave no steryl 
acetate. Fraction 15, eluted with 15% benzene 
in hexane, afforded a mixture of A0_ and 
A5-steryl acetates. The 10% AgNO3-TLC of 
fraction 15 with system V gave 3 bands. The 
less polar band was composed of  cholestan- 
3#-y l  4 ~ ) ,  24-methylcholestan-3#-yl (7a), 
24-ethylcholestan-3#-yl (10a) and a C 30-steryl 
(RRT 1.89) acetate (10d). The C 30-steryl ace- 
tate was deduced to be a 4~-monomethylsteryl  
acetate (see Results). GLC-MS: 4a (RRT 1.03), 
m/e 430 (M +, 42%), 415 (M+-CH3, 7%), 370 
(M+-AcOH, 49%), 355 (M+-AcOH-CH3, 35%), 
316 (M+-C-1 to C-4, 9%), 290 (M+-R-27, R = 
side chain, 13%), 276 (M+-R-41, 50%), 275 
(M+-R-42, 35%), 257 (M+-R-AcOH, 14%), 230 
(M+-R-27-AcOH, 41%), and 215 (M+-R-42 - 
AcOH, 100%); 7a, (RRT 1.34), m/e 444 (M + 
39%), 429 (M+-Ch3, 6%), 384 (M+-AcOH, 
32%), 330 (M+-C-1 to C-4, 6%), 290 (7%), 276 
(7%), 275 (36%), 257 (9%), 230 (36%), and 
215 (100%); 10a (RRT 1.67), m/e 458 (M +, 
36%), 443 (M+-CH3, 4%), 398 ( M + - A c O H ,  
27%), 383 (M+-AcOH-CH3, 23%), 344 (M+-C-1 
to C-4, 5%), 290 (16%), 276 (29%), 257 (13%), 
230 (40%), and 215 (100%). The middle band 
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contained small amounts of a C~ 9-steryl acetate 
(9a) (RRT 1.41) (see Results). The polar band 
was composed of a mixture of A 5-steryl ace- 
tates. 

Fractions 16-19. These fractions, eluted with 
20% benzene in hexane, afforded a mixture of 
cholest-5-en-3r 4 (~ ,  24-methylcholest-5-en- 
3~-yl (7__bJ and 24-ethylcholest-5-en-3r (10b) 
acetates. The mass spectra and RRT of these 
compounds corresponded with those reported 
for the authentic materials (10,15). The free 
sterols from the mixture of 4_)b, 7__bb, and 10b 
were chromatographed on lipophilic Sephadex 
for separation into individual components. 
24-Ethylcholest-5-enol was isolated as a pure 
compound (a single peak in GLC), purified by 
recrystallization from methanol, and analyzed 
by NMR (220 MHz) to determine the C-24 con- 
figuration. Insufficient 24-methylcholest-5-enol 
was available for NMR analysis. 

Fraction 20. Fraction 20, eluted with 20% 
benzene in hexane, afforded the mixture of 4b 
and  24-ethylcholesta-5,22-dien-3r acetate 
9(_~). The RRT and the GLC-MS of 9__bb corre- 
sponded to that of authentic 24-ethylcholesta- 
5,22-dien-3~-yl acetate (10,15). 9b was sepa- 
rated from 4b_b by 10% AgNO 3-TLC with system 
IV, and the C-24 configuration of 9_)_b was evalu- 
ated by NMR spectrometry (see Results). 

Fractions 21 and 22. These fractions, eluted 
with 25% benzene in hexane, gave 24-methyl- 
cholesta-5,22-dienyl acetate 6(~) and a small 
amount of 4 compounds, l__b_b (RRT 0.64), 3b  
(RRT 0.91), 9__b_b and 2__bb. The RRT and the 
GLC-MS were those of 24-methylcholesta- 
5,22-dienyl acetate ( 10,15). 6b  was purified by 
10% AgNO3-TLC with system V and the C-24 
configuration was elucidated by NMR spec- 
trometry (see Results). The extremely minor 
component 2b was deduced to be occelasteryl 
ace ta te  (see Results). 

Fractions 23-26. These fractions, eluted with 
25% benzene in hexane, afforded cholesta- 
5,22E-dien-3~-yl (3_)) and 24-norcholesta-5,22- 
dien-3t3-yl (l__b_) acetates, both of which were 
identified by GLC and GLC-MS. 

Fractions 27-31. These fractions, efuted with 
27% b e n z e n e  in hexane, contained large 
amounts of 1 b and (24E)-24-ethylidenecholest- 
5-en-3~-yl acetate (1 l b) and small amounts of 
desmosterol acetate (5b_), plus 2 unknown com- 
pounds (RRT, 1.54 and 1.88). One of the un- 
known compounds (RRT 1.88) was character- 
ized as (24E)-24-propylidenecholest-5-en-3~-yl 
a c e t a t e  (13b), by GLC-MS (see Results). 
GLC-MS:  1 l b  ( R R T  1.63) ,  m /e  394 
(M+-AcOH, 71%), 379 (M+-AcOH-CH3, 13%), 
296 (M+-C-23 to C-29 in 1H-AcOH, 100%), 281 

(m/e 296-CH3, 53%), 267 (7%), 255 (14%), 
253 (29%), 228 (29%), and 213 (41%). 

Fractions 32-34. These fractions, eluted 
with 27-29% benzene in hexane, yielded 
a large amount of (24Z)-24-ethylidenecho- 
lest-5-en-3fl-yl acetate (12b) and small 
amounts of 5b and 2 unknown com- 
pounds (RRT 0.92, 1.93). GLC-MS: 5__b_b (RRT 
1.09), m/e 366 (M+-AcOH, 80%), 351 (M +- 
AcOH-CH3, 23%), 342 (M+-C-22 to C-27-1H, 
1%), 255 (13%), 253 (32%), 228 (7%), 296 
(M+-C-23 to C-29-1H-AcOH, 100%), 281 
(58%), 267 (5%), 255 (5%), 253 (13%), 228 
(12%), and 213 (20%). One of the unknown 
compounds (RRT 1.93) was characterized as 
(24Z)-24-propylidene-cholest- 5-en-3~-yl acetate 
(14b) by GLC-MS (see Results). Another un- 
known compound (RRT 0.92) was assumed to 
be a C~ 7-diene steryl acetate with the chemical 
structure closely related to 22-dehydrocho- 
lesteryl acetate. 

Fractions 35-41. These fractions, eluted with 
29-33% benzene in hexane, gave 2 major com- 
ponents (RRT 1.18 and 1.30) and 2 very minor 
components [RRT 0.92 and 1.05). One of them 
(RRT 1.30) was identified as 24-methylene- 
cholestan-3t3-yl acetate 8(80 (see Results). Other 
compounds were not characterized in this 
study. 

Fractions 42-44. These fractions afforded 
24-methylenecholest-5-en-3~-yl acetate (8_b_b) as 
a sole component. 

Fractions 45-71. These fractions, eluted with 
45-75% benzene in hexane, afforded 7 com- 
pounds (RRT 0.69, 0.95, 1.09, 1.20, 1.43, 1.55 
and 1.76) which were deduced to be zx5,7- 
steryl acetates and an unknown compound 
(RRT 1.69). The characterization of these com- 
pounds will be the subject of a later report. 

RESULTS AND DISCUSSION 

Sterol Composition 

This study showed that the oyster, C. vir- 
ginica, contains steryl esters besides the large 
amounts of free sterols (Tables I and II). Also, 
careful examination demonstrated the presence 
of steryl sulfates as a very minor constituent in 
the oyster. Some difference in the percentage 
composition of sterol components was observed 
among the 3 sterol fractions. The percentages 
of 22-dehydrocholesterol and cholesterol were 
higher in steryl esters than in free and sulfated 
sterols, whereas those of C~ 9-sterols, e.g., 24- 
e t hy lc ho le  sta-5,22-dienol, 24-ethylcholest-5- 
eno l  and  24-ethylidenecholest-5-enol, were 
higher in the latter 2 sterol fractions than in 
steryl esters. The proportions of C28-sterols did 
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TABLE I 

Lipid and Sterol Content in the Oyster 

Fraction Composition (%) 

Lipids (% of fresh oysters) 0. 98 
Unsaponifiable matters (% of lipid) 22.90 
Total sterols (% of lipid) 6.57 

Desmethylsterols 6.29 (95.7%) a 
Methylsterols 0.28 (4 .3%)  
Esterified sterols 0.98 (14.9%) 
Free sterols 5.58 (84.9%) 
Sulfated sterols 0.01 (0 .2%)  

aNumbers in parentheses indicate the percentage of 
total sterols. 

no t  dif fer  marked ly  a m o n g  the  3 s terol  frac- 
t ions.  

The  s teryl  sulfate  is k n o w n  to  play an im- 
p o r t a n t  role as a p recursor  of  s tero id  h o r m o n e  
(16)  and as an exc re to ry  mater ia l  in m a m m a l s  
and insects  (17 ,18) .  With respect  to  the  mar ine  
inver tebra tes ,  the  s tarf ish,  Asterias rubens, has 
been  shown  to con ta in  s teryl  sulfates  in a com- 
p a r a t i v e l y  high c o n c e n t r a t i o n  (19-21):  Al- 
t h o u g h  the  f u n c t i o n  of  s teryl  sulfates  in the  
oyster ,  C. virginica, is obscure ,  the  occur rence  
of  s teryl  sulfa tes  will be of in te res t  f r om the 
v i e w p o i n t  of s terol  me tabo l i sm in mar ine  
mollusks.  

A l u m i n a  c o l u m n  c h r o m a t o g r a p h y  of  the  un-  
saponi f iab le  ma t t e r s  a f fo rded  a small  a m o u n t  of  
methy l s te ro l s ,  besides large a m o u n t s  of  des- 
methy ls te ro l s .  The  me thy l s t e ro l s  were com- 
posed  of  one  ma jo r  c o m p o n e n t  ( R R T  1.14, 
68% of  to ta l  me thy l s t e ro l s )  and  6 m i n o r  com-  
pounds .  The  cha rac te r i za t ion  of  these  me thy l -  
s terols  is in progress  at our  l abora to ry .  

The  s terol  c o m p o n e n t s  of  desme thy l s t e ro l s  
were charac te r i zed  by GLC, GLC-MS, or NMR 
a f t e r  t h e  f r ac t iona t ion  of A g N O 3 - c o l u m n  
c h r o m a t o g r a p h y .  As a result ,  the  desme thy l -  
s terols  of the  oyster ,  C. virginica, were s h o w n  

to be a more  complex  m i x t u r e t h a n  r epo r t ed  in 
earlier s tudies  (8,9) .  The  desmethy l s t e ro l s  of  
the  oys te r  are c o m p o s e d  of  A 5-sterols and  small  
a m o u n t s  of  A0- and  A5,7-sterols.  The  promi-  
nen t  c o m p o n e n t s  of  desmethy l s t e ro l s  were 
c h o l e s t e r o l  (34.0%),  24-methy lcho les ta -5 ,22-  
d i e n o l  ( 1 5 . 6 % ) ,  2 4 - m e t h y l e n e c h o l e s t e r o l  
(12.6%),  22 -dehydrocho le s t e ro l  (10.2%),  24- 
n o r c h o l e s t a - 5 , 2 2 - d i e n o l  (4.0%), 24-methy l -  
c h o l e s t - 5 - e n o l  (2.6%),  24-e thy lcholes ta -5 ,22-  
d ienol  (2.0%), and  the  un iden t i f i ed  7 A5,7- 
s terols  (6 .6%) (Tab le  III). In add i t ion  to these  
sterols,  15 s terols  were de t ec t ed  as a m i n o r  
c o m p o n e n t  (less t han  1.0% of  to ta l  desmethy l -  
sterols).  Some  of  t h e m  were charac te r ized  by 
GLC-MS (Table  IV). 

Unconventional Sterols 

Six unusua l  s terols  were iden t i f i ed  as very 
m i n o r  constituents. On A g N O 3 - c o l u m n  chro-  
m a tog raphy ,  f rac t ion  15 c o n t a i n e d  2 u n k n o w n  
c o m p o u n d s ,  9__a_a ( R R T  1.41) and  10d ( R R T  
1.89). The  GLC-MS of  9__aa gave the  molecu la r  
ion at  m /e  456 co r r e spond ing  to a C: 9 -mono-  
ene s teryl  ace ta te  and  o t h e r  p r o m i n e n t  ions at 
m /e  413 (M+-43),  353 (M+-43-AcOH),  344  
( M + - C - 2 2  to C-29-1H),  329  (M+-C-22 to 
C-29-1H-CH3) , 315 (M+-R-2H),  284 (M+-C-22 
t o  C - 2 9 - 1 H - A c O H ) ,  2 6 9  ( M + - C - 2 2  t o  
C-29-1H-AcOH-CH3)  , 257 (M+-R-AcOH),  255 
(M+-R-2H-AcOH),  and  215 (M+-R-42-AcOH) 
(Table  IV). The in tense  ion at  m /e  257 and the  
ion at  m /e  215 es tab l i shed  t ha t  9___ga involved the  
side chain  of  Cl 0Hi 9 ( M W  = 139) con ta in ing  
one doub le  bond .  The  presence  of  the  h igh frag- 
m e n t  ion at  m/e  315,  t oge the r  wi th  the  ions at 
m/e  413,  353,  284 and  269, place the  side 
chain  doub le  b o n d  at A22 (15 ,22) .  On the  basis 
of  these data ,  this  c o m p o u n d  was iden t i f i ed  as 
24-ethylcholest-22-en-3t3-yl  ace ta te  (9a).  24- 
Ethylcholes t -22-en-5#-o l  has been  isola ted f rom 
the  sl ime mold ,  Distyostelium discoideum, by 

TABLE II 

Composition of the Sterols Isolated from the Esterified, 
Free and Sulfated Sterol Fractions (%) 

GLC 

Peak RRT 

Composition (%) 

Steryl ester Free Sterol Steryl sulfate Main constituent 

1 0.64 7.7 3.4 5.0 
2 0.91 17.1 9.1 8.4 
3 1.00 41.4 33.8 26.8 
4 1.12 12.6 16.1 11.5 
5 1.29 11.8 14.0 10.2 
6 1.41 0 8.2 9.3 
7 1.67 9.4 14.9 28.7 

24-Norcholesta- 5,22-dienol 
22-Dehydrocholesterol 
Cholesterol 
24-Methylcholesta- 5,22-dienol 
24-Methytenecholesterol 
24-Ethylcholesta- 5,22-dienol 
24-Eth ylcholest- 5-enol and 

24-Ethylidenech olest- 5-enol 
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Heftmann et al. (23). Erdman and Thomson 
(24) also have found monoene sterols with the 
unsaturated double bond in the side chain in 
the sponge, Hymeniacidon perleve. However, 
24-ethylcholest-22-en-3r has not been found 
in other marine environments. 

Another compound (RRT 1.89) gave the 
molecular ion at m/e 472, corresponding to a 
C3 0 fully saturated stanyl acetate, and promi- 

nent ions at m/e 412 (M+-AcOH), 397 (M +- 
A c O H - C H 3 )  , 290 (M+-R-41), 271 (M+-R - 
AcOH), 244 (M+-R-27-AcOH), 230 (M+-R - 
AcOH-41), and 229 (M+-R-AcOH-42). The in- 
tense ions at m/e 229 (the highest above m/e 
200) and 230, together with the molecular ion 
at m/e 412, established that this compound has 
the steroid ring with an extra methyl group and 
the side chain of C10H21 (MW = 141). Since 

T A B L E  II I  

Sterol  C o m p o n e n t s  of  Desmethy l s te ro l s  f rom the Oys te r  

Sterol R R T  % Sterol  R R T  % 

(113) 24-Norcholes ta-  5 ,22-dienol  0 .64 4 .0  (8a) 
U n k n o w n a  0 .69  0.5 (7a) 

(2b)  Occelasterol  0 .87 ( 0.1 (9a) 
(3b)  (trans)-22-Dehydrocholesterol 0.91 10.2 (9b)  

U n k n o w n  0.92 ( 0.1 
U n k n o w n  a 0.95 1.0 

4(~) Cholesterol  1.00 34.0 
(4a) Choles tanol  1.03 0.3 (10b)  

U n k n o w n  1.05 (0 .1  ( l i b )  
(Sb) Desmos te ro l  1..09 0.2 (10a)  

U n k n o w n a  1.09 1.8 (12b)  
(6b)  24-Methy lcho les ta -5 ,22-d ieno l  1.12 15.6 

U n k n o w n  1.18 0.4 
U n k n o w n  a 1.22 2.1 (13b)  

(8b)  24-Methy lenecho les t e ro l  1.26 12.6 (14b)  
(Tb) 24-Methylcholes t -  5-enol 1.30 3.7 

24 -Methy lenecho les t an  ol 
24-Methy lcho les tano l  
24-Ethy lcholes t -22-enol  
24-Eth ylcholesta-  5 ,22-dienol  
U n k n o w n  a 
Un kn own 
Un kn own a 
24-Ethylcholes t -  5-enol 
(24E) -24-E thy l idenecho le s t e ro l  
24-Ethy lcho les tano l  
(24 Z)- 24 -E thy l idenecho les t e ro l  
U n k n o w n  
Un kn own a 
(24 E)- 24-Propyl idene-choles-  

terol 1.88 
(24 Z)~24- P ropy l idenecho les t e r  ol 1.93 

1.30 0.5 
1.34 (0.1 
1.41 0.1 
1 . 4 2  2.0 
1.43 0.2 
1.54 0.1 
1.55 0.8 
1.63 3.7 
1.63 1.5 
1.67 0.1 
1.69 4.6 
1.69 0.2 
1.76 0.2 

0.1 
0.2 

aAS,7-Sterols :  6.6% of  tota l  desmethy ls te ro l s .  

T A B L E  IV 

Mass Spectra l  Data  for  the Ace ta tes  o f  the Unusual  Sterols in the Oys te r  

Sterols 

F r a g m e n t a t i o n  9a lOd 2b 13b 14b 8a 

M + 4 5 6 ( 1 2 )  a 472(11  ) - - -- 4 4 2 ( 8 )  
M+-CHs . . . . .  4 2 7 ( 1 6 )  
M+-43 4 1 3 ( 1 6 )  . . . . .  
M+-43-AcOH 353 (23 )  - - - 
M+-AcOH -- 4 1 2 ( 2 3 )  366(47)  4 0 8 ( 4 2 )  4 0 8 ( 4 2 )  382(3)  
M+-AcOH-CH ~ - 379 (18 )  351(5)  393(7)  393 (7 )  367(13)  
M+-(cleavage at C-20, 22 + 1H): a 344 (51 )  . . . . .  
M+-a-CH3 329 (14 )  . . . . .  
M+-a-AcOH 284(8)  - 282(11)  - - - 
M+-a-AcOH-CH 3 269(17)  -- 267(3)  -- -- 
M+-(cleavage at C-22,23 + 1H): b . . . . .  3 5 8 ( 1 0 0 )  
M+-b-CH3 . . . . .  3 4 3 (2 9 )  
M+-b-AcOH - - - 2 9 6 ( 1 0 0 )  2 9 6 ( 1 0 0 )  298(21)  
M+-b-AcOH-CH3 315 (88 )  -- 2 8 1 (5 8 )  81(58)  283(23)  
M+- R-2H . . . .  315 (76)  
M+-R-41 -- 290(9)  . . . .  
M+-R-42 . . . . .  275 (25)  
M+-R-AcOH 2 5 7 ( 1 0 0 )  271(7)  255(34)  255(2)  2 5 5 ( 1 2 )  257(12)  
M+- R -2H -A cO H  255(21)  -- 253(8)  253 (8 )  2 5 3 ( 3 0 )  255(35)  
M+- R-27-AcOH 244(9)  228(4)  2 2 8 (1 1 )  2 2 8 ( 3 9 )  230(25)  
M+-R-41-AcOH -- 230(34)  -- -- -- 
M+-R-42-AcOH 215 (22 )  229 (40 )  2 1 3 (1 2 )  2 1 3 (2 4 )  2 1 3 ( 4 5 )  2 1 5 (9 2 )  
Other  ions -- 4 3 ( 1 0 0 )  4 3 ( 1 0 0 )  -- -- 2 2 9 (3 4 )  

aRela t ive  in tens i ty  
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the mass spectrum of this compound did not 
yield a high peak at m/e 441 (M+-CHs)charac- 
teristic of a sterol with a 14 a-methyl group 
(25), the extra methyl group in the steroid ring 
was conceived to be located at C-4a from bio- 
genetic grounds. Ballantine et al. (26) and 
Steudler et al. (27) have found 24-propylcho- 
lestanol in an oceanic sponge, Synops sp., and 
4-methylgorgostanol in the zooxanthellae of 
the gorgonian, Briareum asbestinum, respective- 
ly. However, the possibility of these 2 C 30- 
stanols was clearly denied by the mass spectral 
pattern. Therefore, this steryl acetate was iden- 
t i f i ed  as 4c~-methyl-24-ethylcholestan-3#-yl 
acetate (10d) which also has been found in the 
scallop, Patinopecten yessoensis (28). 

The very minor component 2(~b_, RRT 0.87) 
was present in the fractions eluted with 25% 
benzene in hexane. The mass spectrum of this 
compound gave prominent ions at m/e 366 
(M+-AcOH) ,  351 (M+-AcOH-CH3),  282 
(M+-C-22 to C-28-1H-AcOH), 267 (M+-C-22 to 
C-28-1H-AcOH-CH3), 255, 253, 228, 213 and 
43. The mass spectral cracking pattern of this 
compound was similar to that of 22-trans-22- 
dehydrocholesteryl acetate 3(~B_). However, this 
compound gave a shorter RRT in GLC and 
eluted faster in AgNO3-column chromatog- 
raphy than 3b. These data showed that this 
compound was occelasteryl acetate, 22-trans- 
24- n o r- ( 24 S )- m e t h ylcholesta- 5, 22-dien-3#-yl 
acetate, which was first isolated from the 
marine annelid, Pseudopotamilla occelata (5). 

The fractions, eluted with 27-29% benzene 
in hexane, afford 2 C 3o steryl acetates, 13B 
(RRT 1.88) and 14b (RRT 1.93). The mass 
spectra of 13b and 14b were similar and gave 
the prominent ions at m/e 408 (M+-AcOH), 
393 ( M + - A c O H - C H 3 ) ,  296 (M+-C-23 to 
C-30-1H-AcOH), 281 (M+C23 to C-30-1H- 
AcOH-CH3), 255, 253, 228 and 213. The ab- 
sence of molecular ion peak showed that both 
compounds were C3o-nS-steryl acetates. The 
ions at m/e 255 and 253, together with the ion 
at m/e 408, revealed the presence of unsatu- 
rated side chain of C~ 1 H2 ~ (15). The intense 
ions at m/e 296 and 281 (22) were indicative of 
the a24(28) bond. Considering the RRT in 
GLC and the mobility in AgNO3-column chro- 
matography besides the MS data, 13b and 14b 
were identified as (24E)-24-propylidenecholest- 
5-en-3#-yl and (24Z)-24-propylidene-cholest-5- 
en-3#-yl acetates, respectively. Both compounds 
have been first found in the scallop, Placo- 
pecten magellanicus (29,30). 

Fractions 35-41, eluted with 29-33% ben- 
zene in hexane, contained the unknown com- 
pound 8_a_a with a RRT of 1.30 as a major com- 
ponent. The mass spectrum of 8._~a gave the 

molecular ion at m/e 442 corresponding to a 
C28-monoene steryl acetate and the prominent 
ions at m/e 427 (M+-CH3), 382 (M+-AcOH), 
367 ( M + - A c O H - C H 3 ) ,  358 (M+-C-23 to 
C28-1H), 343 (M+-C-23 to C-28-1H-CH3) 298 
(M+-C-23 to C-28-1H-AcOH), 283 (M+-C-23 to 
C-28-1H-AcOH-CH3) , 315 (M+-R-2H), 275 
(M+-R-42), 257 (M+-R-AcOH), 255, 230, 229 
and 215. The ions at m/e 315, 257 and 215, 
together with the low intensity of the molecu- 
lar ion at m/e 442, showed the presence of the 
ring-saturated steryl acetate with one double 
bond in the side chain. The ions at m/e 358, 
343, 298 and 283 were conceived t o b e  formed 
by a McLafferty rearrangement (22) and indi- 
cated the A24(28) bond. From these data, this 
compound was identified as 24-methylene- 
cholestanyl acetate (8a) which had been first 
isolated from the sponge, Hymeniacidon per- 
leve (24). 

C-24 Configuration of C 2 a and C 29-Sterols 

The C-24 configuration of 3 steryl acetates 
from the oyster was evaluated by the 220 MHz 
NMR at a sweep width of 250 Hz (Table V). 
The  NMR s p e c t r a  of  ep ibrass icas te ro l  
(24S/24a) and brassicasterol (24R/24~) have 
been shown to be similar, but a significant 
downfield shift of the C-21 methyl proton sig- 
nal in comparison of the spectra of the 2 com- 
pounds has been observed in the brassicasterol 
(7,31). This difference is useful for the discrimi- 
nation of the C-24 configuration of both 
sterols. In the acetates of the 2 sterols, a similar 
difference has been seen (1,31). As shown in 
Table V, the NMR spectrum of 24-methylcho- 
l e s t a -5 ,22 -d i eny l  acetate from the oyster 
showed that the isolated compounds were a 
mixture of both the 24S and 24R epimers. 
Khalil et al. (7) also have pointed out the con- 
currence of brassicasterol and epibrassicasterol 
in the sterols of the scallop, Plaeopeeten magel- 
lanicus. 

The C-24 epimers of C~ 9-AS,22-sterols have 
been observed to be not easily differentiated as 
compared with those of C28-zxs,22-sterols 
(31-33). However, since the C-21 and C-29 sig- 
nals are deshielded in the 24R/24/3 epimer 
(poriferasterol) more than in the 24S/24a 
epimer (stigmasterol), both isomers are differ- 
entiated by the discrepancy in the shapes of 
peaks in the 8 0.77-0.86 region (31,32). The 
NMR spectrum of 24-ethylcholesta-5,22-dienyl 
acetate from the oyster indicated that the iso- 
lated steryl acetate contained predominantly 
poriferasteryl acetate (Table V). 

The C-24 epimers of C~9-AS-sterols also 
have been realized to be differentiated by the 
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T A B L E  V 

M e t h y l  G r o u p  C h e m i c a l  Shi f t s  o f  C 28" a n d  C 29-Ste ro l s  I so la t ed  f r o m  the. O y s t e r  

Chemica l  sh i f t  (6)  o f  m e t h y l  g r o u p  

C-24  
S te ro l s  Conf ig .  C-18  C-19  C-21 C-26  C-27 C-28  C-29  

S te ro l s  f r o m  the  o y s t e r  
2 4 - M e t h y l c h o l e s t a -  5,22-  

d ieno l  a c e t a t e  * 0 . 6 9 0  1 . 0 2 0  1 . 0 0 2  0 . 8 3 3  0 . 8 1 5  0 . 9 0 8  -- 
2 4 - E t h y l c h o l e s t a -  5 ,22-  

d ieno l  a c e t a t e  *2 0 . 6 9 3  1 . 0 2 0  1 . 0 2 6  0 . 8 4 4  0 . 7 9 1  -- 0 . 8 0 8  
24- E t h y l c h o l e s t -  5-enol  *2 0 . 6 7 4  1 . 0 0 5  0 . 9 2 0  0 . 8 3 1  0 . 8 0 6  -- 0 . 8 4 6  
S~andards  

Brass icas te ro l  a c e t a t e  . 3  R//3 0 . 6 9 3  1 . 0 2 3  1 . 0 0 3  0 . 8 3 2  0 . 8 1 5  0 . 9 0 9  - 
Ep ib r a s s i ca s t e ro l  a c e t a t e  . 3  S/c~ 0 . 6 9 3  1 . 0 1 8  1 .001 0 . 8 3 3  0 . 8 1 6  0 . 9 0 7  -- 
S t i g m a s t e r o l  a c e t a t e  . 3  S/c~ 0 . 6 9 3  1 . 0 1 7  1 .017  0 . 8 4 2  0 .791  - 0 . 7 9 9  
Po r i f e r a s t e ro l  a c e t a t e  . 3  R/~3 0 . 6 9 5  1 . 0 2 0  1 . 0 2 5  0 .841  0 .791  -- 0 . 8 0 8  
f l -S i tos te ro1 .3  R/c~ 0 . 6 8 0  1 .007  0 . 9 1 9  0 . 8 3 3  0 . 8 1 3  -- 0 .841  
C l i o n a s t e r o 1 . 4  S/13 0 . 6 8 3  1 .001 0 . 9 2 8  0 . 8 3 4  0 . 8 1 4  -- 0 . 8 5 5  

* P r e d o m i n a n t l y  the  S/a i somer ;  6 o f  C-21 m e t h y l  o f  R//3 i s o m e r  = 1 .007 .  
* 2 p r e d o m i n a n t l y  the  R//3 i somer .  
*3Ci t ed  f r o m  the  d a t a  o f  R u b i n s t e i n  et  al. (31) .  
*4Ci t ed  f r o m  the  d a t a  o f  Khat i l  e t  al. (7).  

signals of C-29 methyl group; the C-29 methyl 
signal of the 24S/243 epimer (clionasterol) ap- 
peared in the deshielded region compared with 
that of the 24R/24~ epimer (~-sitosterol). The 
NMR spectrum of 24-ethylcholest-5-enyl ace- 
tate from the oyster showed that the isolated 
steryl acetate was almost completely composed 
of the 24S/24# epimer, clionasteryl acetate 
(Table V). 

Khalil et al. (7) have shown the concurrence 
of the 24a- and 24#-epimers in the C28- and 
C29-sterols isolated from the scallop, P. magel- 
lanicus. This study also revealed the presence of 
both 24a- and 24g-epimers in 24-methylcho- 
lesta-5,22-dienyl acetate from the oyster. How- 
ever, in C29-sterols, e.g., 24-ethylcholesta-5,22- 
dienyl acetate and 24-ethylcholest-5-enyl ace- 
tate, the oyster contained, almost exclusively, 
the 24~-epimer. 
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Dietary Fibers: V. Binding of Bile Salts, 
Phospholipids and Cholesterol from Mixed MiceUes 
by Bile Acid Sequestrants and Dietary Fibers 
GEORGE V. VAHOUNY, ROBERT TOMBES, MARIE M. CASSIDY, DAVID KRITCHEVSKY 
and LINDA L. GALLO, Department of Biochemistry, The George Washington University, 
School of Medicine and Health Sciences, Washington, DC 20037, and The Wistar Institute of 
Anatomy and Biology, Philadelphia, PA 

ABSTRACT 

Mixed micelles were prepared containing combinations of either taurocholate or taurochenodeoxy- 
cholate, monoolein, oleic acid, dioleylphosphatidylcholine (lecithin) and cholesterol. These were in- 
cubated with commercial bile-acid-sequestering resins, cholestyramine and DEAE-Sephadex, or various 
dietary fibers and fiber components including wheat bran, cellulose, alfalfa, lignin and 2 viscosity 
grades of guar gum. Binding was determined as the difference between the radioactivity of each 
micellar component added and that recovered in the centrifugal supernatant after incubation. In 
general, the extent of bile salt sequestration was characteristic and reproducible for each bile salt, and 
was largely unaffected by the presence of one or more additional components of the micellar mixture, 
including the other bile salt. Cholestyramine bound 81-92% of the bile salts and 86-99% of the 
phospholipid and cholesterol present in micelles. DEAE-Sephadex sequestered only 49% of the tauro- 
cholate and 84% of the taurochenodeoxycholate, but completely removed all of the phospholipid and 
cholesterol from micelles containing either bile salt. Among the dietary fibers, guar gum of either 
viscosity bound between 20-38% of each micellar component, whereas lignin, alfalfa, wheat bran and 
cellulose were progressively less effective in sequestration of individual components of mixed micelles. 
The extent of sequestration of micellar components by these resins and fibers is reasonably correlated 
with the effects of these same materials on lymphatic absorption of lipids and to their suggested 
hypocholesteremic properties. 

INTRODUCTION 

It  has been well documented  that  certain 
natural  dietary fibers and purified fiber con- 
s t i tu tents  have potent ia l  bile acid binding 
capacities when tested in vitro (1-7). These 
studies generally have been conduc ted  using 
bile acid concent ra t ions  well above those re- 
quired for format ion  of  mul t imolecular  deter- 
gent aggregates referred to as micelles (8). In 
general, the bile acid sequestering abili ty of  
various dietary fibers has been compared  to 
t h o s e  o f  commerc ia l  ion exchange resins 
(2,4,5,7) which are used therapeut ical ly  to in- 
crease bile excre t ion  (9) and reduce hyper-  
cholesteremias (10). There also is suggestive evi- 
dence that  dietary fiber components ,  e.g., pec- 
tin, may increase bile acid excre t ion  in vivo 
(1 1), thereby altering bile acid balance, affect-  
ing cholesterol  absorpt ion (12) and reducing 
hypercholes te remia  (13). 

In our  earlier studies on direct effects  of  
dietary fibers on lymphat ic  absorl~tion of cho- 
lesterol and triglyceride fat ty  acids (7,14), we 
also conduc ted  ul trastructural  studies on the 
small intest ine and colon of  rats fed cholestyra- 
mine and various dietary fibers (15-17). It  was 
found that  prolonged (6-week) ingestion of  2% 
levels of  cholestyramine,  colest ipol  or Secho- 
lex|  and to a lesser ex ten t  15% levels of  alfalfa 

or pectin,  resulted in accumula t ion  of  lipid in 
the small intestinal  mucosa  (M.M. Cassidy and 
G.V. Vahouny,  unpubl ished observations),  sug- 
gesting an in terference with lipid t ransport  
from the  cell. In ter ference  o f  lympha t ic  absorp- 
t ion o f  cholesterol  and tr iglyceride are direct ly  
correlated (7,14). The major  requi rements  
for intest inal  cellular lipid t ransport  are related 
to availability o f  surface " c o a t "  or  membrane  
components ,  namely  specific apol ipoprote ins  
and phosphol ipids  (18). In ter ference  with 
availability o f  these componen t s  can result in 
cellular lipid accumula t ion  and reduced lipid 
absorpt ion (e.g., ref. 19). 

Since one major  source of  the phosphol ipid  
componen t  of  intestinal  l ipoprote in  membranes  
is u l t imately  derived f rom the lecithin of  bile 
(20), it seemed possible that  bile acid sequester- 
i ng  agents  might also bind phosphol ipids  
present in mixed micelles with bile salts, and 
thereby interfere with reabsorpt ion of  lecithin 
and the subsequent  availability for l ipoprote in  
membrane  synthesis. 

The present studies were designed to test 
this premise using concent ra t ions  of  bile salt, 
phospholipid,  monoglycer ide  and fat ty  acid 
previously shown to form soluble mixed  mi- 
celles (21), and in vi tro condi t ions  used earlier 
to test bile salt-sequestering abilities of  various 
resins and dietary fibers (7). 
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MATERIALS AND METHODS 

Monoolein, oleic acid and the sodium salts 
of  t au rocho l i c  and taurochenodeoxycholic 
acids were obtained from Sigma Chemical Co., 
St. Louis, MO. Cholesterol was purchased from 
Supelco, Bellefonte, PA. The [7c~-3H] bile salts 
and [ 1-14C] dioleylphosphatidylcholine were 
from New England Nuclear Corp., Boston, MA. 
[ 1,2-3H]cholesterol  and [4-14C] cholesterol 
were purchased from Amersham-Searle, Arling- 
ton Heights, IL. 

M i x e d  micelles containing monoolein and 
oleic acid and various combinations of the bile 
salts, phospholipid and cholesterol were pre- 
pared as previously described (21). This first 
involved determination of the critical micellar 
concentrations of each component when mixed 
in different combinations (21). The concen- 
trations of each component were within physio- 
logical ranges and included 5 mM bile salt, 250 
uM monoolein, 500 uM oleic acid, 625 uM 
phospholipid and 250 uM cholesterol. In addi- 
tion, the mixture contained various combi- 
nations of the tritium- and carbon-labeled 
components for analysis by liquid scintillation 
spectrometry. Micellar medium was prepared by 
mixing the lipids in hexane with the bile salt in 
physiological saline. After evaporation of the 
hexane at 25 C under nitrogen, complete solu- 
tion was achieved by mechanical agitation on a 
tube buzzer (Vortex) for 30-60 sec. The solu- 
tions were then centrifuged at 105,000 G for I 
hr and the clear infranatant, representing micel- 
lar bile salts and lipids, was analyzed by liquid 
scintillation spectrometry. 

Binding of bile salts and lipids was deter- 
mined as previously described by Hagerman et 
al. (22) and Kritchevsky and Story (4) and as 
employed earlier in this laboratory (7), The test 
materials included cholestyramine (Questran; 
from Dr. H.P. Sarett, Mead Johnson, Evansville, 
IN); DEAE-Sephadex (Secholex| a gift from 
Dr. A Howard, Cambridge, England); cellulose 
(Solka FLOC, Brown and Co., Berlin, NH); alf- 
alfa and white wheat bran (Bio-Serv, French- 
town, N J); lignin (Westvaco, Charleston, SC); 
and 2 viscosity grades of guar,gum (very high 
viscosity, Hathway; low viscosity, food grade, 
Hercules, Inc., Wilmington, DE). Forty mg of 
the appropriate resin or fiber source was added 
to 5 ml of each micellar solution in a stoppered 
tube and the mixture was shaken in a Dubnoff 
incubator at 37 C for 1 hr. The tubes were cen- 
trifuged at 30,000 G for 10 rain and the entire 
supernatant was unified by mechanical agita- 
tion on a Vortex mixer prior to assay. Aliquots 
(0.1 ml) of the supernatant were added to 10 
ml liquid scintillant (Scintiverse, Yorktown 
Research, Elmhurst, PA), and radioactivity was 

determined in a Beckman LS 250 liquid scintil- 
lation spectrometer using external standardiza- 
tion. Controls of the appropriate micellar media 
without added binding substances were carried 
through the same procedure. Binding was deter- 
mined as the difference between the radio- 
activity of each micellar component added and 
that recovered in the supernatant after incuba- 
tion. All studies were carried out at least 3 
times and all isotope analyses were carried out 
in duplicate. Figures represent the means -+ 
standard error of the mean. 

RESULTS AND DISCUSSION 

The conditions for determining bile acid 
sequestration from micellar solutions were 
established using cholestyramine as the test 
material. Table I summarizes the results of bile 
acid and cholesterol binding from mixed mi- 
celles containing monoolein and oleic acid. In 
all cases, binding of taurocholate ranged from 
75 to 79% even when taurocholate was present 
in a 3:1 molar mixture with taurochenodeoxy- 
cholate.  The binding of taurochenodeoxy- 
cholate ranged from 91 to 92% and this was 
unchanged in the presence of a 3-fold molar 
excess of taurocholate. The extent of binding 
of each of these bile salts and the differential 
binding of taurocholate and taurochenodeoxy- 
cholate are essentially identical to that reported 
previously (5) for bile salt binding by cholestyr- 
amine in the absence of other micellar com- 
ponents (see also Table VI). Thus, at the levels 
of fatty acid and monoolein used in these 
studies, there was no major influence of these 
amphiphiles on cholestyramine sequestration of 
the bile salts. Cholesterol sequestration from 
micelles containing either bile salt was essen- 
tially complete, as had been reported previously 
(7). 

As shown in Table II, the presence of a 
second amphipath, dioleylphosphatidylcholine, 
in the micellar mixture had little or no effect 
on the sequestration of either bile salt or of 
cholesterol from the micellar mixture. This was 
not unexpected since the bile salt concentra- 
tions used in the present studies are below the 
maximal binding ability of 40 mg cholestyr- 
amine (2). Despite this, the differential affinity 
of the regin for taurochenodeoxycholate and 
taurocholate is still apparent. 

Of considerable interest in this study was the 
extensive loss of the available phospholipid 
from micelles containing either bile salt. The 
apparent "binding" of lecithin was inversely 
related to the extent of binding of the bile 
salt. It seemed possible that the specific bind- 
ing of bile salts from micellar media might 

LIPIDS, VOL. 15, NO. 12 



1014 G.V. VAHOUNY ET AL. 

r e s u l t  in  d i s s o c i a t i o n  o f  t h e  mi ce l l e  a n d  r e s u l t  in  
i n s o l u b i l i t y  o f  t h e  r e m a i n i n g  m i c e l l a r  c o m -  
p o n e n t s .  T o  t e s t  t h i s ,  m i x t u r e s  o f  t he  res in  a n d  
mice l l e s  were  c e n t r i f u g e d  a n d  t h e  s u p e r n a t a n t  
was  a s s a y e d  fo r  i s o t o p e  a l o n g  t h e  l e n g t h  o f  t he  
t u b e .  U n d e r  t h e s e  c o n d i t i o n s ,  " u n b o u n d "  
p h o s p h o l i p i d  a n d  c h o l e s t e r o l  we re  f o u n d  large-  
ly as a f l o a t i n g  l aye r  at  t h e  t o p  o f  t h e  t u b e .  
T h u s ,  in  all s t u d i e s ,  t h e  s u p e r n a t a n t s  f r o m  
3 0 , 0 0 0  G c e n t r i f u g a t i o n  o f  t h e  r e s i n s  o r  f i be r s  
were  u n i f i e d  by  e x t e n s i v e  V o r t e x  m i x i n g  p r i o r  
to  i s o t o p e  ana lys i s .  As  s h o w n  in T a b l e s  III a n d  
IV, th i s  p r o c e d u r e  g e n e r a l l y  p r o v i d e d  u n i f o r m  
" b i n d i n g "  d a t a  w i t h  s m a l l  s t a t i s t i c a l  v a r i a t i o n s .  

T h e  e q u i l i b r a t i o n  o f  c h o l e s t y r a m i n e - b o u n d  
bile sa l t  ~ a n d  p h o s p h o l i p i d  w i t h  t h e  a q u e o u s  
mice l l a r  m e d i a  was  t e s t e d  by  i n c u b a t i n g  c h o -  

l e s t y r a m i n e  w i t h  an  e x c e s s  o f  e i t h e r  l a b e l e d  
a m p h i p a t h ,  r e i s o l a t i o n  o f  t h e  res in  a n d  s u b -  
s e q u e n t  r e i n c u b a t i o n  in  f r e s h  re• m e d i a .  
W h e n  [3H]  t a u r o c h o l a t e - b o u n d  c h o l e s t y r a m i n e  
was  s u b s e q u e n t l y  r e i n c u b a t e d  in  re• m e d i a  
c o n t a i n i n g  u n l a b e l e d  bile sa l t  a l o n e  ( T a b l e  V,  
g r o u p  1), o r  in m e d i a  c o n t a i n i n g  b o t h  bile sa l t  
a n d  p h o s p h o l i p i d  ( T a b l e  V, g r o u p s  2 a n d  4),  
1 8 . 0 - 2 2 . 4 %  o f  t h e  b o u n d ,  l a b e l e d  t a u r o c h o l a t e  
was  r e l ea sed  i n t o  t h e  m e d i a .  T h u s ,  7 7 . 6 - 8 2 . 0 %  
o f  t h e  labe l  r e m a i n e d  a s s o c i a t e d  w i t h  t h e  res in ,  
a f igure  c o m p a r a b l e  to  t h e  r e s in  b i n d i n g  o f  t h i s  
bile sa l t  f r o m  m i c e l l a r  s o l u t i o n s  (see  T a b l e s  I 
a n d  II). A c o m p a r a b l e  re lease  o f  l a b e l e d  l e c i t h i n  
f r o m  t h e  res in  o c c u r r e d  d u r i n g  i n c u b a t i o n s  in 
l e c i t h i n - c o n t a i n i n g  m i c e l l a r  m e d i a  ( T a b l e  V, 
g r o u p  3),  W h e n  t h e  res in  c o n t a i n i n g  p r e b o u n d  

TABLE I 

Binding of Micellar Bile Salts and Cholesterol 
by Cholestyramine 

Micellar preparation a Binding (%) 

Bile salt Cholesterol 

Taurocholate 76.6 • 0.1 b -- 
Taurocholate + cholesterol 75.2 • 1.1 96.2 • 0.4 
Taurochenodeoxychola te  91.4 • O. 1 
Taurochenodeoxychola te  + 

cholesterol 91.3 + 0.4 97.0 • 0.4 
Taurocholate + t~urocheno- 79.4 • 0. 5 TC 

deoxychola te-  92.0 • 0.2 TCDC 

aMicelles contained 250/~M monoolein ,  500 ~tM oleic acid, 5 mM bile salt and 250 tzM 
[4-14C]cholesterol  where appropriate and were prepared according to Thorn ton  et al. (21). 
These were shaken with 40 mg cholestyramine for 1 hr at 37 C and centrifuged at 30,000 G 
for 10 min. Binding was determined as the difference between labeled substances in the 
re• media before and after incubat ion with the resin. 

bThe figures represent the means from 6 or more studies --- SEM. 
CTotal concentrat ion of bile salts was 5 mM included in a 3:1 molar ratio of  tauro- 

chola te : taurochenodeoxychola te .  Duplicate incubations were carried out  containing either 
[7a-3H]taurochola te  (TC) with unlabeled taurochenodeoxychola te  (TCDC) or labeled 
[7ct-3H] TCDC and unlabeled TC. 

TABLE II 

Binding of Micellar Bile Salts, Phospholipids, 
and Cholesterol by Cholestyramine 

Micellar preparation a Binding (%) 

Bile salt Phospholipid Cholesterol 

Taurocholate + lecithin (TC-L) 
TC-L + cholesterol 
Taurochenodeoxychola te  + 

lecithin (TCD-L) 
TCD-L + cholesterol 

7 9 . 3 •  b 9 1 . 0 •  
-- 9 2 . 1 •  9 2 . 4 •  

92.1 •  7 4 . 6 •  
-- 8 7 . 7 •  8 8 . 3 •  

aMicelles contained 250 #M monoole in ,  500 /~M oleic acid, 5 mM bile salts, 625 #M 
dioleylphosphatidylcholine and 250 ~zM cholesterol as indicated. In each case, 2 of  the 
micellar components  were labeled and binding was determined as described in Table I and 
the text.  

bFigures represent means from 6 studies + SEM. 
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TABLE III 

Binding of Components  of Taurochenodeoxycholate-  
Phospholipid Micelles by Bile Acid Sequestrants 

and Dietary Fibers 
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Test substance a Binding (%) 

Bile Salt Phospholipid Cholesterol 

Cholestyramine 91.9 -+ 0.6 d 99.0 4" 0.2 86.2 4- 4.8 
DEAE-Sel~hadex 84.2 -+ 0.3 99.4 4- 0.2 99.6 -+ 0.1 
Guar gum ~ 31.1 +2 .7  21.7 4-4.6 23.4 4-0.7 
Guar gum c 37.6 + 3.0 33.6 4- 1.6 27.2 -+ 0.5 
Lignin 38.7 -+ 1.4 1.6 4- 1.5 14.5 -+0.7 
Alfalfa 14.4 -+ 1.1 1.5 -+ 1.3 83.6 -+ 0.6 
Wheat bran 12.1 4-0.7 0 4-0 9.5 4-0.8 
Cellulose 3.5 -+ 1.0 1.3 4- 1.0 4.7 -+ 1.7 

aMicellar mixtures contained 5 mM taurochenodeoxychola te ,  625 ~zM lecithin, 250 #M 
monoolein,  500/~M oleic acid and 250 /.tM cholesterol. Triplicate incubat ions were carried 
out ~vith 40 mg of each test substance and contained various combinat ions of [ 7c~-3H] tauro- 
chenodeoxychola te ,  [ 1-14C] dioleylphosphat idylchol ine and either [ 1,2-3H] cholesterol or 
[ 4-14 C ] cholesterol. 

bGuar gum: low viscosity, food grade. 
CGuar gum: high viscosity. 
dFigures represent means from 6-12 incubations -+ SEM. 

TABLE IV 

Binding of Comiaonents of Taurocholate-Phospholipid Micelles 
to Bile Acid Sequestrants and Dietary Fibers 

Test substance a Binding (%) 

Bile salt Phospholipid Cholesterol 

Cholestyramine 81.6 + 0.1 d 98.9 + 0.3 95.3 4- 1.2 
DEAE-Sephadex 49.1 "4" 1.0 99.2 -+ 0.5 99.6 -+ 0.1 
Guar gum b 35.6 4" 1.7 21.5 • 1.8 22.7 4- 3.3 
Guar gum c 31.7 -+ 1.2 27.3 4- 2.1 18.3 4-4.6 
Lignin 20.2 4- 5.7 8.8 4- 3.4 4.7 -+ 5.5 
Alfalfa 6.7 4-0.5 3.6 -+ 1.1 1.1 4- 1.0 
Wheat bran 3.6 4- 1.1 6.3 -+ 2.0 0 4- 0 
Cellulose 1.4 -+ 0.3 0.5 4- 0.5 7.5 4- 1.9 

aMicellar mixture contained 5mM taurocholate,  625 #M lecithin, 250 #M monoolein, 500 
gM oleic acid and 250 #M cholesterol. Triplicate incubat ions were carried out with 40 mg of 
e a c h  t e s t  substance and contained various combinat ions of [7a-3H]taurochola te ,  
[1-1,4C]dioleylphosphatidylcholinegand either ~ gum l o w  viscosity food r a d e :  . . , . [1 ,2-3H]cholesterol  or [4-14C]cholesterol .  

CGuar gum: high viscosity. 
dFigures represent means from 6-12 incubations + SEM. 

t a u r o c h o l a t e  was  i n c u b a t e d  in  a m i x e d  m i c e l l a r  

m e d i u m  c o n t a i n i n g  l a b e l e d  l e c i t h i n ,  t h e r e  was  
q u a n t i t a t i v e  a d s o r p t i o n  o f  t h e  p h o s p h o l i p i d  t o  

t h e  t a u r o c h o l a t e - c h o l e s t y r a m i n e  c o m p l e x .  
T h e s e  d a t a  i m p l y  t h a t  d e s p i t e  s a t u r a t i o n  o f  t he  
i o n i c  b i n d i n g  a b i l i t y  of  t he  res in  w i t h  b i le  sa l t ,  

p h o s p h o l i p i d  b i n d i n g  was  n o t  d e c r e a s e d ;  i t  was  
p e r h a p s  e v e n  i n c r e a s e d .  T h u s ,  t h e r e  a p p a r e n t l y  

are  s e p a r a t e  " b i n d i n g "  s i t e s  on  t he  res in  f o r  t h i s  

a m p h i p a t h ,  w h i c h  m a y  be  e i t h e r  h y d r o p h i l i c  o r  
m a y  r e p r e s e n t  h y d r o p h o b i c  a s s o c i a t i o n  w i t h  
t h e  r e s in  core .  I t  a l so  is p o s s i b l e  t h a t  t h e  a m p h i -  

p a t h i c  p r o p e r t i e s  o f  t he  b i l e  sa l t  are u n a l t e r e d  

b y  b i n d i n g  to  t he  res in  a n d  t h a t  t h e  p r e b o u n d  
m i c e l l a r  b i l e  sa l t s  are  s t i l l  c a p a b l e  o f  a s s o c i a t i n g  

with other amphipaths and amphiphiles. 
Having established that cholestyramine was 

able to effectively sequester various com- 
ponents of a mixed medium, we conducted 
studies on the "binding" of these same micellar 
components by a second ion-exchange, DEAE- 
Sephadex (Secholex| and a variety of dietary 
fibers (Tables III and IV). DEAE-Sephadex is 
less effective than cholestyramine in binding 
micellar taurochenodeoxycholate (Table III) or 
taurocholate (Table IV) and this difference is 
comparable to that reported earlier using simple 
bile salt micelles (2). Despite the difference, the 
sequestration of phospholipid and cholesterol 
from micelles containing either bile salt was 
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TABLE V 

Release of Cholestyramine-bound Bile Salt and Phospholipid 
into Aqueous Micellar Media 

Component bound to Reincubation Released into 
cholestyramine a media b media (%) 

Taurocholate Taurocholate, 5 mM 22.4 + 0.3 
Taurocholate Taurocholate + lecithin, 625 ~M 18.0 + 2.7 
Lecithin Lecithin 18.0 + 2.1 
Taurocholate Taurocholate + [ 14C] lecithin (99.7 - 0.1% binding of 

lecithin from reincuba- 
tion media) .~ 

aTaurocholate (100 /.tmol) or dioleylphosphatidylcholine (2.5 /~mol) were incubated 
with 40 mg cholestyramine for one hr at 37 C under conditions yielding maximal binding 
(2). The resin was reisolated by centrifugation at 30,000 G for 10 min and washed once 
with 0.9% sodium chloride. 

bThe reincubation micellar media contained monoolein, oleic acid and either bile salt (5 
raM) or phospholipid (625 tzM) as indicated. Incubations of the labeled resin with micellar 
media were carried out for 1 hr at 37 C. 

essential ly quant i ta t ive .  Two d i f fe ren t  prepara-  
t ions  of  guar  gum gave comparab l e  resul ts  wi th  
e i the r  t a u r o c h e n o d e o x y c h o l a t e  or t a u r o c h o l a t e  
micelles. In b o t h  cases, th is  f iber  " s e q u e s t e r e d "  
31-38% of the  bile salt, 21-34% of  the  phos-  
pho l ip id  and  18-27% of the  cho les te ro l  f rom 
m i c e l l a r  solut ions.  Whe t he r  this  represen ts  
hydroph i l i c  or h y d r o p h o b i c  binding,  en t rap-  
m e n t  of  l iquid crystals,  or s imply  ref lects  en- 
t r a p m e n t  of  i n t a c t  micelles in a gel ma t r ix  can- 
n o t  be de t e rmined .  In any  case, th is  d ie ta ry  
f iber  source  has been  r epo r t ed  to  increase fecal 
e l imina t ion  of  bile salts and  to have a hypo-  
cho les te remic  ef fec t  in vivo (23).  

As has  been  repor ted  earl ier  (5), l ignin, wh ich  
is a h y d r o p h o b i c  c o m p o n e n t  of  d ie tary  f ibers  
has bile acid seques te r ing  p roper t i e s  and  ap- 
pa ren t ly  shows a greater  a f f in i ty  for  tauro-  
c h e n o d e o x y c h o l a t e  t han  for  t au rocho la te .  
However ,  the  seques t ra t ion  of  phos pho l i p i d  and  
choles te ro l  f rom mixed  micelles was relat ively 
poor ,  imply ing  t h a t  this  f iber  source  does no t  
associate  wi th  i n t a c t  micelles.  Resul ts  on  the  
h y p o c h o l e s t e r e m i c  p roper t i e s  of  l ignin and  on  
its abi l i ty  to  increase  fecal exc re t ion  of  bile 
acids have been  incons i s t en t  (24) ,  p r o b a b l y  be- 
cause of  d i f ferences  in c o m m e r c i a l  sources  of  
l ignin and  the  var iabi l i ty  in b ind ing  bile salts 
and o t h e r  micel lar  c o m p o n e n t s .  

Alfalfa  has  been  r epo r t ed  to have hypo-  
cho les te remic  p roper t i e s  in e x p e r i m e n t a l  ani- 
mals (25)  and  to reduce  l y m p h a t i c  abso rp t ion  
of  choles te ro l  in rats  (7). These  ef fec ts  have 
been  a t t r i b u t e d  to a c o m b i n a t i o n  of  bile acid 
seques t r a t ion  by the  d ie tary  f iber  c o m p o n e n t ( s )  
of  alfalfa (5)  and  to the  i n t e r ac t i on  of  the  
saponins  of  alfalfa wi th  cho les te ro l  (26).  In the  
present  s tudies ,  the  b ind ing  of  t a u r o c h e n o -  
deoxycho l a t e  to  alfalfa was twice t ha t  observed  
wi th  t au rocho l a t e  and in b o t h  cases, sequestra-  

t ion  of  phospho l ip id  was negligible. With  tauro-  
c h e n o d e o x y c h o l a t e  con ta in ing  micelles,  ex- 
tensive seques t ra t ion  of  cho les te ro l  by  alfalfa 
was demons t r ab l e ,  and this  is c o m p a t i b l e  wi th  
our  earlier f indings  (7)  and  wi th  the  effects  of  
this  d ie tary  f iber  on  choles te ro l  abso rp t ion  in 
rats  (7). However ,  wi th  t a u r o c h o l a t e - c o n t a i n i n g  
micelles,  choles te ro l  b ind ing  by  alfalfa was neg- 
ligible, imply ing  a d i f ference  in availabil i ty of  
the  s terol  to the  fiber. When  mixed  micelles 
con ta in ing  b o t h  bile salts were e m p l o y e d  (da ta  
no t  shown) ,  micel lar  cho les te ro l  was effect ively 
seques tered  by the  fiber.  The  d i f fe rent ia l  " b i n d -  
ing"  of  choles te ro l  in the  absence  of  s ignif icant  
phospho l i p id  seques t ra t ion  suggests t ha t  this  is 
no t  an e n t r a p m e n t  p h e n o m e n a ,  and  t ha t  sedi- 
m e n t i n g  l iquid crystals  are no t  f o r m e d  dur ing 
bile salt s eques t ra t ion  by this  f iber  source. 

Whea t  b ran  and cellulose previously  have 
been  r epo r t ed  to have poo r  bile acid sequester-  
ing abi l i ty  (2,5),  and,  unless  used in h igh con-  
cen t r a t i ons  where  i n t r a lumina l  bu lk  phase  dif- 
fusion is l imit ing,  there  is l i t t le  direct  ef fec t  on  
c i rcula t ing choles te ro l  levels (see ref. 27). In the  
p resen t  s tudies,  these  f iber  sources  were gen- 
erally ineffec t ive  in seques ter ing  any  of  the  
measured  c o m p o n e n t s  of  mixed  micel lar  solu- 
t ions.  

A compar i son  of  the  bile salt seques ter ing  
abi l i ty  of cho l e s ty r amine  and  d ie tary  f ibers  
when  the  bile salts were p re sen ted  alone as 
s imple micelles (5),  or were p resen ted  as more  
physiological  mixed  micelles is s u m m a r i z e d  in 
Table  VI. I t  is a p p a r e n t  t h a t  o t h e r  c o m p o n e n t s  
of  highly soluble,  mixed  micel les  do no t  signifi- 
can t ly  in f luence  the  e x t e n t  of  bile acid b ind ing  
by e i the r  the  ion exchange  resin or the  d ie tary  
fibers tested.  

The  results  of the  p resen t  study, migh t  al low 
more  reasonable  p red ic t ions  regarding the  effi- 
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TABLE VI 

Adsorption of Taurocholate and Taurochenodeoxycholate 
from Simple and Mixed Micelles 
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Test substance a Bile salt 

Taurocholate micelles Taurochenodeoxycholate 
micelles 

Simple b Mixed Simple 2 Mixed 

Cholestyramine 80.7 81.6 95.4 91.9 
Lignin 22.1 20.2 25.4 38.7 
Alfalfa 6.9 6.7 15.1 14.4 
Wheat bran 1.4 3.6 9.8 21.1 
Cellulose 1.0 1.4 0 3.5 

aConditions for bile salt binding were as described in Tables IV and V. 
bData taken from Story and Kritchevsky (5). 

cacy of  var ious f iber  p r epa ra t i ons  in a l ter ing 
bile acid balance,  increasing fecal bile acid ex- 
c re t ion  and  reduc ing  choles te ro l  absorp t ion .  
High viscosi ty f ibers  such as guar  gum and pec- 
t in are largely effect ive  by a l ter ing bu lk  phase  
d i f fus ion of i n t r a lumina l  n u t r i e n t s  (28).  In the  
water-soluble  n u t r i e n t s  such as glucose, this  
d i f fus ion appa ren t ly  does no t  affect  the  to ta l  
abso rp t ion  of the  n u t r i e n t  (G.V. V a h o u n y  and  
T. Roy,  u n p u b l i s h e d  observa t ions )  (28) ,  bu t  
appa ren t ly  al ters the  rate of  a b s o r p t i o n  and re- 
sults in glucose t r anspo r t  over a larger p o r t i o n  
of  the  small  in tes t ine  (G.V.  V a h o u n y  and  T. 
Roy,  u n p u b l i s h e d  o b s e r v a t i o n s ) ( 2 9 ) .  This  re- 
duces pos t a l imen t a ry  hyperg lycemia ,  bu t  on ly  
when  the  f iber  is p rov ided  wi th  the  diet  (30).  
With respect  to  cho les te ro l  a b s o r p t i o n  and  bile 
acid balance,  the  high viscosi ty  f ibers  can re- 
duce  in tes t ina l  cho les te ro l  t r a n s p o r t  by  "se- 
ques t e r ing"  micel lar  c o m p o n e n t s ,  t he r eby  re- 
ducing the  availabil i ty of  the  a m p h i p a t h s  for  
so lubi l iza t ion  of  l ipid digest ion p roduc t s ,  and  
u l t ima te ly  resul t ing  in increased  bile acid ex- 
c re t ion  (1)  and  perhaps  fecal exc re t ion  of  o t h e r  
l i p i d  mater ia ls  such as phospho l ip ids  and 
choles terol .  

Because of  the  l imi ted  associa t ion  of  bile 
salts wi th  lignin, and  the  a p p a r e n t  lack of  af- 
f in i ty  of  o the r  micel lar  c o m p o n e n t s  for  this  
fiber,  the  ef fec ts  of  this  f iber  on  bile acid ex- 
c re t ion  and  on  hype rcho l e s t e r emias  migh t  be 
expec t ed  to be variable,  depend ing  on diet  and 
l ignin c o n c e n t r a t i o n s  (27).  Similarly,  ef fects  of  
n o n b i n d i n g  f ibers  such  as whea t  b ran  and  cellu- 
lose on  bile acid exc re t ion  and  serum cho-  
les terol  levels have been  r epo r t ed  to be negli- 
gible in mos t  s tudies  (see ref. 27). However ,  
when  c o n c e n t r a t i o n s  of  these fibers are suf- 
f ic ient ly  e levated to  effect ively in te r fe re  wi th  
bu lk  phase  d i f fus ion  of  n u t r i e n t s  in the  intes t i -  
nal  lumen ,  they  may  in te r fe re  wi th  cho les te ro l  
and fa t ty  acid a b s o r p t i o n  (7),  increase  bile ex- 

c re t ion  (31)  and resul t  in l imi ted  r educ t ions  of  
serum choles te ro l  levels (see ref. 27). 

Final ly,  the  "b i le  acid seques t e r ing"  resins 
used in the  p resen t  s tudy  show an appa ren t  af- 
f in i ty  in vi t ro  for  several c o m p o n e n t s  of mixed  
micelles.  Whe the r  this  represen ts  seques t ra t ion  
of  i n t a c t  micelles or  b inding  of  specific micel lar  
c o m p o n e n t s  c a n n o t  be ascer ta ined  f rom this  
s tudy.  However ,  a s imilar  af f in i ty  for  the aggre- 
gates in vivo would  be expec t ed  to reduce  avail- 
abi l i ty  n o t  on ly  of  bile salt  for  r e abso rp t i on  in 
the  lower  lumen ,  bu t  to  resul t  in decreased ab- 
so rp t ion  of  b o t h  s terol  and t r iglyceride result-  
ing, in par t ,  f rom reduced  avai labi l i ty  of  phos-  
pho l ip id  for  in tes t ina l  l i pop ro t e in  t ranspor t .  
This  migh t  explain ,  at  least  in par t ,  the  com-  
parable  effects  of  these  mater ia ls  on  b o t h  cho-  
les terol  and  t r iglyceride a b s o r p t i o n  (7 ,14) ,  and 
the  morpho log ica l  evidence showing  accumu-  
la t ion  of  l ipid in the  in tes t ina l  epi thel ia l  cells of  
animals  given 2% levels of  these  resins for  sev- 
eral weeks (M.M. Cassidy and  G.V. V a h o u n y ,  
u n p u b l i s h e d  observat ions) .  C o m p a r a b l e  data  in 
h u m a n  subjects  given Ques t ran |  and  cer ta in  
d ie ta ry  f ibe r s  to  reduce  se rum choles te ro l  levels 
have ye t  to  be ob ta ined .  
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Cholesteryl Ester Hydrolase Activity 
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ABSTRACT 

Acid cholesteryl ester hydrolase (CEH) activity was assayed in mononuclear cells of patients with 
symptomatic atherosclerosis (transient ischemic attacks, TIA) and in age-matched controls showing 
no evidence of atherosclerosis. The acid CEH level of TIA patients was significantly lower than that of 
controls (1074 _+ 128 vs 2113 -+ 255 pmol/mg P/hr, mean -+ SE). Neither mononuclear cell nor plasma 
cholesterol and cholesteryl ester concentrations differed significantly between atherosclerotic and 
control groups. TIA women had lower mononuclear cell concentrations of free cholesterol than men. 

INTRODUCTION 

Atherosclerotic lesions are characterized by 
an increase in extracellular and intracellular 
lipids, particularly cholesteryl esters. Arterial 
accumulation of  cholesteryl esters could result 
from a variety of  metabolic imbalances: (a) an 
increased uptake of low density lipoprotein 
(LDL)-associated cholesterol into cells, (b) 
augmented cholesterol synthesis or cholesterol 
esterification within the smooth muscle cell, 
(c) diminished intracellular hydrolysis of  esters, 
and (d) reduced "ef f lux"  of  cholesterol and its 
esters via high density lipoprotein (HDL) (1-5). 

Although each of  these metabolic alterations 
may play a part in cholesteryl ester deposition, 
we have focused our investigations on lyso- 
somal cholesteryl ester hydrolase (CEH) in 
atherosclerosis, deDuve (6) proposed that a 
relative deficiency of this enzyme results in 
intraceUular accumulation of cholesteryl esters 
in arterial smooth muscle ceils. Two human 
diseases, cholesteryl ester storage disease 
(CESD) and Wolman's disease, are characterized 
by a deficiency of  lysosomal cholesteryl ester- 
ase in all tissues studied (7,8). In CESD, exten- 
sive premature atherosclerotic changes accom- 
pany the enzyme deficiency; victims of Wol- 
man's disease die in infancy of  adrenal and liver 
failure before vascular changes occur. 

In this study we investigate the possibility 
that altered acid CEH levels are not limited to 
these rare lysosomal storage diseases, but also 
occur in atherosclerosis. We measured the acid 
CEH in mononuclear blood ceils of patients 
with symptomatic atherosclerosis,, primarily 
those undergoing endarterectomy for transient 
ischemic attacks (TIA). The enzyme levels of  
these patients were compared to those of 
age-matched controls with no symptoms of 
atherosclerosis. 

MATERIALS AND METHODS 

Subjects 

Volunteers were selected from patients 
admitted to the Health Sciences Center Hos- 
pital (Portland, OR) to form an approximately 
homogeneous group with respect to height, 
weight, sex and age. Control subjects, hospital- 
ized for elective surgery, were free of  sympto- 
matic atherosclerosis. Patients with hyper- 
lipidemia or abnormal laboratory tests of renal 
and hepatic function were excluded as controls. 
The atherosclerotic group consisted of indi- 
viduals hospitalized for TIA of the brain. These 
patients, undergoing carotid endarterectomy, 
were free from diabetes. The mean age of the 
control group was 61.0 + 2.6 years (range 
43-72 years, female n=5, male n=6); that of 
the TIA group was 63.5 + 2.8 years (range 
46-77 years, female, n=6, male n=6). 

Collection of Blood Samples 

Samples of venous blood (20 ml in EDTA) 
were taken from each nonfasting subject in a 
uniform manner. All samples were obtained 
between 8 a.m. and 9:30 a.m. The samples were 
assayed immediately for mononuclear CEH 
activity and aliquots of plasma and mono- 
nuclear ceils were processed for cholesterol and 
cholesteryl ester determinations. 

Biochemical Analysis 

The acid CEH activity of the mononuclear 
cells was measured as previously reported but 
will be described briefly (9,10). Optimal assay 
conditions for mononuclear cell CEH were 
determined for pH (4.5) and substrate concen- 
trations (3-4 nmol). Hydrolysis was linear with 
incubation time (up to 90 min) and with 
protein concentration (40-120 pg/incubation). 
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Each 10 ml of blood was diluted with 30 ml 
normal saline and carefully layered upon 10 ml 
Lymphoprep (sodium metrizoate/Ficoll).  The 
samples were then centrifuged for 30 rain at 
20 C, at 400 x g (measured at the interface 
between blood and Lymphoprep). The middle 
band, containing the mononuclear cells, was 
removed and centrifuged at 1000 x g to pellet 
the cells. The mononuclear ceils were then 
washed several times with saline. After the final 
wash, the cell suspension was transferred to 
a 2.5-ml Dounce homogenizer. The cell suspen- 
sions were uniformly homogenized in saline 
30 times prior to adding them to the CEH 
assay system. Disruption of the cells by more 
vigorous means failed to show any increased 
CEH activity in this assay system. Routinely, 
1-1.5 x 106 cells were added to the incubation 
medium. The assay medium contained 1.3 ml 
0.2 M acetate buffer, pH 4.5, 0.1-0.2 ml mono- 
nuclear cell homogenate, and 3-4 nmol [14C]- 
1-cholesteryl oleate (SA 55 mCi/mmol, New 
England Nuclear, Boston, MA) injected in 20/21 
acetone. In control samples, p-chloromercuri- 
phenyl sulfonic acid (PCMPS) was added to 
inhibit the enzyme. At 3.3 x 10 -3 M concen- 
tration, the PCMPS completely inhibited the 
CEH activity. After the incubation of the 
samples for 1 hr at 37 C, the samples were 
extracted with 3.0 ml benzene/chloroform/ 
methanol, 1:0.5:1.2., 0.6 ml of 0.3 M NaOH 
was added, and the samples were stirred and 
centrifuged. A 0.5-ml aliquot of the upper 
phase (containing free oleic acid) was added 
to a toluene-10% Beckman Biosolv scintillation 
cocktail and the radioactivity determined. In 
this system, intra-assay variability is +7%. 

Plasma and mononuclear cell cholesterol 
and ester levels were measured in each subject. 
A 0.1-ml aliquot of plasma and a 0.25-ml 
aliquot of the mononuclear cell homogenate 
was extracted twice with 5 ml chloroform/ 
methanol, 2:1. The samples were then evapo- 
rated to dryness, derivatized with TMS-Sil 
Prep (Applied Science Laboratdries, State 
College, PA) and assayed on a 5830-A Hewlett- 
Packard gas chromatograph (3% SE-30 on 10% 
Gas Chrom, Applied Science Laboratories) to 
obtain free cholesterol levels. The samples were 
then saponified, extracted and again derivatized 
to obtain the total cholesterol concentration. 
The samples were corrected for procedural 
losses by including [X4C]cholesterol and 
[14C]4-cholesteryl oleate standards in each 
assay. The recoveries for each compound were 
greater than 90% (range: 90-100%). The values 
for cholesterol and its ester are 10-15% lower 
than standard clinical colorimetric methods. 
Protein concentration in each mononuclear 
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cells sample was determined by the Lowry et al. 
method (11). The statistical significance of 
mean differences was determined using Stu- 
dent's t-test. 

R ESU LTS 

The CEH measured in mononuclear cells 
from both control subjects and TIA patients 
exhibited maximal activity at pH 4.5 by the 
acetone dispersion assay. This acid optimum 
is characteristic of  lysosomal hydrolases, in 
general, and corresponds to the pH optimum 
reported by other investigators for CEH activity 
associated with the lysosome fraction of liver, 
aorta and fibroblasts ( 12-14). 

The CEH activities of  control and endarter- 
ectomy (TIA) groups are shown in Table I. 
In controls, the mean CEH activity was 2113 + 
255, compared to 1074 + 128 pmol/mg pro- 
tein/hr in TIA patients (mean + SE). This 2-fold 
difference in activity is highly significant (P < 
0.005). While control men tend to have higher 
CEH activity than women, the difference is not 
significant. However, in control women and 
men, CEH levels were significantly higher than 
in their TIA counterparts. Plasma and mono- 
nuclear cell cholesterol concentrations for 
control and TIA groups are listed in Table I. 
Neither the total plasma cholesterol nor the 
mononuclear-ceU free and esterified cholesterol 
concentrations differed significantly between 
the 2 groups. 

The Pearson r test also was performed to 
reveal correlations between CEH activity and 
cholesterol concentration. No significant rela- 
tionship between enzymatic activity and plasma 
or mononuclear-cell cholesterol was detected. 

Control and TIA groups were composed of 
almost equal numbers of men and women, and 
we compared CEH activity, cholesterol and 
cholesteryl ester concentrations in women 
vs men. The only significant variation between 
women and men was a mononuclear-cell free 
cholesterol in the TIA group : in women, 5.16 + 
0.87 /2g/mg protein; men 16.39 + 3.09 #g/mg 
protein (P < 0.005). 

DISCUSSION 

In this study, we found significantly lower 
mononuclear-cell CEH activity in individuals 
with symptomatic atherosclerosis. In this 
respect, our findings are similar to those in 
Wolman's and CESD diseases. Several investi- 
gators have drawn a comparison between these 
lysosomal storage diseases, in which athero- 
sclerosis appears in infancy of early childhood, 
and atherosclerosis which manifests itself in 
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TABLE I 

Mononuclear Cell CEH, Cholesterol and Cholesteryl Ester 
in Atherosclerotic (TIA) and Control Subjects 

1021 

Control TIA P 

M ononuclear CEH 
(pmol/mg protein/hr) 

Total 2113 +- 255 (11) a 1074 -+ 128 (12) a <0.005 
Female 1841 • 267 (5) 982 -+ 115 (6) <0.01 
Male 2340 • 224 (6) 1166 • 223 (6) <0.005 

Mononuclear t~ee cholesterol 
(~g/mg protein) 

Total 13.20 • 3.03 (11) 11.41 • 2.56 (10) NS 
Female 8.47 • 1.69 (5) 5.16 • 0.87 (5)~. NS 
Male 17.15 • 4.81 (6) 16.39 + 3.09 (5) ~ NS 

Mononuclear cholesteryl ester 
(~g/mg protein) 

Total 5.01 • 0.76 (11) 3.60 • 0.63 (10) NS 
Female 4.09 • 0.42 (5) 3.53 • 0.86 (5) NS 
Male 5.79• 1.58 (6) 3.66 • 0.72 (5) NS 

Plasma total cholesterol 
(mg/dl) 

Total 183 • 14 (9) 207 • 9 (8) NS 
Female 182 • 32 (4) 232 • 10 (4) NS 
Male 183 • 25 (5) 193 +- 35 (4) NS 

a=no 
bMononuclear free cholesterol values for males vs females differ significantly in this group (P < 0.005). 

middle  or late life (3,15,16).  In this gradually 
developing form o f  atherosclerosis ,  a relative, 
even slight, acid CEH def ic iency may con t r ibu te  
to the  accumula t ion  of  choles teryl  esters in 
arterial musculature .  Alternat ively,  d iminished 
CEH activity could be a secondary  ef fec t  o f  
elevated intracellular  choles terol  concen t ra t ion ,  
ra ther  than  an inborn  enzyme  def ic iency (6). 
Thus, excess am oun t s  of  in t ra lysosomal  chop  
esteryl  esters may  block the active sites o f  CEH, 
reducing its activity. Inasmuch  as we f o u n d  no  
corre la t ion be tween  enzymat i c  activity and 
mononuc lea r  cell or plasma choles teryl  ester 
concen t ra t ion ,  our  data does not  suppor t  
deDuve 's  hypo thes i s  nor  dist inguish be tween  
these 2 theories .  However,  since mononuc l ea r  
b lood cells are short-l ived and many  are mi tot ic ,  
they  are less likely to show choles tery l  ester  
accumula t ion  than  are the  arterial smoo th  
muscle cells. In addi t ion ,  they  have free access 
to HDL, which would  facilitate removal  of  
choles teryl  esters. 

A sex di f ference  was observed in mono-  
nuclear-cell  free choles terol  in the  TIA group;  
the  reduced level in w o m e n  probab ly  is no t  
direct ly related to  an a l tera t ion in CEH activity,  
a l though h o r m o n e s  are k n o w n  to modula te  
lipid metabo l i sm at many  levels (17-19).  
However,  we have found  tha t  w o m e n  taking 
oral contracept ives ,  k n o w n  to have an increased 
incidence of  early atherosclerosis  (20,21),  
display changes in choles terol  and its esters in 

plasma, and in mononuc l ea r  ceils, wi th  reduc-  
t ions  in their  mononuclear -ce l l  CEH activi ty 
(10). 

To discover w h e t h e r  reduced m o n o n u c l e a r  
CEH activity is p resent  before the  onset  o f  
s y m p t o m a t i c  atherosclerosis ,  will need  fur ther  
s tudy.  However,  the d emo n s t r a t i o n  of  pro- 
found ly  depressed CEH levels in Wolman 's  
and choles teryl  ester  storage diseases (7,8), 
the  CESD with d e m o n s t r a t e d  atherosclerosis ,  
and our  own  data tha t  individuals with symp-  
tomat i c  a therosclerosis  have significantly lower  
mononuclear -ce l l  CEH activity, s t rengthen  the  
theo ry  which pos tu la tes  a role of  depressed 
CEH levels in atherosclerosis .  
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Placental Transport of trans Fatty Acids in the Rat 
CAROLYN E. MOORE and GOVIND A. DHOPESHWARKAR, Laboratory of 
Nuclear Medicine and Radiation Biology, University of California, 
900 Veteran Ave., Los Angeles, CA 90024 

ABSTRACT 

Placental transport of 9-trans [ 1J4C] octadecenoic (elaidic) and 9-trans, 12-trans [ 1 -~4 C] octadeca- 
dienoic (linoelaidic) acids was demonstrated in rats. On the 18th day of gestation, a t4C-labeled 
albflmin complex of elaidic or linoelaidic acid was injected into the jugular vein of pregnant rats. For 
comparison, 9-cis [1J4C] oetadecenoic (oleic) or 9-cis,12-cis [1-14C] octadecadienoic (linoleic) acid 
also was injected into the maternal circulation of rats. All animals were sacrificed 1 hr following 
injection. Lipid composition and distribution of label were determined in maternal plasma, placental 
and fetal tissues. Differences in specific activities of plasma, placental and fetal total lipids indicated 
a decreasing concentration gradient for both cis and trans isomers of octadecenoic and octadecadi- 
enoic acids. Distribution of radioactivity in various lipid components was determined by thin layer 
chromatography. Irrespective of the label, the highest percentage of total radioactivity was carried by 
triglycerides (TG) in maternal plasma ('x,60-80%), and was incorporated mainly in phospholipids (PL) 
of fetal tissues ('x,50-60%). A nearly equal distribution of the label was found between PL and TG of 
placental lipids (*40%). Radioactivity of fatty acid methyl esters (FAME) determined by radio- 
gas liquid chromatography indicated that after injection of linoelaidate, radioactivity of maternal 
plasma, placental and fetal tissue FAME was associated only with t,t-18:2. Following injection of 
elaldate, all the radioactivity in placental FAME was associated with t-18:l;however, in fetal tissues, 
the label was distributed between 16:0 and t-18:l. These findings suggest that, in contrast to lino- 
elaidic acid, rat fetal tissues can metabolize elaidic acid via fl oxidation to form acetyl CoA and pal- 
mitic acid. 

INTRODUCTION 

A constant supply of precursors from the 
mother is necessary for th~ growth and develop- 
ment of the fetus. Although glucose and certain 
glycolytic products may be the major pre- 
cursors of fetal lipids and the major source of 
fetal energy, some preformed lipids are prob- 
ably needed (1). From the earliest stages of 
development, fetal tissues can incorporate 
maternal fatty acids into complex lipids such as 
cholesteryl esters (CE), triglycerides (TG) and 
phospholipids (PL) (2). Fetal tissues also have 
the capacity to synthesize fatty acids, primarily 
producing palmitic acid (3). In addition, fetal 
tissues have the potential for r-oxidation of 
fatty acids (4,5) suggesting that fetal tissues 
may metabolize trans isomers of fatty acids. 

Although transfer of saturated and cis 
unsaturated fatty acids has been demonstrated 
in rats, very few studies have investigated 
placental transport of trans fatty acids. In a 
number of studies, Johnston and coworkers 
reported little transfer of trans fatty acids 
across the human and rat placenta (6,7). Other 
investigators, however, have reported significant 
transfer of trans fatty acids across the rat 
placenta (8-10). In contrast to the findings of 
Johnston et al. (6), McConneU and Sinclair 
demonstrated deposition of elaidic acid in the 
bodies of newborn rats from mothers fed a 
diet rich in elaidic acid (8). Ono and Fred- 
rickson reported placental transport of radio- 

actively labeled trans isomers of oleic and 
linoleic acids (10). In addition, the occurrence 
of elaidic acid in newborn mice was recently 
reported (11). Although studies may suggest 
little placental transfer of trans fatty acids, 
experiments have not excluded the transfer and 
subsequent rapid oxidation of trans fatty acids 
by fetal tissues. Thus, the passage of dietary 
trans fatty acids into fetal tissues remains 
controversial. 

This study was undertaken to investigate 
maternal-fetal transport of cis and trans isomers 
of octadecenoic and octadecadienoic acids in 
rats. Parameters investigated included the extent 
of uptake of 14C-labeled cis and trans 18:1 and 
18:2 by maternal plasma, placenta and fetal 
tissues. Maternal-fetal concentration gradients 
also were measured for oleic, elaidic, linoleic 
and linoelaidic acids. Finally, incorporation of 
label into placental and fetal tissue lipids, as 
well as biotransformation of cis and trans 
octadecenoic acids, were investigated. 

MATERIALS AND METHODS 

9-trans [ 1-14C] Octadecenoic acid (etaidic 
acid), 55 mCi/mM, was purchased from Applied 
Science (Inglewood, CA) and 9-trans ,12- trans  
[ 1J4C] octadecadienoic acid (linoelaidic acid), 
58 mCi/mM, was obtained from Rosechem (Los 
Angeles, CA). 9-cis [ 1J4C]Octadecenoic acid 
(oleic acid), 57 mCi/mM, and 9-cis,12-cis 
[ 1J4C] octadecadienoic acid (linoleic acid), 51 
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mCi/mM, were purchased from New England 
Nuclear (Boston, MA). Purity of the cis and 
t rans  fatty acids was determined by thin 
layer chromatography (TLC) on silver-nitrate- 
impregnated Silica Gel-60 plates using 5% 
acetone in toluene as the developing solvent 
(12). Radiopurity of t rans  and cis fatty acid 
isomers was greater than 98%. 

On the 18th day of gestation, 300/~Ci each 
of 14C-labeled oleic, elaidic, linoleic, or lino- 
elaidic acids were injected as albumin com- 
plexes into the jugular vein of rats. Each 
1, 4C-labeled fatty acid was injected into 2 
pregnaht rats. One hr later, animals were 
anesthetized and blood was collected by open 
heart puncture. Fetus and placenta were 
removed and analyzed separately. Pregnant rats 
had 11-13 fetuses, and 3-4 fetuses were pooled 
for analysis of radioactivity. Brain and fetal 
body pools were examined separately. All 
tissues were frozen at -70 C until  extraction for 
lipid analysis. 

Total lipids (TL) from plasma and tissues 
were quantitatively extracted and purified by 
the Folch et al. method (13). Fractionation of 
TL was performed on Silica Gel-60 TLC plates 
using petroleum ether/ethyl ether/acetic acid 
(80:20:1, v/v) to obtain the percentage distri- 
bution of radioactivity in various lipid compo- 
nents (14). Areas indicated by brief exposure to 
iodine vapors were scraped directly into scintil- 
lation vials containing Aquasol (New England 
Nuclear, Boston, MA) and counted using a 
Beckman Liquid Scintillation Counter Model 
800. 

Fatty acid methyl esters (FAME) were 
obtained by methanolysis using 1% H2SO4 in 
methanol (14). The percentage distribution of 
radioactivity in FAME was analyzed with a 
Packard Radio-Gas Chromatograph Model 804, 
in combination with a Packard Gas Propor- 
tional Counter Model 894, fitted with a 6 ft. x 
1/8 in. column packed with Silar 10C (Applied 
Science Laboratories, State College, PA) and 
run isothermally at 185 C. This instrument 

gives simultaneous peaks for mass and radio- 
activity. 

Distribution of radioactivity in the carboxyl 
carbon relative to the intact fatty,acid (% RCA) 
was determined. Individual pure FAME were 
obtained by preparative gas liquid chromatog- 
raphy (GLC) (15), hydrolyzed in 1 M KOH, 
and the resulting free fatty acids (FFA) were 
decarboxylated by the Schmidt method as 
described by Brady et al. (16). 

RESULTS 

Table I summarizes the percentage incor- 
poration of radioactivity from injected oleic, 
elaidic, linoleic and linoelaidic acids into tissue 
lipids. About 0.2-1.0% of the injected isotopes 
was taken up by placenta, whereas, in general, 
0.1-0.4% of the radioactivity was incorporated 
into fetal lipids. As compared to cis fatty acids, 
a greater incorporation of radioactivity was 
found in fetal tissues when t rans  fatty acids 
were injected into pregnant rats. Differences in 
the percentage incorporation of the dose by 
placenta following injection of c,c-18:2 and 
t , t - 1 8 : 2  may reflect differences in uptake of the 
2 isomers by maternal and placental tissues. 
Specific activities of plasma total lipids 1 hr 
after injection of c,c-18:2 and t,t-18:2 were 
237,368 cpm/mg and 398,839 cpm/mg, respec- 
tively. Uptake of c,c-18:2 by maternal tissues 
may have occurred more readily than uptake of 
t,t-18:2, and, therefore, a corresponding 
decreased amount of incorporation of the 
injected dose of linoleic acid into placental and 
fetal tissues was observed. 

Differences in specific activities of TL of 
maternal plasma, placental and fetal tissues 
indicated a decreasing concentration gradient 
for cis and t rans  fatty acids. Ratios of radio- 
activity of TL following injection of cis and 
t rans  octadecenoic acids were calculated and 
are diagrammed in Figure 1. Uptake of elaidic 
and oleic acids by placental tissue from mater- 
nal plasma was fairly similar. However, transfer 

TABLE I 

Percentage of  Incorporation of  the Dosea, b 

Tracer 
injected e-18:1 t-18:1 e,c-18:2 t,t-18:2 

Placenta 0.4"/ 0.45 0.17 1.04 
Total fetus 0.09 0.38 0.10 0.32 
Body 0.08 0.32 0.09 0.26 
Brain 0.01 0.06 0.02 0.06 

aValues expressed as the mean % incorporation of  injected isotope for 2 rats in each 
c a s e .  

bDose incorporated : Radioactivity in TL + dose injected (/~Ci) X I00. 
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of oleic acid from placental to fetal tissue 
apparently was substantially less than transfer 
of elaidic acid as indicated by a much higher 
ratio of placental to fetal total radioactivity 
(4.95 vs 1.17 for c-18:1 and t-18: l ,  respec- 
tively). 

Figure 2 illustrates differences in the ratios 
of radioactivity of TL following injection of cis 
and trans octadecadienoic acids�9 Placental 
uptake of linoleie acid from plasma was several- 
fold less t h a n  the uptake of linoelaidic acids 
(ratio of plasma to placental radioactivity of TL 
was 9.96 vs 3.41 for c,c-18:2 and t,t-18:2, 
respectively)�9 In contrast, linoleic acid appar- 
ently crossed the placenta more readily than 
linoelaidic acid as reflected by a decreased ratio 
of radioactivity between placental and fetal TL 
(1.64 vs 3.26 for c,c-18:2 and t,t-18:2, respec- 
tively). 

Elaidlc Olelc 

18:1 c_18:1 

Ratio Ratio 
3.22 4.80 

I Placenta 

Ratio Ratio 

Ratio Ratio Ratio Ratio 

1.20 6,13 1.17 6.88 

FIG. i. Ratio of total radioactivity (cpm) follow- 
ing injection of cis and trans oetadecenoate. Ratios 
were calculated by dlvldmg total radioactivity of tissue 
TL. 

LI noel aidic Linolelc 

t_,t 18:2 c ,c  18:2 

Ratio Ratio 
3.41 9.96 

Ratio Ratio 
3,26 1.64 

21.24 x 105 I 

Ratio Ratio Ratio Patio 
1.22 5.62 1,17 6.96 

FIG. 2. Ratio of total radioactivity (cpm) follow- 
ing injection of cis and trans octadeeadienoate. Ratios 
were calculated by dividing total radioactivity of tissue 
TL. 
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Table II shows the distribution of radio- 
activity in PL, cholesterol (C), FFA, TG and CE 
in maternal plasma and placental TL. In general, 
most of the radioactivity was associated with 
TG of the maternal plasma�9 However, even 1 hr 
after injection of oleic acid, a fairly high 
percentage of the total radioactivity was 
circulating as FFA. The percentage distribution 
of label was about equally divided between PL 
and TG of placental TL. Table III presents the 
distribution of radioactivity in fetal brain and 
the body. Irrespective of the label, 50-60% of 
the radioactivity in brain lipids was found in 
PL. Fetal body PL also contained the highest 
percentage of radioactivity. About 50% of the 
label in fetal tissue was associated with PL 
whereas 14-27% was incorporated into body 
TG. 

One hr after injection of oleic acid, almost 
all of the radioactivity was associated with 
c-18:1 when total FAME were analyzed by 
radio-GLC (Table IV). In contrast, following 
injection of elaidic acid, differences in the 
pattern of distribution of label were found 
between plasma, placental and fetal FAME. In 
both plasma and placental TL, most of the 
radioactivity was present as t- 18: 1. However, in 
fetal tissues, ca. 30% of the total radioactivity 
was in palmitate ( 16: 0). These results suggested 
that elaidic acid was oxidized and the resulting 
acetyl CoA was used for synthesis of 16:0 by 
fetal tissues. 

One hr following injection of linoelaidic 
acid, again nearly all of the radioactivity was 
found as t , t -18:2  in plasma, placental and fetal 
tissue lipids. Following injection of linoleic 
acid, 94 and 100% of the radioactivity also was 
associated with c,c-18:2 in plasma and placental 
TL. However, ca. 23-29% of the label was 
associated with palmitate in fetal FAME. 
These findings suggested that fetal tissues 
oxidized linoleic acid and synthesized palmitate 
from the resulting acetyl CoA. 

Distribution of radioactivity in the carboxyl 
carbon relative to the intact fatty acid (% RCA) 
has been used to establish pathways of metab- 
olism (17). In this study, % RCA values ap- 
proached 100% when oleic and linoelaidic acids 
were isolated from placental and fetal tissues. 
However, the distribution of radioactivity in 
palmitate isolated from fetal tissues following 
injection of t-18:l and c,c-18:2 was similar to 
that predicted for de novo synthesis (17). 

DISCUSSION 

Transport of preformed lipids from the 
maternal circulation into the fetus has not been 
studied extensively because glucose is generally 
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T A B L E  IV 

Percentage of Distribution of Radioactivity in F A M E  a 
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Fatty 
Acid Plasma Placenta  Brain Body 

t - 1 8 : l  Injected 

16:0  16.7 4.4 36.1 33.3 
t - 1 8 : l  83.3 95.6 63 .9  66.6 

c-18:1 In jec ted  

c-18:1 100 100 100 100 

t, t- 18:2 Inject  ed 

t , t -18:2  100 100 100 100 

c,c- 18:2 Injected 

16:0  5.9 -- 29 .0  23.3 
18:0  -- -- 9.5 -- 

c ,c-I  8:2 94.1 100 61.5 "/6.7 

aValues  expressed  as the  m e a n  of duplicate analyses of m a t e r n a l  p lasma as well  as pooled 
placenta and fetal tissues. 

believed to be the major source of carbon 
used for lipid synthesis. The transport of fatty 
acids (saturated and cis isomers) across the 
placenta has been deduced from a variety of 
experimental studies. Fatty acids probably 
cross the placenta in the form of FFA and are 
later esterified in fetal tissues. Little is known, 
however, concerning the transport and further 
metabolic fate of t rans  fatty acids in the fetus. 
Thus, there is little information regarding 
metabolism of t rans  fatty acids during the 
critical and vulnerable period of intrauterine 
growth. 

Following injection of labeled fatty acids, 
most of the radioactivity in maternal plasma 
was associated with TG. However, the label in 
placental lipids was found primarily i n P L  and 
TG. Differences in the distribution of radio- 
activity in plasma and placental lipids suggested 
that FFA introduced in the maternal circu- 
lation may have been taken up by the placenta 
and esterified into PL and TG in situ rather 
than reflect the transport of intact complex 
lipids. The distribution of radioaclkivity in 
placenta also probably reflected a contribution 
of label from the separate maternal and fetal 
circulations within placental tissue. 

Similarly, differences in distribution of label 
between fractionated placental and fetal TL 
suggested that cis and t rans  octadecenoic and 
octadecadienoic acids crossed the placenta as 
FFA and were esterified primarily in PL of fetal 
tissues. In this study, PL contained the maximal 
radioactivity of the fetal lipids. Thus, these 
findings suggest that FFA were transported and 
subsequently esterified into complex lipids of 
the rapidly growing cell populations of the 

fetus. 
The percentage distribution of radioactivity 

in fetal brain and body TL was similar, regard- 
less of the fatty acid injected. Therefore, the 
lack of differences in the percentage distri- 
bution of label indicated that eis and t rans  
octadecenoic and octadecadienoic acids were 
incorporated into fetal tissues in a similar 
fashion. 

One hr after injection of linoelaidic acid, 
radioactivity in plasma, placental and fetal 
tissue lipids was associated only with t , t - 1 8 : 2 ,  
suggesting that acetyl CoA produced by oxi- 
dation of t,t-18:2 was not used to form 16:0. 
However, radioactivity in cholesterol indicates 
that radioactive acetyl CoA was indeed formed, 
perhaps from a nonhomogenous pool of acetyl 
CoA. One hr following injection of elaidic acid, 
most of the label in the circulating plasma and 
placenta also was associated with t-18:l .  
However, ca. 30% of the total radioactivity 
in fetal tissue was in palmitate. These results 
indicated that elaidic acid was oxidized and 
contributed acetyl CoA to de novo synthesis of 
palmitate. Percentage RCA data confirmed 
these conclusions. Thus, transfer and subse- 
quent oxidation of elaidic acid by fetal tissues 
seen in our study may explain results of earlier 
studies (6,7,11) reporting little placental 
transfer of elaidic acid. 

Findings of this investigation have demon- 
strated a difference in the fetal metabolism of 
elaidic and linoelaidic acids. Furthermore, these 
findings suggest that elaidic acid can serve 
as a potential source of energy for the develop- 
ing fetus. In the developing brain, earlier studies 
by Karney and Dhopeshwarkar (18) demon- 
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strated that, although elaidic acid was preferen- 
tially incorporated into the 1-position of brain 
lecithin, linoelaidic acid was esterified mainly at 
the 2-position. We are now examining whether 
fetal tissue also differentiates between the trans 
octadecenoic and octadecadienoic isomers 
during fetal lecithin synthesis. 
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Effects of Dietary trans Acids on the Biosynthesis 

of Arachidonic Acid in Rat Liver Microsomes 
NORIMASA KURATA 1 and ORVILLE S, PRIVETT 2, The Hormel Institute, 
University of Minnesota, Austin, MN 55912 

ABSTRACT 

Effects of dietary trans acids on the interconversion of linoleic acid was studied using the liver 
microsomal fraction of rats fed a semipurified diet containing fat supplements of safflower oil (SAFF), 
hydrogenated coconut oil (HCO) at 5 and 20% levels or a 5% level of a supplement containing 50.3% 
linolelaidic and 24.3% elaidic acids devoid of cis, cis-linoleic acid (TRANS). Growth rate was sup- 
pressed to a greater extent with the animals fed the 20% than the 5% level of the HCO-supplemented 
diets and still further by the TRANS diet compared to the groups fed the SAFF diets. Food intake 
was greater in the groups fed the HCO than the SAFF-supplemented diets, demonstrating the marked 
effect of an essential fatty acid (EFA) deficiency on feed efficiency. In contrast to an EFA deficiency 
produced by the HCO supplement, which stimulated the in vitro liver mierosomal biosynthesis of 
arachidonic acid, diets containing the TRANS supplement exacerabated the EFA deficiency and 
depressed 6-desaturase activity of the liver microsomal fraction. The liver microsomal fraction of the 
animals receiving this supplement also was more sensitive to fatty acid inhibition of the desaturation 
of linoleic acid than those obtained from animals fed either the SAFF or HCO diets. It is suggested 
that dietary trans acids alter the physical properties of the 6-desaturase enzyme system, suppressing 
its activity, which increases the saturation of the tissue lipids and, in turn, the requirement for EFA 
or polyunsaturated fatty acids. 

INTRODUCTION 

The  i n h i b i t o r y  effect  of  l inolelaidic and  
elaidic acids o n  6-desaturase  act iv i ty ,  which  is 
t he  key  reac t ion  in the  regu la t ion  of  the  con-  
vers ion o f  l inoleic to  a rach idon ic  acid (1,2) ,  
has  been  well d e m o n s t r a t e d  by in v i t ro  experi-  
m e n t s  wi th  t he  l iver m i c r o s o m a l  f r ac t ion  of  rats  
fed a fa t -def ic ien t  diet  b y  B r enne r  and  Peluffo  
(3).  Nu t r i t i ona l  e x p e r i m e n t s  wi th  rats  also have 
s h o w n  tha t  l inolela idic  acid inh ib i t s  the  conver-  
s ion of  oleic to  5 ,8 ,11-e icosa t r ienoic  acid and  
l inoleic  to  a rach idon ic  acid (4-7).  Elaidic acid 
also appears  to  have a s imilar  effect ,  bu t  to  a 
relat ively m i n o r  e x t e n t  c o m p a r e d  to l inolelaidic  
acid (4,5) .  Linolela idic  acid i tsel f  is n o t  con-  
ver ted  in vivo to  p o l y u n s a t u r a t e d  f a t t y  acids as 
s h o w n  in nu t r i t i ona l  s tudies  (4-7),  and as 
r ecen t ly  d e m o n s t r a t e d  by  radioac t ive  t racer  
e x p e r i m e n t s  in ra t  bra in  by  Karney  and  Dhope-  
shwarkar  (8).  However ,  l inolelaidic  acid, as well 
as cis, t rans  i somers  of  l inoleic  and  elaidic acids, 
are i nco rpo ra t ed  in to  t he  l ipids of  m o s t  t issues 
(4-11) ,  and  are readi ly  m e t abo l i z ed  (12).  

In  o rde r  to  f u r t h e r  d e t e r m i n e  the  n u t r i t i o n a l  
e f fec ts  of  t rans  acids, a s tudy  was made  of  t he  
effects  of  an  E F A  def ic iency and  its exacer-  
b a t i o n  by  feeding rats  a diet  con t a in ing  a fat  
s u p p l e m e n t  of  t rans  acids devoid of  cis, eis- 
l inoleic acid, as the  sole source  of  fat in t he  diet  

1present address: Department of Clinical Labora- 
tory, Chiba Cancer Center Hospital, 666-2 Nito- 
nacho, Chiba, Chiba 280, Japan. 

2To whom reprint requests should be addressed. 

on  the  i n t e r conve r s ion  of  l inoleic acid by  l iver 
micro  somes. 

MATERIALS AND METHODS 

Experimental 

A n i m a l s .  Weanl ing  male  Sprague-Dawley rats  
(Dan  Ro l f smeye r  Co., Madison,  WI) were 
divided in to  5 g roups  of  10 an imals  and  fed a 
basic fat-free d ie t  s u p p l e m e n t e d  wi th  5 or  20% 
by weight  of  saf f lower  oil (SAFF) ,  groups  I and  
II, respec t ive ly ;  5 or 20% of  h y d r o g e n a t e d  
c o c o n u t  oil (HCO),  groups  III  and IV, respec- 
t ively;  or  5% of  an e thy l  es ter  c o n c e n t r a t e  of  
t rans  acids con ta in ing  50.3% l inolelaidic  acid 
( t , t -18 :2 )  and  24.3% ( t - 1 8 : l )  devoid of  eis,eis-  
l inoleic  acid (TRANS) ,  g roup  V. The  diets  
(Table  I) were m a d e  isocaloric  by  adjus t ing t he  
relat ive a m o u n t s  of fat ,  c a r b o h y d r a t e  and fiber. 
The  c o m p o s i t i o n  o f  the  fat  supp lement s  and  t he  
c o n t r i b u t i o n  o f  each  fa t ty  acid to the  d ie ta ry  
calories  are shown  in Table  II. 

The  animals  were weighed at 2-day intervals ,  
f ood  in take  was also measu red  and  daily 
c o n s u m p t i o n  as well as feed ef f ic iency deter -  
mined .  Af t e r  the  g rowth  ra te  r eached  a p la teau,  
t he  an imals  in each  group  were ki l led u n d e r  a 
l ight  e the r  anes the t i c  by  wi thdrawal  of  b lood  
f rom the  r e t roocu l a r  plexes.  

Prepara t i on  o f  l iver m i e r o s o m e s .  Freshly  
excised livers were per fused  wi th  saline and 
h o m o g e n i z e d  in a Po t t e r -E lveh jem h o m o g e n i z e r  
in 2 vol  of  a so lu t ion  con ta in ing  0.25 M sucrose,  
5 mM MgC12, 0.15 M KC1, 1.5 mM GSH and 50 

1029 



1030 N. KURATA AND O.S. PRIVETT 

TABLE I 

Diet Composit ion 

5% Fat diet 20% Fat diet 
(% by wt) (% by wt) 

22.50 22.50 
0.20 0.20 

Casein (vitamin test) 
L-cystine a 
Wesson salt mixture plus 

ZnCI a and MnSO 4 . H 2 o b  
.Choline mix  c 
Vitamin mix  d 
Cellulose (Alphacel)  
Sucrose 
Fat 

4.03 4.03 
1.00 1.00 
1.00 1.00 

10.25 29.00 
56.02 22.27 
5.00 20.00 

aL-Cystine is added to the  diet to bolster the level o f  sulfur-containing amino acids. 
bWesson salt mixture does not  contain zinc or manganese,  hence these e lements  are 

added to the mix  as fol lows:  0 .60  g of  ZnCI 2 and 0 .90  g o f  M n S O + . H 2 0 / 2 0 0  g of  salt 
mixture.  

CCholine mix consists o f  22% choline dihydrogen citrate in vitamin test casein. 
d o n e  kg of  the vi tamin mix  contains:  2.5 g thiamine HCI, 2.5 g riboflavin, 9 .0  g nico- 

tinic acid, 9.0 g calcium pantothenate ,  2 .0  g pyridoxine HCI, 4 .0  g cyanobalamin (Bt2),  
7.5 g p-aminobenzoic  acid, 0.1 g folic acid, 0 .02 g biotin,  20.0 g meso-inositol, 0.5 g mena- 
dione (vitamin K), 943 .0  g vitamin test casein. Fat and vitamins A, D and E are mixed  into 
the diet daily and stored at 0 C overnight.  Vitamin D2, 5.0 rag; retinol acetate,  6.9 rag; 
a-tocopherol  acetate,  300  mg/kg of  diet. 

mM of potassium phosphate buffer pH 7.0. 
Homogenates were centrifuged at 800 x g for 
10 min to remove cell debris, then at 10,000 x 
g for 20 min. The microsomal fraction was 
recovered by centrifuging the 10,000 x g 
supernatant at 100,000 x g for 1 hr. The pellet 
was suspended in a solution containing 5 mM 
MgC12, 0.15 M KC1, 1.5 mM GSH and 50 mM 
potassium phosphate buffer (pH 7.0) to give a 
final concentration of 20 mg/ml protein, 
determined by the method of Lowry et al. 
(13). 

Incubation conditions. ATP, CoASH, mal- 
onyl-CoA, NADH and bovine serum albumin 
containing less than 0.005% fatty acid were 
purchased from Sigma Chemical Co., St. Louis, 
MO, GSH from P-L Biochemical, Inc., Mil- 
waukee, WI, and [1-14C]linoleic acid (50 
/aCi/~mol) from New England Nuclear, Boston, 
MA. The [1-14C]linoleic acid was purified by 
thin layer chromatography, converted to the 
ammonium salt and bound to bovine serum 
albumin (14). All incubations were carried out 
at 37 C in a total vol of 2.0 ml. For measure- 
ment of desaturase activity, each incubation 
was conducted for 10 min in the medium 
containing the following: 10 /~mol of MgC12, 
0.3 mmol of KC1, 3 /amol of GSH, 10/amol of 
ATP, 0.6 /amol of CoA, 2.5 /amol of NADH, 
I00 /amol of potassium phosphate buffer, pH 
7.0, 200 nmol of radioactive linoleic acid and 5 
mg microsomal protein in 0.001% Triton 
X-100. The same conditions were used for 
determination of desaturation chain elongation 

reactions except that 0.6/amol of malonyl CoA 
was added to the incubation mixture. 

Incubations were stopped by the addition of 
10 ml of dimethoxypropane (DMP) containing 
200 gl of concentrated HC1 to 1 ml of the 
incubation medium. After a reaction time of 20 
min to allow for conversion of the water to 
methanol and acetone, these solvents and the 
excess DMP were evaporated in a stream of 
nitrogen at room temperature and the lipid was 
interesterified with methanol as described by 
Shimasaki et al. (15). 

Radioactivities of the methyl esters were 
determined on fractions isolated by gas liquid 
chromatography using an Aerograph Model 
600-D gas chromatograph equipped with a 9:1 
splitter and a 12' x 0.125" id column packed 
with 10% Silar 10C on 100-200 mesh Gas- 
Chrom Q at 210 C with a flow rate of N2 of 20 
cc/min. Fractions corresponding to each fatty 
acid ester (peaks in the chromatogram) were 
collected in glass tubes attached directly to the 
outlet of the splitter, coincident with their 
detection by the flame detector, and transferred 
to scintillation counting vials by washing the 
tubes with 15 ml of scintillation fluid (5.5 g of 
Permablend I/liter of toluene). Radioactivity 
was counted in a Packard Model 3310 scintil- 
lation spectrometer. Recovery of radioactivity 
by this technique of collection was ca. 75%. 
The activity of 6-desaturase, determined 
independently, was calculated from the counts 
of 18:3 corrected for background. The activ- 
ities of 6-desaturase, chain elongation and 
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5-desaturase in the overall reaction were deter- 
mined simultaneously from the total counts 
of the products corrected for background, the 
proportion of the counts in the 20:3 + 20:4 
acids, and the 20:4 fraction, respectively. The 
products of the reactions (18:3 and those of 
chain elongation after a short lag period) under 
the assay conditions just described were propor- 
tional to protein concentrations in excess of 5 
mg in the incubation mixture and a reaction 
time of ca. 15 min. 

Fatty acid composition. The fatty acid 
composition of  liver microsomal lipid was 
determined on methyl esters prepared by 
interesterification with HC1 as a catalyst (15) 
using a Hewlett Packard Model 5840A gas 
chromatograph. This analysis also was carried 
out with a 12' x 0.125" id column packed with 
Silar 10C on 100:200 mesh Gas-Chrom Q at 
200-250 C programmed at 2.0 C/min with a 
flow rate of nitrogen of  10 cc/min. 

The highly purified fatty acid standards 
(> 99%) and the ethyl ester concentrate of trans 
acids which contained 50.3% linolelaidic acid 
(t,t-18:2) and 24.3% elaidic acid ( t -18: l )  
(Table II) were obtained from Nu-Chek-Prep, 
Inc., Elysian, MN. 

RESULTS 

Weight gains of the animals in each group 
(Fig. 1) showed that although there was no 
difference in the growth rates of the 5 and 20% 
SAFF groups, that of  the 20% HCO group 
was significantly lower than the 5% HCO group. 
The TRANS dietary regimen gave an even 
greater suppression of growth rate than the 20% 
HCO diet as also shown in Figure 1. Measure- 
ment of food intake of the animals in each 
group (Table III) showed that, in spite of  
differences in growth rate, the animals of the 
HCO-supplemented groups consumed more 
food than those of the SAFF groups. The 
animals in the TRANS group consumed the 
least food and their growth was suppressed the 
most. Accordingly, feed efficiency was highest 
in the SAFF group and greatly diminished in 
the other groups. The difference in growth rate 
between the 5 and 20% HCO groups was also 
reflected by corresponding differences in feed 
efficiency. 

The fatty acid composition of the liver 
microsomal lipid of the animals in each group 
reflected generally that of  the dietary fat as 
shown in Table IV. The SAFF supplement, 
which contained ca. 70% linoleic acid, supplied 
more than an adequate amount of this fatty 
acid in the diet to meet the requirement for 
essential fatty acids even at the 5% dietary 
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leve~ Evidence ~o this ef fect  was that the levels 
o f  arachidonic acid in the microsomal  lipid o f  
the  5 and 20% S A F F  groups were essentially 
the same, ca. 32%, in spite o f  the fact t h ~  the 
diet o f  the 20% S A F F  group contained a m u c h  
larger amount  o f  l inoleic  acid (Table II). The  
fatty acid compos i t i on  of  the liver microsomal  
lipid o f  these animals (groups I and II) exhib-  
ited the  normal  pattern for animals receiving a 
diet adequate in essential fatty acids (EFA) .  
The liver microsomal  lipid o f  the animals 
receiving the HCL supplements  exhibited a 
fatty acid compos i t ion  typical  o f  an E F A  
def ic iency.  Compared to the S A F F  groups, the 
levels o f  16:1 and 18:1 were elevated. Those  o f  
l inoleic  and arachidonic acid were decreased 
and there was an appreciable formation of  
20:3,  giving a high triene-to-tetraene ratio in 
the microsomal  l ipid o f  the HCO groups (III 
and IV). The pattern of  these changes was more  
pronounced in the 5% HCO group than the 20% 
group because the hydrogenated coconut  oi l  

i- 
| 

l 4 t ] to t~ 11 
WttKS ON DIET 

FIG. 1. Growth rate of  rats from weaning fed a 
fat-free diet supplemented with: 5% or 20% safflower 
oil, groups I and II, respectively, open and solid 
circles; 5% hydrogenated coconut oil, group III, solid 
squares; 20% hydrogenated coconut oil, group IV, 
open square; 5% ethyl ester concentrate of  t r a n s  acids, 
group V, solid triangles. At 14 weeks, the weights 
(M -+ SD) of the animals of each group were as fol- 
lows: I, 411 -+ 16; II, 411 -+ 32;Ill ,  342 _+ 22;IV, 286 
-+ 25 and V, 260 -+ 22. III was significantly greater 
than IV (P < .001) and IV was significantly greater 
than V (P < .100). 
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TABLE IV 

Fatty Acid Composition of Liver Microsomal Lipid (% wt) 

1033 

I II III IV V 

Dietary group a 5% SAFF 20% SAFF S% HCO 20% HCO 5% TRANS 

16:0 b 18.7 + 1.1 e 15.0 + 0.5 19.6 • 0.9 17.3 -+ 1.0 15.9 • 0.2 
16:1 3.0 + 0.7 0 .7 -  + 0.1 10.3-+ 0.1 4.1 + 0.6 12.3-+ 1.5 
18:0 14.3 -+ 0.5 22.6 -+ 0.8 18.9 • 1.1 25.0 -+ 0.6 13.0 -+ 0.9 
18:1 7.3 -+ 1.0 4.6 • 0.1 20.7 -+ 1.5 15.6 • 0.3 29.3 -+ 1.9 
t-I 8:1 2.2 -+ 0.9 
18:2 10.1 + 1.1 16.1 -+ 0.S 2.7 -+ 0.1 4.3 • 0.3 5.3 -+ 0.2 d 
20:3to9 14.0 • 0.2 7.3 • 0.2 5.1 -+ 0.7 
20:4 31.2 • 1.8 32.2 -+ 0.2 6.5 +- 0.7 17.0 • 0.7 3.8 -+ 0.1 
22:4 4.4 -+ 0.5 3.0 • 0.4 1.0 -+ 0.1 2.5 • 0.2 0.6 -+ 0.1 

20:3/20:4 2.2 0.43 1.3 

aSAFF = safflower oil; HCO = hydrogenated coconut oil; TRANS = concentrate of ethyl linoleate (Table II); 
see Materials and Methods for additional details of dietary regimens. 

bShorthand designation of fatty acids; number before colon = chain length;number after colon = number of 
double bonds. 

eM + SD, n = 4. 
dContains a mixture of positional and geometric isomers. 

s u p p l e m e n t  c o n t a i n e d  a small  a m o u n t  of  
l inoleic  acid (Tab le  II)  wh ich  p rov ided  a signifi- 
cant  a m o u n t  of  th is  f a t t y  acid in the  diet ,  
par t icu la r ly  in t he  an imals  fed at  the  20% level, 
group IV. Accord ing ly ,  t he  levels of  18:2  and  
2 0 : 4  were h igher  in  20% t h a n  t h e  5% HCO 
group and  the  ef fec t  on  the  c o m p o s i t i o n  o f  t he  
o t h e r  f a t ty  acids was n o t  so great  (Tab le  IV)  
giving a re la t ively  low t r i ene - t e t r aene  ra t io  
ind ica t ive  of  on ly  a bo rde r l ine  E F A  def ic iency  
in th is  group,  IV. However ,  in  spite o f  the  fac t  
t h a t  t he  E F A  def ic iency was on ly  border l ine ,  
t he  g r o w t h  ra te  o f  the  an imals  o f  th is  group was 
suppressed  to  a grea ter  degree t h a n  t h a t  o f  t he  
an imals  of  the  5% HCO group (Fig. 1). 

The  T R A N S  s u p p l e m e n t  was devoid of  
l inoleic  acid (Tab le  II), h e n c e  the  levels of  
l inoleic and  a rach idon ic  acids were very  low in 
t he  an imals  o f  g roup  V, and  the  severi ty  of  t h e  
E F A  def ic iency  was greater  in  the  an imals  of  
th is  g roup  t h a n  those  of  groups  III  and  IV. T h e  
t r i ene - t e t r aene  ra t io  was e levated in th is  group,  
ind ica t ive  o f  an  E F A  def ic iency,  bu t  it was n o t  
as h igh  as in  the  5% HCO group.  T he  t r iene-  
t e t r aene  ra t io  does  n o t  give a t rue  i nd i ca t i on  o f  
the  E F A  def ic iency  in an imals  fed l ino le la ida te  
because  this  acid inh ib i t s  the  convers ion  of  
oleic to  20 :3  and  18:2  to  20 :4  as s h o w n  in 
prev ious  work  (4-7). Accord ing ly ,  t he  level o f  
a rach idon ic  acid in the  l iver mic rosoma l  l ipid o f  
the  animals  of  th is  g roup  was very  low com- 
pa red  to t h a t  of  t he  S A F F  animals  (Table  IV). 
Likewise,  the  level of  20 :3  was lower  in l iver 
m i c r o s o m a l  l ipid o f  these  an imals  t h a n ~ n  those  
of  t h e  HCO groups  (III  and  IV). T he  levels of  
18:1 and  16:1 were e levated in th i s  g roup  (V)  

even above  those  of  the  HCO groups,  wh ich  
were a l ready high c o m p a r e d  to  those  in t he  
animals  of  t he  S A F F  groups.  The  pos i t iona l  and  
geomet r i c  i somers  of  the  18:2 acids were n o t  
iden t i f i ed  in the  analysis  of  the  l iver micro-  
somal  l ipid of  this  group,  b u t  th is  f r ac t ion  
should  cons is t  ma in ly  of  l inole la ida te  i n a s m u c h  
as t he  d ie ta ry  fa t  was devoid o f  cis, cis l inoleate .  
This  f r ac t ion  also m i g h t  con t a in  some 5 ,9 -18 :2  
as a p r o d u c t  of  the  de sa tu r a t i on  o f  e la idate  
(16 ,17) ,  as well as 6,9-, 5,8- and  8 ,11- isomers  
f o u n d  in EFA-de f i c i en t  an imals  (18) .  However ,  
t he  ac tua l  c o m p o s i t i o n  of  this  f r ac t ion  will have  
to  awai t  fu r ther ,  de ta i led  analyses.  Regardless,  
t he  da ta  in Table  IV  show t h a t  the  d ie ta ry  
reg imens  p r o d u c e d  an imals  having  liver mic ro -  
somal  l ipid o f  widely d i f fe ren t  f a t t y  acid 
c o m p o s i t i o n a l  p a t t e r n s ;  namely ,  a n o r m a l  
pa t t e rn ,  groups  I and  II, 2 levels of  a typ ica l  
E F A  def ic iency,  g roups  III  and  IV, and  a t h i rd  
p a t t e r n  charac te r i s t ic  o f  an  E F A  def ic iency  
compl i ca t ed  by  an  ef fec t  of  d ie t a ry  trans acids, 
g roup  V. 

The  ef fec t  of  the  d ie ta ry  reg imens  on  the  
i n t e r conve r s ion  of  l inoleic  acid by  l iver micro-  
somes  in v i t ro  is s h o w n  i n  Table  V. These  
analyses  showed  t h a t  t he  s imple E F A  defi- 
c iency  deve loped  in groups  III  and  IV by  
feeding t he  HCO s u p p l e m e n t  p r o d u c e d  a 
m a r k e d  e leva t ion  in t he  act iv i ty  of  the  6- 
desa turase  chain  e longa t ion  e n z y m e  sys tem by  
c o m p a r i s o n  wi th  groups  I and  II. In  these  
expe r imen t s ,  t he  activi t ies of  the  chain  elon- 
ga t ion  and  5-desaturase e n z y m e  sys tems  are 
d e p e n d e n t  o n  subs t r a t e s  p r o d u c e d  in t he  
i n t e r conve r s ion  of  l inoleic  acid, and  do no t  
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T A B L E  V 

Liver Microsomal  E n z y m e  Act ivi t ies  ( n m o l / m i n / m g  pro te in )  

I II  I I I  IV V 

Die ta ry  g roup  a 5% S A F F  20% S A F F  5% HCO 20% HCO 5% T R A N S  

6-Desaturase  b 0 .315 -2- .078  c 0 .436  + .010 0.661 +- .004 0 .644  + .028 
6-Desaturase 0 .343 + .076 0 .470  + .016 0 .654  -+ .031 0 .686  +- .055 
Chain e longat ion  0 .234 + .049 0 .305 + .020 0.451 + .013 0 .470  -+ .050  
5-Desaturase 0 .062 -+ .009 0.121 + .001 0 .147 +- .007 0 .137  -+ .018 

0 .238  +- .004 

a S A F F  = saf f lower  oil; HCO -- h y d r o g e n a t e d  c o c o n u t  oil; T R A N S  = concen t r a t e  o f  e thy l  l inolelaidate ,  
(Table  II) ,  see Materials  and Methods  for  addi t ional  details o f  d ie ta ry  regimens .  

b D e t e r m i n e d  i ndependen t ly .  

CM +- SD (n = 4). Group  I vs g roup  II ,  6-desaturase  P < .025 ;  g roup  I vs g roup  V, 6-desaturase  P < .01 ; group 
II  vs g roup  IV, 6-desaturase  P < .001.  

represent maximal reaction rates. 
In contrast to groups III and IV, the 6- 

desaturase activity of the liver microsomal 
fraction of the TRANS group (V) was signifi- 
cantly lower than that of the SAFF groups. 
The suppression of 6-desaturase activity in the 
animals of the TRANS group (V) was further 
demonstrated by comparison of different 
concentrations of ATP on the activity of this 
enzyme system in the liver microsomal fraction 
of animals from the 3 different dietary groups 
as shown in Figure 2. These experiments 
demonstrated that, while an EFA deficiency of 
the type produced by depriving the animals of 
adequate linoleate elevated 6-desaturase activity 
(group IV), that produced by the effect of the 

0.70.  

0.60- 

g 

~ O . S G  

~ 0 .4G 

~ 0 .3G 

~ O.20- 
E 
i 

O . I G  

ATP 4 (p motes) i 

FIG. 2. Effect of ATP concentration on the rate of 
desaturation of linoleic acid in vitro by rat liver micro~ 
somal fractions obtained from rats fed diets supple- 
mented with: 20% hydrogenated coconut oil, group 
IV, open triangles; 20% safflower oil, group II, solid 
circles; 5% ethyl ester concentrate of t r a n s  acids, 
group V, solid squares. 

TRANS supplement (group V) suppressed 
the activity of this enzyme system. This experi- 
ment also showed that the lower activity of the 
microsomal fraction of the TRANS group was 
not due to impaired activation of substrate. 

A comparison of the inhibitory effects of 
fatty acids on the desaturation of linoleic acid 
by the liver microsomal fraction of animals 
from the different dietary regimens is shown 
in Figure 3. In these experiments, the substrate 
consisted of a mixture of 20 or 200 nmol of 
palmitic, stearic, oleic, elaidic or linolelaidic 
acids plus 200 nmol of [1-14C]linoleic acid. 
These experiments showed that inhibition of 
6-desaturase activity by these fatty acids, 
particularly in the palmitic and stearic acids, 
was much greater with the liver microsomal 
fraction obtained from the animals fed the 
TRANS supplement than of those fed the HCO 
or SAFF supplements. 

DISCUSSION 

In this study, the in vitro experiments 
showed that 6-desaturase activity of liver 
microsomal preparations was enhanced in an 
EFA deficiency produced by the HCO diet but 
was suppressed in animals fed the TRANS- 
supplemented diet, although this diet also 
produced an EFA deficiency. These experi- 
ments are in accord with the nutritional effects 
of these dietary supplements inasmuch as oleate 
is readily converted to 20:3 in an EFA defi- 
ciency produced by feeding HCO-supplemented 
diets, and the reaction is suppressed in animals 
in which an EFA deficiency is produced upon 
feeding diets containing supplements of linole- 
laidic acid (4-7). Although elaidic acid also 
suppresses the conversion of oleic to 20:3, its 
effect is minor compared to linolelaidic acid as 
indicated in previous studies (4,5). Thus, the 
effect of the TRANS dietary supplement 
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appears to primarily result from its content of 
linolelaidic acid. 

As a result of  the suppression of  6-desaturase 
activity in the animals fed diets containing 
linolelaidate, the level of 20:3, which accumu- 
lates to high levels in an EFA deficiency, is 
relatively low in the liver microsomal fraction 
of these animals. As shown here and in previous 
work (4-7), the level of cis 18:1 is elevated 
simultaneously with a decrease in 20:3 in 
animals fed linolelaidate. Guo and Alexander 
(16) have shown that dietary linolelaidic acid 
contributes to the pool of cis 18:1 via de novo 
synthesis from, acetate produced in its catab- 
olism as opposed to a pathway involving 
biohydrogenation. Thus, the elevated level of  
18:1 indicates that linolelaidate does not 
inhibit de novo fatty acid synthesis or impair 
9-desaturase activity in animals fed diets 
containing t rans  fatty acids. 

It appears paradoxical that linolelaidic acid 
inhibits 6-desaturase activity but enhances the 
formation of  18:1 in vivo, that is, 9-desaturase 
activity, particularly as the activity of both 
enzymes are elevated in an EFA deficiency 
produced by feeding either a fat-free or an 
HCO-supplemented diet (19-21). However, as 
pointed out by Peluffo et al. (22) and demon- 
strated by others (23,24), the 6- and 9-desatu- 
rase enzyme systems respond differently to a 
number of dietary and hormonal stimuli. 
Several investigators (25-27) have suggested 
that desaturase activity is regulated, in part, by 
the synthesis of  enzyme protein, whereby 
enzyme concentration is a factor. In accord 
with this hypothesis, it has been shown that the 
level of 9-desaturase is elevated in an EFA 
deficiency (25). The elevation of desaturase 
activity in animals with an EFA deficiency has 
been studied extensively by Peluffo et al. (22) 
and by Holloway and HoUoway (25). The 
former investigators found that 6-desaturase 
activity correlated with changes in the tri- 
glyceride-phospholipid ratio. Both groups of  
investigators considered that the increase in 
desaturase activity might be related to mem- 
brane fluidity in which enzyme activity was 
increased to maintain the ratio of unsaturated 
to saturated fatty acids. However, unsaturation 
of the tissues is decreased by the TRANS 
supplement more than by the HCO dietary fat. 
Thus, t rans  acids apparently have a direct effect 
on the 6-desaturase enzyme system. Moreover, 
it seems unlikely that the effect of  t rans  acids 
on 6-desaturase can be explained on the basis of 
decreased protein synthesis inasmuch as 9- 
desaturase activity apparently is elevated when 
these acids are fed as the sole source of fat in 
the diet. 

I .  i . - i  

A 

I~l I~i ~i I.'r I,,t t.-I ~ t.'t 
, t  u m I-'111~1 . . . . .  - I - I - I  lal-~lel .~l~l~l 

B C D E 

FIG. 3. Inhibition of the desaturation of linoleic 
acid by liver microsomal fractions obtained from rats 
fed diets supplemented with safflower oil (SAFF), 
hydrogenated coconut oil (HCO) or a concentrate of 
trans acids (TRANS) with A, palmitic acid (16:0); 
B, stearic acid, (18:0) ; C, oleic acid (c-18:1), D, elaidic 
acid (t-18:1); E, linolelaidic acid (t,t-18:2). Open bars, 
20 nmol, and hatched bars, 200 nmol of each acid 
with 200 nmol of [1-'4C]linoleic acid. Inhibitions 
were significant for 200 nmol of all fatty acids with 
the microsomal fraction of the TRANS group as 
follows: 16:0, P < .001; 18:0, P < .025; c-18:1, 
P <.001;t-18:1, P <.001;t,t-18:2, P < .005. 

Brenner and Peluffo (3) showed that both 
linolelaidate and elaidate exhibited an inhib- 
itory effect in vitro on the desaturation of 
linoleic acid by the rat liver microsomal frac- 
tion of  EFA-deficient animals. Recently, 
Mahfouz et al. (28) demonstrated that t rans  
monounsaturated acids inhibit 9- as well as 5- 
and 6-desaturase activity of the liver micro- 
somal fraction of EFA-deficient rats in in vitro 
experiments. The in vitro experiments reported 
herein show that trans acids inhibit 6-desaturase 
activity of the liver microsomal fraction of 
animals fed a diet containing adequate linoleate 
(SAFF group) and animals fed the TRANS 
supplement, devoid of EFA and presumably 
highly deficient in EFA as well as animals 
deprived of adequate linoleate by feeding 
hydrogenated coconut oil. However, of  partic- 
ular significance is the observation that the liver 
microsomal fraction of the animals receiving 
the TRANS-supplemented diet are more 
sensitive to the inhibitory effects of  fatty acids 
than that of  either the HCO or SAFF groups. 
Thus, it is apparent that these fatty acids alter 
the physical properties of the 6-desaturase 
enzyme system in some manner. It has been 
shown that acyl desaturases have a lipid require- 
ment (29-31), hence the effect on the 6- 
desaturase system by t rans  acids might result 
from an alteration of the composition of the 
lipid cofactor. 
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T h e  n u t r i t i o n a l  da ta  indica te  t h a t  low 
g rowt h  rate in the  an imals  o f  the  HCO and 
T R A N S  g ro u p s  is re la ted to low feed ef f ic iency,  
wh ich  in t u rn  is associa ted  wi th  t he  E F A  
def ic iency  in these  g roups  o f  animals .  The  fact  
t ha t  the  g ro wth  rate was lower  in the  an imals  o f  
t he  20% th an  in the  5% HCO group  ind ica ted  
t ha t  the  h igh level o f  sa tu ra t ed  d ie ta ry  fat  
increased t h e  E F A  r e q u i r e m e n t  in th is  g roup .  
However ,  the  h igh level o f  sa tu ra t ed  fat  did no t  
inhibi t  t he  conve r s ion  of  l inoleic to a rach idon ic  
acid as the  an imals  of  the  20% HCO group  
exh ib i t ed  on ly  a border l ine  E F A  def ic iency  as 
ev idenced  by the  levels o f  l inoleate  and  arachi- 
dona t e  in the  m i c r o s o m a l  t i ssue lipid. The  
increased r e q u i r e m e n t  o f  E F A  in die ts  con ta in -  
ing high levels o f  s a tu ra t ed  fat is genera l ly  
exp la ined  on  the  basis o f  the  i m p o r t a n c e  o f  
d ie ta ry  l inoleate  for  the  u t i l i za t ion  o f  sa tu ra t ed  
f a t t y  acids (32-35) .  However ,  Privet t  et al. 
(36 ,37)  observed  tha t  b o t h  fish oils and concen-  
t r a tes  o f  e i co sap en t aeno i c  and  d o c o s a h e x a e n o i c  
acids wh ich  did no t  cure an EFA def ic iency  
s t imu la t ed  the  g rowth  o f  EFA-de f i c i en t  ani- 
mals .  Moreover ,  K u r a t a  and Privet t  ( 3 8 ) o b -  
served t h a t  d ie tary  M e n h a d e n  oil inh ib i t ed  the  
convers ion  of  l inolea te  to a r ach idona t e  which  
appa ren t l y  was due  to the  supp re s s ion  of  6-acyl  
desa tu rase  act iv i ty  by  e i cosapen t aeno i c  and 
d o c o s a h e x a e n o i c  acids. Thus ,  the  nu t r i t i ona l  
e f fec t s  o f  t r a n s  acids p robab ly  is largely due  to 
inh ib i t i on  of  t h e  6-acyl  d e s a t u r a t i o n  s y s t e m  
which  increases  the  s a tu ra t i on  o f  the  t i ssue 
l ipids and,  in tu rn ,  the  r e q u i r e m e n t  for  E F A  or 
p o l y u n s a t u r a t e d  f a t t y  acids. 
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Dynamic Lipid Changes in Rapidly Proliferating 
Hepatic Smooth Endoplasmic Reticulum 
during Acute Dexamethasone Treatment 
of Adrenalectomized Rats 
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ABSTRACT 

The regulation by the cell of subcellular membrane components is dependent on a highly complex 
balance of nutritional, hormonal and metabolic events. We have characterized the lipid components 
of the endoplasmic retieulum (ER) of the liver of adrenalectomized (ADX) rats and the response of 
these membrane components to glucocorticoid administration. Membrane microviscosity as measured 
by fluorescence depolarization of 1,6-diphenylhexatriene (DPH) was measured and correlated with 
lipid composition and content of the membranes. In the ADX rat, a significant increase in membrane 
microviseosity of the smooth endoplasmic reticulum (SER) was observed and this was accompanied by 
an increase in the cholesterol content/rag protein and a decrease in the phospholipid content/mg pro- 
tein. A change in the fatty acyl chain composition is observed with a significant increase in the mole 
percentage of arachidonic acid (20:4) and an accompanying decrease in saturated fatty acids. Within 
2-6 hr of dexamethasone administration, a decrease in membrane microviscosity is observed that re- 
turns this value to one similar to that for normal control animals. Both the cholesterol and the phos- 
pholipid contents/mg protein are likewise restored to levels similar to that for control animals begin- 
ning at the 2-hr time point. The arachidonic acid and saturated fatty acid content of the constituent 
phospholipids do not begin to return to values similar to those for control animals until 6 hr after 
dexamethasone administration. From these experiments, we can conclude that glucocorticoids play a 
significant regulatory role in determining the lipid properties of rat hepatic microsomal membranes. 

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

It is well documented that cell membranes 
are composed of  predominantly a lipid bilayer 
that is fluid in nature with interdispersed 
proteins (1). The lipid bilayer in animal cells 
contains a wide variety of chemically distinct 
phospholipids as well as cholesterol arranged in 
a fashion to meet the functional requirements 
of the membrane. The regulation by the cell 
of these lipid membrane components is highly 
complex since it must involve responses to 
nutritional, hormonal and metabolic stimuli 
balanced with maintaining the functional 
integrity of  the membrane. Studies of a wide 
variety of  membrane systems indicate that 
physical characteristics Of membrane lipids have 
modulating effects on transport functions, 
enzyme activity and hormone-receptor inter- 
actions (2-5). 

A number of  different approaches have been 
used to determine the physical characteristics 
of membrane lipids including electron-spin 
resonance techniques, differential scanning 
calorimetry and fluorescence polarization mea- 
surements. With regard to fluorescence polari- 
zation measurements, the fluorescent probe 
1,6-diphenylhexatriene (DPH) has been em- 
ployed as a probe in membrane studies for 

determining membrane lipid fluidity and this 
has been reviewed recently (6). The probe is 
distributed evenly in the hydrocarbon chain of  
the lipid bilayer and the derived microviscosity 
is a weight average of  all lipid domains. Three 
prominent determinants of merfibrane micro- 
viscosity are the cholesterol/phospholipid ratio, 
the degree of unsaturation of the phospholipid 
acyl chains, and phospholipid polar head-groups 
(7-I0). 

Numerous morphological and biochemical 
studies have indicated that both rough endoplas- 
mic reticulum (RER) and smooth endoplasmic 
reticulum (SER) of rat liver undergo claanges in 
form and amount in response to changes in 
nutritional and hormonal status (11-15). 
Indeed, the membranes can quickly convert 
from a quiescent, de-induced state to a stimu- 
lated rapidly proliferating situation in response 
to hormonal and/or nutritional signals (11-15). 
As such, these membranes provide an ideal 
model system for studying the lipid properties 
of  biological membranes and the regulation of 
these properties under various physiological 
conditions. Specifically, in the absence of  
circulating levels of adrenal glucocorticoids 
subsequent to bilateral adrenalectomy and 
following a 24-hr fast, the hepatic SER, and to 
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a lesser extent, the RER, is decreased in amount 
and altered in form (i.e., less tubular and fewer 
bound ribosomes, respectively), and the rate of 
microsomal membrane synthesis is greatly 
diminished. Following a single administration 
of a glucocorticoid (i.e., dexamethasone), a 
marked proliferation of SER occurs within 2-6 
hr following injection of the hormone (11). 
Moreover, the form of the membranes begins to 
resemble that of the normal, intact, fasted 
animal. The effects of glucocorticoid on SER 
occur concomitant with induced gluconeo- 
genesis and glycogen synthesis and accumu- 
lakion-all in the absence of  additional nutri- 
tional factors. 

This study is a characterization of the lipid 
properties of hepatic smooth and rough micro- 
somal membranes obtained from adrenalec- 
tomized (ADX) rats and ADX rats treated with 
glucocorticoids. Significant lipid microviscosity 
changes were observed using the fluorescent 
probe DPH and these changes were correlated 
with the 2 prominent determinants of mem- 
brane microviscosity, the cholesterol/phospho- 
lipid ratio and the degree of unsaturation of 
acyl chains. 

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

Animals 

Young adult rats of the Wistar strain (100- 
150 g) were ADX under ether anesthesia 4-8 
days before each experiment. ADX animals 
were provided with 0.9% saline as drinking 
water, maintained on a 12-hr light, 12-hr dark 
cycle and allowed to eat ad libitum. Normal 
rats which served as controls were housed the 
same but were provided with tap water. Wen- 
fed ADX rats gain weight, synthesize and store 
glycogen and maintain plasma insulin and 
glucose at levels comparable to that of the 
normal-fed rat (Margolis and Curnow, manu- 
script in preparation). With fasting, the severe 
metabolic defects consequent to adrenal 
insufficiency became evident. Animals were 
fasted for 20 hr and were divided into the 
following groups: (a) 36 normal rats, (b) 28 
ADX rats which received no further treatment, 
(c) 30 ADX rats injected intraperitoneaUy (ip) 
with pharmacologic doses of dexamethasone 
(DEX; 2 mg/100 g BW) 2 hr before sacrifice, 
(d) 30 ADX rats injected ip with DEX 4 hr 
before sacrifice, and (e) 30 ADX rats injected ip 
with DEX 6 hr before sacrifice. 

Subcellular Fractionation and 
Preparation of Microsomal Membranes 

Animals were sacrificed by decapitation. 
Their livers were carefully removed to avoid 

excessive connective tissue contamination, cut 
into pieces of appropriate size and placed in 
cold 0.25 M sucrose. The liver specimens were 
blotted dry, weighed, frozen in either Dry 
Ice/acetone or liquid nitrogen and stored in 
vials at -80 C for up to 3 weeks. No qualitative 
differences were observed when tissue was 
prepared fresh as opposed to frozen (data not 
shown). Samples were rapidly homogenized in 
cold 0.25 M sucrose to make a 20% (wt/vol) 
homogenate. The homogenate was fractionated 
by procedures described in a previous publi- 
cation (11). Briefly, the homogenate was 
centrifuged twice at 10,000 x g for 20 min, 
which caused mitochondria, lysosomes and 
other cellular debris to form a pellet. The 
postmitochondrial supernatant was collected 
and brought to 15 mM CsC1 by adding suffi- 
cient 1 M CsC1. The postmitochondrial super- 
natant was layered on top of 15 ml 1.3 M 
sucrose-15 mM CsC1 in an SW 27 centrifuge 
tube and centrifuged at 105,000 x g for 4 hr in 
a Beckman L5-50 centrifuge (Beckman Instru- 
ment Co., Palo Alto, CA). A band, which 
consisted primarily of smooth microsomes, 
appeared at the 0.25-1.3 M sucrose interface. A 
pellet of rough microsomes formed beneath the 
1.3 M sucrose. The smooth microsomal band 
was drawn off, diluted with distilled water, and 
centrifuged in an SW 41 rotor at 225,000 x g 
for 1 hr. The rough microsomal pellet was 
resuspended in 0.25 M sucrose and centrifuged 
at 225,000 x g for 30 min. Microsomes were 
subjected to a washing procedure involving 
resuspension in 0.15 M Tris, pH 8.0, followed 
by centrifugation and sonication in distilled 
water that was designed to remove adsorbed 
proteins, vesicular contents (including very low 
density lipoprotein [VLDL] particles) and 
ribosomes. Microsomes were subsequently 
resuspended in 0.15 M Tris, pH 8.0 and centri- 
fuged once again. Previous determinations of  
the purity of the microsomal subfractions 
obtained by these methods using both morpho- 
logical and biochemical means (11,12) have 
revealed that contamination by plasma mem- 
brane fragments is minimal (i.e., < 1% of total 
protein) (12). 

Microviscosity Measurements 

Microviscosity was determined according to 
the Shinitzky and Barenholz method (7) using 
the lipid-soluble fluorescent probe, 1,6-diphenyl- 
1,3,5-hexatriene. All measurements were taken 
at 37 C in a Hitachi Perkin-Elmer spectrofluori- 
meter Model MPF-3. Microviscosity values (~--) 
are calculated from the Perrin equation r o / r  = 1 
+ C ( r ) r f l h  where ro = limiting anisotropy of  the 
probe, taken as 0.362, r = measured anisotropy, 
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defined as (1u/I• - 1)/(1///11 + 2). I U and I, are 
the experimentally determined fluorescence 
intensities parallel and perpendicular, respec- 
tively, to the direction of polarization of the 
excitation beam. C(r), a function of the 
molecular shape of the probe, is taken as 8.6 x 
l0  s poise deg-1; T = absolute temperature; 
r excited state lifetime, taken as 6 ns at 37 C, 
from studies with lecithin liposomes (7). 
Light-scattering was less than 3% and fluores- 
cence values were corrected accordingly. The 
phospholipid:diphenylhexatriene ratio was al- 
ways maintained at more than 200:1 (mol/mol) 
in order to minimize probe-probe interactions 
or perturbations of the membrane bilayer, or 
both. 

Lipid Analysis 

Fatty Acid Analysis. To 0.2 ml of smooth or 
rough microsomes (0.10 mg protein) was added 
50 ~gm of pentadecanoic acid in 50/~1 chloro- 
form. The lipid was extracted in chloroform/ 
methanol (1:2) by the Bligh and Dyer (18) 
method. The lipids in the chloroform layer 
were added to a 5-ml glass ampoule and blown 
to dryness under nitrogen. The fatty acids were 
hydrolyzed and methylated using methanolic 
HCL by Kates' (19) method. Ampoules were 
flushed with nitrogen and sealed prior to 
heating at 65 C for 4 hr. The methyl esters Of 
the fatty acids were extracted 3 times with 
pentane and analyzed by gas chromatography. 

Gas liquid chromatography. A Shimadzu 
GC-FID-c gas chromatograph fitted with a 
flame ionization detector was used for the 
quantitative analysis of mixtures of fatty acid 
methyl esters. Stainless steel columns (3 mm id, 
4 mm od) 3 m long were packed with 10% Silar 
10 C, 100/120 mesh on Gas Chrom Q support 
(Applied Sciences Labs, Inc., State College, 
PA). The column was operated with tem- 
perature program from 160-210 C at a rate of 2 

C / m i n  with an helium gas flow of 50 ml/min. 
Peaks were quantitated relative to internal 
standard, with a Shimadzu Chromtopac E1A 
integrator. 

Cholesterol analysis. Smooth and rough 
microsomal membranes (0.10 mg) were ex- 
tracted by the Bligh and Dyer (18) method 
with 50/ag ~-sitosterol added to the membranes 
as an internal standard prior to extraction. Free 
cholesterol was quantitated using gas liquid 
chromatography as already described using 3-m 
glass columns packed with 3% OV-17, 100-120 
mesh, Gas-Chrom Q support (Applied Science 
Laboratories) at 260 C. 

Phospholipid phosphorous. This was ex- 
tracted by the Folch et al. (16) method and 

determined by the Bartlett (17) method. 

R ESU LTS 

Membrane microviscosity was determined on 
washed smooth and rough microsomal fractions 
obtained from fasted, normal, ADX rats and 
ADX rats treated with DEX. Diphenylhexa- 
triene was added to the membranes and fluor- 
escence depolarization values were calculated 
from the Perrin equation. The results are 
presented in Figure 1. The microviscosity 
value obtained from washed smooth micro- 
somes of normal rats is considerably lower than 
for the adrenalectomized rats. Following DEX 
administration to fasted ADX rats, this micro- 
viscosity value appears to return to normal after 
4 but not 2 hr of treatment. Small changes in 
microviscosity values are observed in the rough 
microsomal fraction of liver that are not 
statistically significant. Rapid proliferation of 
both protein and lipid components of the 
smooth, but not the rough, microsomal mem- 
branes has been previously reported for ADX 
animals treated with dexamethasone (11). 

Since microviscosity changes are associated 
with changes in the lipid environment of the 
probe and since increases in the synthesis of 
smooth microsomal membrane lipid previously 
has been observed following DEX adminis- 
tration, it was important to determine the lipid 
composition of the smooth and rough micro- 
somes obtained from these animals. The results 
are presented in Table I. Upon adrenalectomy, 
a decrease in the phospholipid phosphorous is 
observed in the smooth, but not rough, micro- 
somal fractions as has been previously observed 
(11). The cholesterol content of the smooth 
microsomal membrane increases by 60% in 
ADX rats when compared to normal rats and 
this results in a 300% increase in the chol- 
esterol/phospholipid ratio. The cholesterol 
content of the rough microsomes obtained 
from ADX rats is likewise 60% greater than in 
normal rats but the cholesterol/phospholipid 
ratio is increased by 60%, as the phospholipid 
content of this membrane is unaffected by 
adrenalectomy. 

The lipid composition of the smooth and 
rough microsomal membranes was further 
characterized by analyzing the fatty acid 
composition of the constituent phospholipids 
present. The results are presented in Table II. 
Significant shifts in fatty acid composition are 
observed upon adrenalectomy in smooth 
microsomal membranes with minor changes in 
the rough microsomal membranes. A shift to an 
enhanced long chain polyunsaturated fatty acid 
composition is observed with a concomitant 
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decrease in the saturated fatty acids. Arachi- 
donic (20:4) acid content increased signifi- 
cantly whereas that of saturated fatty acids 
decreased significantly. When the ADX rats are 
treated with DEX, a return to a fatty acid 
composition similar to normal animals does not 
begin until 6 hr of treatment has ensued. A 
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FIG. 1. Each membrane microviscosity v~aue is for 
duplicate samples determined from 10 to 13 separate 
animals and are represented as -+ SEM. Differences 
for SER membranes from ADX animals or animals 
treated with DEX and membranes from control 
animals are P > .05 (Fisher z-test). Differences for 
RER membrane are not statistically significant. 

return to fatty acid composition similar to that 
for normal rats does occur in this time frame 
and the response to DEX treatment is oberved 
in both smooth and rough microsomal mem- 
branes. 

DISCUSSION 
Rapid proliferation of SER was induced in 

ADX rats by administration of the synthetic 
glucocorticoid DEX. Although glucocorticoids 
exert a general catabolic effect on peripheral 
tissues, the effects on liver are anabolic with 
acute induction of protein and carbohydrate 
synthesis using sources of substrates derived 
from peripheral sources (11,20). Following 2 hr 
of DEX administration to fasted ADX rats, 
rapid hepatic microsomal membrane prolifer- 
ation had begun. After 4 hr of DEX adminis- 
tration, a decrease in smooth microsomal 
membrane microviscosity was observed, and 
this microviscosity change continued during the 
next 2 hr of testing in these experiments. 
Induction of  rapid proliferation in a variety of 
whole cell preparations apparently is associated 
with decreased plasma membrane microvis- 
cosity and a concomitant decrease in the 
cholesterol/phospholipid ratio of these mem- 
branes (21,22). The results presented here are 
of interest, since they document that mem- 
branes within subcellular compartments under- 
go a similar decrease in microviscosity and 
cholesterol/phospholipid ratio when membrane 
proliferation is induced. 

In contrast to the significant changes in 
cholesterol/phospholipid ratio and microvis- 
cosity values observed in smooth microsomal 
membranes, the rough microsomal membranes 
remained relatively unchanged in these 2 
parameters. Smooth microsomal membranes 
from ADX rats have a 300% higher ratio of 
cholesterol/phospholipid and microviscosity 
values that are 35% higher than for comparable 
membranes from control animals. In compari- 
son, the cholesterol/phospholipid ratio of rough 
microsomal membranes from ADX rats in- 
creased 60% over control values and there was 
no statistically significant change in comparable 
microviscosity values. Our results correlate well 
with previous ultrastructure studies which 
document the specific induction of SER 
proliferation in response to glucocorticoid 
administration (11). An increase in the chol- 
esterol content of smooth and rough micro- 
somal membrane is observed upon adrenal- 
ectomy, and DEX administration returns the 
membrane cholesterol content to levels found 
in microsomal membranes obtained from 
normal rats. It has been observed by Mitro- 
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TABLE I 

Cholesterol and Phospholipid Analysis of Washed 
Smooth and Rough Microsomal Membranes 

1041 

Cholesterol a Phospholipid a Cholesterol :Phospholipid 
#mol /mg protein #mol /mg protein ratio 

SER 

Normal .173 + .031 (3)~ .61 • .02 (3)L .28 
ADX .280 • .045 (4) ~ .37 + .01 (4) ~ .81 b 
ADX + DEX 2 hr .340 • .056 (5) b .72 -+ .09 (5) .47 b 
ADX + DEX 4 hr .169 -+ .023 (7) .80 • .04 (7) .21 
ADX + DEX 6 hr .175 • .018 (7) .74 • .07 (7) .23 

RER 

Normal .091 • .025 (3) .57 • .07 (3) .16 
ADX .147 • .032 (4) .54 -+ .02 (4) .27 
ADX + DEX 2 hr .100 + .018 (5) .68 • .04 (5) .15 
ADX + DEX 4 hr .077 -+ .011 (8) .83 -+ .01 (8) .09 
ADX + DEX 6 hr .083 • .010 (7) .65 • .03 (7) .13 

aAll values are mean + SEM for (N) determinations.  

bAli values are significantly different from normal values. P > .05 (Fisher r test). 

p o u l o s  and  B a l a s u b r a m a n i a n  (3 )  t h a t ,  w i t h i n  3 

h r  o f  g l u c o r t i c o i d  a d m i n i s t r a t i o n  to  t h e  A D X  
ra t ,  b o t h  H M G - C o A  r e d u c t a s e  a nd  c h o l e s t e r o l  

7 a - h y d r o x y l a s e  a c t i v i t i e s  w e r e  r e t u r n e d  to  
v a l u e s  s i m i l a r  t o  t h o s e  in  n o r m a l  ra ts .  T h i s  is in  
a g r e e m e n t  w i t h  o u r  d a t a  f o r  t h e  r e t u r n  o f  t h e  
c h o l e s t e r o l  c o n t e n t  o f  s m o o t h  a n d  r o u g h  
m i c r o s o m a l  m e m b r a n e s  4 h r  a f t e r  D E X  in jec-  
t i o n .  H e n c e ,  o u r  d a t a  o n  t h e  r e g u l a t i o n  o f  
h e p a t i c  s m o o t h  a n d  r o u g h  m i c r o s o m a l  m e m -  
b r a n e  c h o l e s t e r o l  c o n t e n t  b y  D E X  is c o n s i s t e n t  

w i t h  t h e  w o r k  o f  o t h e r s  o n  t h e  r e g u l a t i o n  b y  
g l u c o c o r t i c o i d s  o f  t h e  2 m a j o r  e n z y m e s  in-  
v o l v e d  in  h e p a t i c  c h o l e s t e r o l  s y n t h e s i s  a n d  

m e t a b o l i s m .  
A n o t h e r  i m p o r t a n t  p a r a m e t e r  t h a t  c an  

i n f l u e n c e  m e m b r a n e  m i c r o v i s c o s i t y  is t h e  f a t t y  

ac id  c o m p o s i t i o n  o f  t h e  m e m b r a n e  p h o s p h o -  
l i p i d s  a n d  th i s  w a s  e x a m i n e d  in  t h e  s m o o t h  and  
r o u g h  m i c r o s o m a l  m e m b r a n e s  o b t a i n e d  f r o m  
n o r m a l ,  A D X  r a t s  a n d  D E X - t r e a t e d  ra ts .  F a t t y  
ac id  c o m p o s i t i o n  c h a n g e s  w e r e  o b s e r v e d  in  S E R  

TABLE II 

Fat ty  Acid Content  of  SER and RER 

ADX a ADX a ADX a 
Fatty acid Normal ADX DEX 2 hr DEX 4 hr DEX 6 hr 

SER Mole Percent a 

16:0 23 15 17 16 26 
16:1 1 I 2 1 1 
18:0 22 13 17 16 17 
18:1 9 9 13 11 11 
18:2 12 17 13 19 17 
20:4 27 40 36 32 25 
22:6 7 4 3 4 3 

Molar S/U b ratio .81 .39 .51 .48 .75 

RER Mole percent a 

16:0 23 18 15 16 23 
16:1 1 2 1 1 1 
18:0 21 22 18 13 21 
18:1 8 10 9 I1 12 
18:2 11 15 14 23 18 
20:4 27 30 39 32 23 
22:6 9 2 4 4 3 

Molar S/U b ratio .80 .68 .50 .41 .77 

aAll values are from duplicate determinat ions that  agree within 10%. 
bMol saturated fat ty  acids/mol unsaturated fatty acids. 
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and RER membrane preparations and a high 
concentration of  arachidonic acid was observed 
in these membranes. Changes in fatty acid 
composition may have a significant effect upon 
membrane microviscosity parameters. An evalu- 
ation has been made of the relative contri- 
bution of fatty acid changes compared to other 
lipid factors such as sterol and phospholipid 
head group content on microviscosity values 
observed (9,10). In these studies, changes in 
fatty acid composition were reported to have 
only a minor ~ffect on LM cell membrane 
microviscosity when compared to sterol and 
phospholipid head group contributions. In our 
studies, the increased sterol content in smooth 
and rough microsomal membranes could 
provide the balance for the arachidonic acid 
increase and thereby maintain the microvis- 
cosity parameter within the limits observed. 

DEX administration apparently had no 
significant effect on the fatty acid composition 
on the membranes until 6 hr after adminis- 
tration, de Gomez Dumm and coworkers (24) 
studied the control by glucocorticoids of 
oxidative desaturation of fatty acids in rat fiver 
and found that glucocorticoids suppress the syn- 
thesis of linolenic acid and arachidonic acid by 
inhibiting the oxidative desaturation of fatty 
acids in positions 5 and 6. The half-time for the 
biological effect on these enzymes with dexa- 
methasone was 7 hr. This is in agreement with 
our observations that changes in membrane 
fatty acid composition begin by 6 hr after DEX 
administration. Therefore, we may account for 
the reduced arachidonic acid content of our 
membranes after 6 hr by a decrease in the 
rate of synthesis of arachidonic acid in fiver. 

Our present studies have focused on the 
dynamic lipid changes that occur in SER during 
DEX-induced proliferation. We have demon- 
strated that cholesterol content of these mem- 
branes, when expressed per mg of protein or as 
per mole phospholipid, changes in a different 
time frame with regard to glucocorticoid 
administration than does the fatty acid compo- 
sition of the constituent phospholipids. Fur- 
thermore, the lipid content alterations appar- 
ently occur only after the respective biosyn- 
thetic enzymes have been induced. In the fatty 
acid biosynthesis, it would appear that gluco- 
corticoids suppress the synthesis of arachidonic 
acid perhaps by action upon synthesis of the 
desaturase enzyme. This results in a regulation 
of the prostaglandin precursor and may be an 
important contribution of glucocorticoids to 
the antiflammatory response of the animal. 

The membrane microviscosity changes mea- 
sured in these experiments correlate well with 
the lipid compositional changes observed, 

indicating that the fluidity and composition of 
the lipid bilayer changes during hormone- 
induced SER proliferation. What role these 
lipid changes have in regulation of  membrane 
enzyme constituents has not  been determined. 
Since glucocorticoids are well known to affect 
protein synthesis at the transcriptional level 
(20,25), the lipid compositional changes 
observed in these studies may be entirely 
accounted for by a change in the level of 
individual enzymes in the hepatocyte. 

It is widely accepted that the action of 
glucocorticoids is mediated, in part, through 
inhibition of prostaglandin biosynthesis, but 
whether this is primarily through direct action 
upon secretion of  prostaglandins (26), through 
regulation of phospholipase A2 (27) activity or 
through inhibition of cyclo-oxygenase activity 
(28) is still under investigation. Others have 
suegested that the availability of  fatty acid 
precursors might also be a controlling factor for 
the biosynthesis of  prostaglandins (29). Signifi- 
cant prostaglandin synthesis has been demon- 
strated recently in rat fiver microsomes (30) 
and the biosynthesis of  prostacyclin in rat liver 
endothelial cells also has been observed (31). 
We have demonstrated that the arachidonic acid 
content of liver membrane phospholipid is 
reduced following glucocorticoid administra- 
tion. These data suggest that glucocorticoids 
may act to reduce substrate availability for 
prostaglandin synthesis in the liver and may 
contribute significantly to the regulation of  
prostaglandin production in the liver. 
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METHODS 

Detection of Hydroxy Fatty Acids in Biological Samples 
Using Capillary Gas Chromatography in Combination 
with Positive and Negative Chemical Ionization 
Mass Spectrometry 
H.-J. STAN and M. SCHEUTWINKEL-REICH,  Institut flit Lebensmittelchemie, 
Technisehe UniversitSt, MUIler-Breslau-Strasse 10, 1000 Bedin 12, Germany 

ABSTHACT 

The most common method for use in the structural analysis of hydroxy fatty acids in biological 
samples is the gas chromatography-mass spectrometry (GC-MS) analysis of trimethylsilyl ethers of the 
methyl esters using electron impact ionization. A comparison of electron impact (El) with chemical 
ionization mass  spectrometry (CI-MS) s h o w s  that CI-MS is the superior technique. All ions necessary 
for structural analysis are observed at sufficiently high levels of intensity when methane or isobutane 
are used as reactant gases. The molecular weight can be determined from the ion group M+H, M-15 
and M+H-90. The ionic series M+H-n• enables one to determine the number of hydroxyl groups. 
The position of the hydroxyl groups can be derived from the fragments of the a-cleavage of the fatty 
acid chain. The application of heptafluorobutyrates as derivatives for hydroxy fatty acid methyl esters 
shows advantages in the trace analysis of these compounds. Heptafluorobutyrates exhibit useful mass 
fragmentation patternsdn the positive as well as in the negative CI mode. With methane as the reactant 
gas, M+H usually is base peak in positive mass spectra. The ionic series M+H-n• leads to the 
number of hydroxy groups in the molecule. In the negative mass spectra, M and M-20 are indicative 
for the molecular weight. The ion group m/z 213, 194 and 178 at high levels of intensity is typical for 
heptafluorobutyrates. The advantage of the application of heptafluorobutyrates is the high sensitivity 
which can be obtained in trace analysis using negative MS. Heptafiuorobutyrates of hydroxy fatty 
acids gave a 20-fold higher response in the negative scan mode compared to that of the positive. The 
detection limit for heptafluorobutyrates in negative CI-MS was on the order of I fg (10 -15 g). 

INTRODUCTION 

Hydroxy  fa t ty  acids are formed from 
unsaturated fa t ty  acids via enzymat ic  reaction,  
through au tox ida t ion  and during heat ing o f  fats 
in the  presence o f  air (deep frying). H y d r o x y  
fa t ty  acids also are componen t s  of  cutin in the 
cuticle of  plants. They  are characterist ic sub- 
stances in the  cellular fa t ty  acid compos i t ion  of  
bacteria. Hydroxy  fat ty  acids can be used to 
elucidate the structure of  unsaturated fat ty  
acids by specific ox ida t ion  to locate  the  posi- 
t ion of  the double  bonds. 

The most  c o m m o n  me thod  for use in the 
structural  analysis of  these substances is the  gas 
chromatography-mass  spec t romet ry  (GC-MS) 
analysis o f  t r imethyls i lyl  ethers of  the me thy l  
esters using electron impact  (El)  ionizat ion 
(1-3). In this paper, we hope  to demons t ra te  
the  superiori ty o f  posit ive and negative chem- 
ical ionizat ion (CI) over EI ionizat ion mass 
spec t rometry  for  structural  and trace analysis. 

EXPERIMENTAL 

Methods 

Hydroxy  fat ty  acids o f  def ini te  s t ructure can 
be produced  by enzymat ic  oxida t ion  with 
various l ipoxygenase preparat ions  (3-5), by 
chemical  oxida t ion  of  unsatura ted  fa t ty  acids 
with KMnO4 or OsO4 (6,7) and from fat 
extracts  of  bacteria  (8,9). The  h y d r o x y  fat ty  
acids presented in this s tudy were obtained by 
the fol lowing me thods  or  commerc ia l  suppliers: 
2-hydroxy octadecanoic  acid (Supelco,  Belle- 
fonte,  PA), 9 -hydroxy  oc tadecanoic  acid (4), 
12-hydroxy methy l  oc tadecanoate  (Serva, 
Heidelberg, W. Germany) ,  me thy l  r icinoleate 
(Supelco,  Bellefonte,  PA), 9, I 0-di l iydroxy 
octadecanoic  acid (6), 12,13-dihydroxy octa- 
decanoic acid (4), 9 ,10 ,12- t r ihydroxy octa- 
decanoic acid (6), 9 ,10 ,12 ,13- te t rahydroxy  
octadecanoic  acid (6), and bacterial  acid 
me thy l  ester mix ture  (Supelco,  Bel lefonte,  PA). 

All self-prepared substances were purified by 
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recrystallization and thin layer chromatography 
(TLC) and characterized by chromatographic 
parameters. The identity of the structures was 
confirmed by established GC-MS procedures of 
the trimethylsilyl ethers with EI ionization 
(1-3). Hydroxy fatty acids were methylated 
with diazomethane (10). Trimethylsilyl ethers 
were made by addition of 0.3 ml N,O-bis- 
(trimethylsilyl)-acetamide with 10% trimethyl- 
chlorosilane (BSA/10% TMCS) to the sample at 
a temperature of 70 C and a reaction time of 1 
hr in a closed reaction vessel. Heptafluoro- 
butyr#tes were formed by dissolving the sample 
in 0.1 ml benzene and adding 0.I ml hepta- 
fluorobutyric anhydride. This mixture was also 
held at 70 C for 1 hr in a closed reaction vessel. 
After conversion to the trimethylsilyl or 
heptafluorobutyryl derivatives, excess reagents 
were removed under a gentle stream of nitro- 
gen. These derivatives of hydroxy fatty acid 
methyl esters were separated by GC using a 
glass capillary SE 54 of 30 m length and 0.3 
mm id (Jaeggi, Trogen, Switzerland); carrier 
gas: helium at 2.5 ml/min;  temperature pro- 
gram: 1 min at 90 C, increased at 10 C/min (or 
20 C/rain) up to 250 C, then held at 250 
C isothermally. Splitless injection was applied 
according to Grob and Grob (11) into the 
column at 90 C. The gas chromatographic 
eluate was introduced directly into the ion 
source of a quadrupole mass spectrometer 
through an all-glass, open-split interface (12). 
The interface was held at 250 C. The combined 
ion source for EI ionization and CI was oper- 
ated at an energy level of 70 eV and an emis- 
sion current of 300/.tA at a temperature of 200 
C. For positive and negative CI, methane and 
isobutane were preferred as reactant gases at an 
ion source pressure of ca. 0.2 Torr. Mass 
spectral data were acquired using a cyclic scan -'7 
procedure with a scan time of 1.9 sec and a I! 
holding time of 0.1 sec at the low mass. The ~'t 
mass range used was usually between m/z 70 
and m/z 700. For the recording of heptafluoro- 
butyrates of polyhydroxy fatty acid methyl 
esters, the scan was extended to m/z 990. Both 
positive and negative CI mass spectra were 
alternately acquired in a cyclic scan with a scan 
time of 1.2 sec for the positive as well as for the 
negative record. 

Reagents 

The reagents used were: llnoleic acid (Roth, 
Karlsruhe, W. Germany); bacterial acid methyl 
ester mixture, 2-hydroxy octadecanoic acid, 
methyl ricinoleate, (Supelco, Bellefonte, PA); 
12-hydroxy methyl octadecanoate, heptafluoro- 
butyric anhydride and silylation reagents BSA 
and TMCS (Serva, Heidelberg, W. Germany); all 
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the other chemicals x~ere pro analysi (Merck, 
Darmstadt, W. Germany). 

G C - M S  System 

A Gas Chromatography-Mass Spectrometry 
System 4000 with Incos Data System (Finni- 
gan, Munich, W. Germany) was used. 

RESULTS A N D  DISCUSSION 

In this comparative study on the evaluation 
of various ionization methods for the structure 
elucidation of hydroxy fatty acids by GC-MS, 
we investigated hydroxy fatty acids of different 
origin. The hydroxy fatty acids were produced 
by various lipoxygenase preparations (3,5), 
with fruit homogenates (4), by chemical 
oxidation (6,7), from plant cuticle (13), from 
fat extracts of bacteria (8,9) and deep frying 
fats (14,15). The hydroxy fatty acids included 
saturated and unsaturated compounds of 
different chain lengths. For clarity, we present 
in this paper only the results obtained from 
saturated octadecanoic acids with different 
numbers of hydroxyl groups. The fragmen- 
tation mechanisms found with this group of 
compounds, however, are representative of the 
varieties of all investigated substances. 

In Figure 1, the mass spectra of the tri- 
methylsilyl ether of 9,10-dihydroxy methyl 
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FIG. 1. Mass spectra of methyl 9,10-dihydroxy- 
octadecanoate as trimethylsilyl ether using various 
ionization modes. 
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stearate obtained under different ionization 
conditions are shown. The upper 3 spectra are 
records of positive ions whereas the spectrum 
below shows the negative ions. With EI ioni- 
zation, ions in the molecular weight (MW) 
region are of very weak intensity; fragments 
resulting from the a-cleavage at the hydroxyl 
groups are observed at high levels of intensity. 
These fragments are indicative of the position 
of the hydroxyl groups in the fatty acid chain 
(1-3). CI with methane or isobutane as reactant 
gases yields the same fragments and addition- 
ally intense ions of M+H-90 and of M+H-2x90. 
These fragments result from the elimination of 
trimethylsilanol from the hydroxy fatty acid. 
This ion series M+H-nx 90 yields the number  (n) 
of hydroxyl groups in the fatty acid (16) and 
can be used to confirm the MW. In the CI mass 
spectra of all investigated hydroxy fatty acids, 
these ions were found at sufficiently high levels 
of intensity. With isobutane, the group of M+H, 
M-H and M-15 is indicative of the MW; with 
methane as the reactant gas, M+29 and M+41 
also were found. The negative CI mass spectrum 
with methane yields only 2 intense ions, 
i.e., M-H and M-73, resulting from the abstrac- 
tion of the trimethylsilyl group. These 2 ions 
only confirm the MW and the presence of a 
trimethylsilyl ether. Figure 2 shows the CI mass 
spectra of a series of octadecanoic acids with an 
increasing number of hydroxyl groups deriva- 
tized as trimethylsilyl ethers. With methane as 
reactant gas in all 4 examples, the ions in 
the MW region are of medium intensity, suffi- 
cient to determine the MW as described before. 
The series of fragments resulting from the 
elimination of trimethylsilanols can be found 
easily in the spectra, indicating the number of 
hydroxyl groups in the molecule. It is obvious 
that with an increasing number of hydroxyl 
groups in the molecule the fragmentation 
pattern becomes more complex, but the know- 
ledge of the MW, together with the retention 
time on a suitable gas chromatographic column, 
helps to confirm the chain length and the 
number of hydroxyl groups. The fragments 
resulting from the a-cleavage, which are indi- 
cative of the position of the hydroxyl groups in 
the chain, are Observed at high levels of inten- 
sity. These fragments are shown in the fragmen- 
tation schemes and are marked by arrows in the 
spectra. 

As an example for tlae application of the 
method in practice, the GC-MS run of the polar 
fraction of a processed deep frying fat after 
transesterification and trimethylsilylation is 
shown in Figure 3. This fraction was isolated 
according to Guhr and Waibel (15), proposed as 
an IUPAC method designed to assess the 

Oyt , I  
l . . ~  ~ c~176 

t2so 

.... 7 ; ' r ' '  

t t 

200 3OO 'tOO S ~  e ~  70O 

TM.~ 

, . . , o . . . o )  t t t 

Jam ~, .... L . I I lit , [ ~ , 
~0o 200 ~ o  ,too s o o  e 0o  too  

187 OTUS 
COOC% 

lU 
3 

TM.~ OTMS ~ 

el 213 _~3031 259  

4 

. .1 ~ . . . . .  . . . . . . . . .  

* 100 ~ o  ~ o  40o s ~  e00 700 
v.so  OTMS 

~3.901 ~ leex . . . .  ] - -  - , ! . . . . . . . . . . .  

t i  .................... . .  , , , , , , ,  

~ 100 200 ~ 4oo s00  e ~  7 ~  

FIG. 2. Mass spectra of the trimethylsilyl ethers 
of methyl hydroxy octadecanoates using positive CI 
with methane. 

acceptability of a deep frying fat. In addition 
to the standard procedure, the polar fraction 
consisting of dimeric and polymeric triglycer- 
ides was hydrolyzed, methylated and trimethyl- 
silylated. The GC-MS run shown was performed 
using the cyclic scan method in the mass range 
from m/z 70 to 700 as described and CI with 
methane. In the upper line of Figure 3, the 
total ion current (TIC) is shown in which large 
amounts of methyl palmitate, oleate and 
stearate dominate (peaks a,b and c). The 2 
hydroxylated fatty acids d and e are present in 
the sample in very low concentrations. With the 
mass fragmentograms of the M+H ions, recon- 
structed from the data of the cyclic scan, 
methyl palmitate (m/z 271), methyl oleate 
(m/z 297) and methyl stearate (m/z 299) can 
be identified easily. The confirmation of these 
findings can be achieved by looking for addi- 
tional typical ions as M-H and M+29 for each 
substance. Two examples of this type are found 
in the mass fragmentograms shown, namely m/z 
297 corresponds to M-H of methyl stearate and 
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m/z 299 corresponds to M+29 of methyl 
palmitate. This example shows that GC-MS 
with CI is a very useful method to detect fatty 
acid methyl esters in biological samples. 

Peak d consists of a mixture of 9- and 
10-hydroxy methyl stearate all as trimethylsilyl 
ethers. The trimethylsilyl ethers of hydroxy 
fatty acid methyl esters exhibit a fragmentation 
pattern with intense ions of M+H-90 which are 
for all monohydroxy stearates m/z 297 and for 
dihydroxy stearates m/z 385 (peak e). The peak 
of m/z 385 in the mass fragmentogram at the 
retention time of the monohydroxy stearates is 
the M-H of these compounds. 

The occurrence of the same characteristic 
ions in various fatty acids and hydroxy fatty 
acids arises from the fragmentation mechanisms 
explained, i.e., the M+H-90 ion of a saturated 
hydroxy fatty acid has the same m/z value as 
the M+H ion of the monounsaturated fatty acid 
of the same chain length. This correspondence 
does not lead to misinterpretations because of 
the different retention times of the 2 com- 
pounds in GC (see m/z 297 in Fig. 3). 

The position of the hydroxyl groups can be 
determined easily by means of the fragments 
resulting from the a-cleavage (16). In the lower 
part of Figure 3, mass fragmentograms of the 
characteristic ions of trimethylsilyl ethers of 9- 
and 10-hydroxy methyl octadecanoates were 
recorded. Peak d consists of a mixture of 9- and 
10-hydroxy methyl octadecanoate because the 
typical ion pairs for the 9-position m/z 259 and 
229, as well as for the 10-position m/z 273 and 
215, are present. 

Peak e consists of 9,10-dihydroxy methyl 
octadecanoate, a finding deduced from the ion 
pair m/z 259 and 215. The complete mass 
spectrum of this compound was nearly identical 
to the mass spectrum prepared from a test 
substance shown in Figure 1. Furthermore, 
small amounts of a mixture of unsaturated 
monohydroxy methyl octadecanoates can be 
observed in Figure 3 with shorter retention 
times as the saturated monohydroxy com- 
pounds. This is in accord with test substances 
determined on the capillary column used. 
Without discussing the interpretation in detail, 
12-hydroxy methyl octadecenoate was found 
to be the main component with the ion pair 
m/z 299 and 187 whereas the ions recorded 
at m/z 259 and 273 in Figure 3 derived from 
minor components of the mixture. 

Negative CI-MS has been introduced $ecently 
as a very sensitive method for the detection of 
trace amounts of drug and pesticide residues in 
biological samples. We studied the applicability 
of this method for the analysis of hydroxy 
fatty acids. 
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FIG. 3. GC-MS run of the polar fraction of a 
processed deep frying fat after methylation and tri- 
methylsilylation applying chemical ionization with 
methane; (a) methyl palmitate; (b) methyl oleate; 
(c) methyl stearate; (d) methyl 9-hydroxy and 10- 
hydroxy octadecanoate as trimethylsilyl ether; (e) 
methyl 9,10-dihydroxy octadecanoate as trimethyl- 
silyl ether. 

Trimethylsllyl ethers are not very well suited 
for negative CI-MS because of their lower 
sensitivity compared to the positive CI. This is a 
disadvantage in trace analysis. For this purpose, 
heptafluorobutyrates were found to be better 
derivatives. This can be seen from Figure 4, 
where a mixture of fatty acids and hydroxy 
fatty acids was analyzed as methyl esters 
after derivatization with heptafluorobutyric 
anhydride. The GC-MS run was recorded 
alternating in the positive and negative CI 
mode. In the positive CI mode, all fatty acids 
and hydroxy fatty acids were recorded with the 
TIC, whereas in the negative CI mode, only the 
heptafluorobutyrates of the hydroxy fatty 
acids in the mixture were observed in the TIC 
record. In the sample shown, the heptafluoro- 
butyrates gave a 20-fold higher response in the 
negative TIC compared to that of the positive. 
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FIG. 4. GC-MS run of a derivatized bacterial acid mixture including hydroxy fatty acids as heptafluoro- 
butyrates using positive and negative CI with methane; (a) methyl myristate; (b) methyl 12-methyl tetradeca- 
noate; (c) methyl 2-hydroxy tetradecanoate as heptafluorobutyrate; (d) methyl 3-hydroxy tetradecanoate as 
heptafluorobutyrate; (e) methyl pentadecanoate; (f) methyl palmitoleate; (g) methyl palmitate; (h) methyl 
2-hydroxy hexadecanoate as heptafluorobutyrate; (i) methyl heptadecanoate; (j) methyl oleate; (k) methyl 
stearate; (1) methyl nonadecanoate ; (m) methyl arachidate. 

The positive CI mass spectra of a series of 
octadecanoic acid methyl esters with increasing 
numbers of hydroxyl groups as heptafluoro- 
butyrates are shown in Figure 5. All spectra 
exhibit the pseudo molecular ion (M+H) as base 
peaks accompanied by smaller M+29 and M+41 
ions. For the tetrahydroxy compound, how- 
ever, the pseudo molecular ion could not 
be recorded because the m/z was outside of  the 
mass range of our instrument. The mass spectra 
exhibit only a few intense ions and are, there- 
fore, easily interpreted. In analogy to the 
mass fragmentation pattern of trimethylsilyl 
ethers, a successive elimination of all hepta- 
fluorobutyric acids from the molecule corres- 
ponds to the M+H of an unsaturated fatty acid 
methyl ester with the same number of double 
bonds, as hydroxyl groups have been present in 
the original compound. 

The negative CI mass spectra of the hepta- 
fluorobutyrates of  the hydroxy fatty acids (Fig. 

6) show a typical group of intense ions at m/z 
178, 194 and 213. This group is frequently 
accompanied by the ions m/z 197 and 232 
(213+F). The formation of these ions is demon- 
strated in the following fragmentation scheme: 

0 

II 

CF 3 - CF 2 - CF 2 - C - 0 - R 

0 0 

ii 
CF 3 - CF 2 - CF 2 - C CF 3 - CF 2 - CF 2 - C - 0 

m/z = 197 m/z = 215 

m/z = 178 m/z = 19~ 

Additionally, we observed, with increasing 
numbers of heptafluorobutyrate groups in the 
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FIG. 5. Mass spectra of the heptafluorobutyrates 
of the methyl hydroxy octadecanoates using positive 
CI with methane. 

FIG. 6. Mass spectra of the heptafluorobutyrates 
of the methyl hydroxy octadecanoates using negative 
CI with methane. 

molecule, the appearance of the ion m/z 427, 
which may result from a protonated dimer 
of the heptafluorobutyrate (m/z 213). Infor- 
mation about the individual hydroxy fatty acid 
exists only in the ions M, M-20 and M-2• 
which are indicative of the MW. M-20 and 
M-2x20 result from the elimination of hydro- 
gen fluoride from the molecule. Again, the M or 
M-20 for the tetrahydroxyoctadecanoic acid 
could not be detected because of the men- 
tioned instrumental limitations, but in this 
particular case, a clear M-20-214 and a weaker 
M-214 ion resulting from the elimination of 
heptafluorobutyric acid could be observed 
(Fig. 6). The same type of fragments could be 
found in the other spectra only in minute 
intensities. The comparison of the fragmen- 
tation patterns shown in Figures 5 and 6 
demonstrates the different mechanisms for the 
formation of positive and negative ions during 
the CI process. In positive CI, the ions Of the 
series M+H-n• 214 are seen because the positive 
charge is thought to be at the methyl ester 
group as observed with fatty acids; in negative 
CI, the heptafluorobutyrate group captures the 
thermal electrons and, after bond cleavage, the 
negative charge remains at the heptafluoro- 
butyrate resulting in the series m/z 178, 194 
and 213, as shown in the fragmentation scheme. 
The value of negative CI-MS for practical 
application in trace analysis may not be recog- 

nized from the examples described. Therefore, 
the utility of negative CI-MS can be demon- 
strated with heptafluorobutyrates of hydroxy 
fatty acids in the polar fraction of a processed 
deep frying fat. With positive CI as well as E1 
ionization, it has been difficult to identify 
unequivocally the occurrence of a mono- 
unsaturated and a saturated monohydroxy 
octadecanoic acid in our chromatographic 
system. Both compounds were partially sepa- 
rated as trimethylsilyl ethers as well as hepta- 
fluorobutyrates. But, in the positive ion record, 
the appearance of M+H and M-H together 
with the isotope peaks from both compounds 
make it difficult to relate the ions to the 2 
substances. With negative CI, it is easy to relate 
the peaks to the corresponding substances using 
M and the series M-n• In this particular 
case shown in Figure 7, the use of the M-2• 
ions was the most suitable. 

Finally, we want to report on another 
application in practice, which we used to detect 
hydroxy fatty acids in the lipids extracted from 
pork liver. After transesterification and deriva- 
tization, trimethylsilyl ethers and heptafluoro- 
butyrates were analyzed. Various unsaturated 
monohydroxy and saturated dihydroxy octa- 
decanoic acids could be detected (unpublished 
results). In order to solve this problem, we used 
12-hydroxy methyl octadecanoate, 12-hydroxy 
methyl octadec-9-enoate and 9,10-dihydroxy 
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FIG. 7. GC-MS run in the region of methyl hy- 
droxy octadecanoates of the polar fraction of a 
processed deep frying fat after methylation and hepta- 
fluorobutyration applying negative chemical ioniza- 
tion with methane; (a) methyl 9-hydroxy octadece- 
noate as heptafluorobutyrate; (b) methyl 9-hydroxy 
octadecanoate as heptafluorobutyrate. 

me thy l  oc tadecanoa te  to find out  the  de t ec t ion  
limit o f  the  h y d r o x y  c o m p o u n d s  found  in pork  
liver. Using the  t r imethyls i ly l  e thers  as well as 
the  hep ta f luo robu ty ra t e s ,  we found  the  mini- 
m u m  amoun t  necessary to ob ta in  a comple t e  
mass spec t rum is on the  order  of  10 ng in 
positive CI-MS. With mul t ip le  ion de tec t ion ,  
10 pg o f  h y d r o x y  fa t ty  acids could be de t ec t ed  
selecting the  M+H-90 ions for  t r imethyls i ly l  
e thers  or M+H-214 ions for  hep t a f l uo robu ty -  
rates. 

In negative CI-MS, 1 fg of  hep ta f luoro-  
bu ty ra t e s  was de tec tab le  using the  ions m/z  178 
and 194 for mass f ragmentography .  It has to be 
no t iced  tha t  the  negative CI-MS m e t h o d  does  
no t  yield any in fo rma t ion  about  the  s t ruc ture  
o f  the  de t ec t ed  substances  but  only the  confir-  
ma t ion  of  the  presence  of  a hep ta f luo robu ty -  
rate. In this case, the  mass spec t rome te r  is to  be 
cons idered  a very sensitive and specific gas 
ch roma tograph ic  de t ec to r  for hep t a f luo robu ty -  
rates. F u r t h e r  i n fo rma t ion  abou t  the  iden t i ty  
of  the  analyzed substances  must  be drawn f rom 
gas ch romatograph ic  data using test  substances  
and capillary co lumns  of  d i f fe rent  polar i ty.  

Similar invest igat ions with capillary GC and 
e lec t ron  capture  de tec t ion  resul ted in a detec-  
t ion  limit o f  ca. l 0  pg hep t a f l uo robu ty r a t e s  of  
h y d r o x y  fa t ty  acids (17). Thus,  compar ing  the  
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de tec t ion  limits o f  the  2 me thods ,  negative 
CI-MS was found  to  be 3 or 4 orders  o f  magni- 
t ude  more  sensitive than  e lec t ron  cap ture  
de t ec t ion  wi th  hep ta f luo robu ty ra t e s .  

In  conclusion,  we suggest posi t ive CI-MS o f  
t r imethyls i ly l  e thers  as a m e t h o d  for  s t ruc ture  
analysis and negative CI-MS o f  hep ta f luoro-  
bu tyra tes  for t race analysis o f  h y d r o x y  fa t ty  
acids. 
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The Preparation and Characterization of the Methoxy Derivatives 
of Polyunsaturated Fatty Acids: Stabilized Product Analogs 
of Lipoxygenase Catalysis 
MAX O. FUNK, BRUCE LEVISON and MAGGIE B. KELLER, Bowman-Oddy 
Laboratories, Department of Chemistry, University of Toledo, Toledo, OH 43606 

ABSTRACT 

The products from the action of soybean lipoxygenase on a series of polyunsaturated fatty acids 
have been converted in 2 steps into the corresponding methoxy derivatives. The product hydro- 
peroxides were reduced in situ to alcohols with sodium borohydride. The ethers were generated by 
treatment of the alcohols with sodium hydride and methyl iodide in tetrahy~lrofuran. 13-Methoxy- 
9(Z),ll(E)-octadecadienoic, 15-methoxy-ll(Z),13(E)-eicosadienoic and 15-methoxy-5(Z),8(Z),ll(Z), 
13(E)-eicosatetraenoic acids were thus prepared. The methyl ethers were analyzed and the structures 
established by high performance liquid chromatography, nuclear magnetic resonance and infrared 
spectrometry, polarimetry and mass spectroscopy (as methyl esters). The methylation reaction pro- 
eeeds without molecular rearrangements or racemiziation. 

INTRODUCTION 

Lipoxygenase is widespread in nature and 
well known, as it was first isolated from soy- 
beans in crystalline form in 1947. In recent 
years, mammalian forms of  the enzyme with 
important physiological roles have been ob- 
served. Specific modifiers of lipoxygenase and 
associated peroxidase activities are relatively 
scarce. One obvious feature of lipoxygenase 
chemistry is the inherent instability of the 
product hydroperoxidas. In order to provide 
novel compounds suitable for the study of  the 
enzymatic processes, we have prepared a series 
of stabilized derivatives of the products of 
lipoxygenase catalysis. This has been done by 
the straightforward application of the William- 
son ether synthesis to the preparation of  the 
appropriate methoxy compounds from the 
corresponding enzymatically formed alcohols. 
These derivatives would not be capable of  
further metabolism in a fashion similar to the 
actual products, but by virtue of their close 
structural similarity, may influence one or more 
of the enzymes involved. This report details 

our findings on the conversion of lin01eic, 
11,14-eicosadienoic and arachidonic acids into 
methoxy derivatives (2,5 and 8) using soybean 
lipoxygenase to provide the precursor alcohols 
(1,4 and 7 Scheme I). 

The etherification of  fatty alcohol 1 in 
methanolic acid has been reported (1) and the 
resulting derivatives have been used in struc- 
tural analyses (2). This approach to the syn- 
thesis of methoxy derivatives was invariably 
accompanied by isomerization (and presumably 
racemization) through the formation of car- 
bonium ion intermediates. Typical etherifi- 
cation reactions in lipid chemistry (i.e., the 
preparation of  glyceryl ethers) involve conver- 
sion of  the fatty alcohol into the corresponding 
halide or sulfonate, followed by displacement 
with alkoxide (3,4). Since stereochemistry is 
not maintained in these experiments and 
application to allylic alcohols would be ex- 
pected to result in some degree of  isomeriza- 
tion, we have used the fatty acid as the nucleo- 
philic component in order to preserve its 
structure and chirality. 

CH3(CH2)* ~ (CH2)nCOOR2 

R~O / 

l n =  7 , R  1 = H , R  a = H  
2 n =  7,R 1 = CHa,R 2 =H 
3 n = 7 , R  1 CH a,R 2 =CH a 
4 n =  9,R l H,R 2 = H  
5n=  9,R 1 =CH3,R 2 =H 
6 n =  9,R 1 CHa,R 2 =CH 3 

~ / ~ ( C H 2 )  a COOR 2 

\ 

7 R ~ = H,R 2 --" H 
8 R 1 = CH3,R 2 = H 
9 R 1 = CHa,R 2 = CH a 

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

Fatty acids were obtained in greater than 
99% purity from Nu-Chek-Prep (Elysian, MN). 
The enzyme was Type I lipoxygenase from 
soybeans (Sigma Chemical Co., St. Louis, MO). 
Preparative scale purifications were carried out 
by chromatography on silica gel using the 
Still et al. method (5). The solvent systems 
used were as follows: alcohols, acetic acid/ 
acetone/hexane (1:25:74); ethers, acetic acid/ 
acetone/hexane (1 : 15:84). The preparation of 
the alcohols in general followed established 
procedures (6,7). The methyl esters were 
prepared by the method of Stoochnoff and 
B~noiton (8). Methyl esters were prepared by 
treating the acids with a 5-fold excess of 
CH2N2 in diethyl ether for 5 hr at 4 C. The 
solvent was removed in a stream of nitrogen 
and the esters were purified by high per- 
formance liquid chromatography (HPLC). 

13-Hydroxy-9(Z), 11 (E)-octadecadienoic acid 
(1): ~H NMR 8 6.46 (dd, lH), 5.94 (t, lH), 
5.69 (m, lH), 5.36 (m, lH), 4.16 (q, lH), 2.21 
(m,4H), 1.31 (m,18H), 0.89 (bt,3H). ~3C NMR 
ppm 179.54, 135.84, 132.89, 128.04, 125.98, 
73.08, 37.38, 34.16, 31.91, 29.55, 29.04 (3), 
27.77, 25.22, 24.79, 22.73, 14.17. IR cm -t 
3327, 2922, 2857, 2667, 1710, 1462, 1409, 
1247, 1127, 1083, 985, 949, 837, 735. 

15-Hydroxy-1 l(Z),13(E)-eicosadienoic acid 
( 4 ) :  1H NMR ~ 6.51 (dd, lH), 5.97 (t, lH), 
5.74 (m, lH), 5.45 (m, lH), 4.17 (q, lH), 2.24 
(m,4H), 1.29 (m,22H), 0.89 (bt,3H). 13C NMR 
ppm 179.56, 135.74, 132.95, 127.93, 126.01, 
73.08, 37.38, 34.21, 31.91, 29.72, 29.45 (2), 
29.31 (2), 29.15, 27.87, 25.19, 24.84, 22.73, 
14.14. 

15-  Hydroxy-5(Z)z8(Z), 1 I(Z), 13(E)-eicosate- 
traenoic acid (7): IH NMR ~ 6.56 (dd, lH), 
5.99 (t, lH), 5.78 (m, lH), 5.45 (m, lH), 5.39 
(t,4H), 4.22 (q, lH), 2.90 (m,4H), 2.36 (t,2H), 
2.10 (t,2H), 1.73-1.29 (m,10H), 0.89 (bt,3H). 
~3CNMRppm 178.70, 136.25, 130.07, 128.94 
(2), 128.61, 128.10, 127.61, 125.39, 72.79, 
37.22, 33.37, 31.80, 26.52, 26.17, 25.71, 
25.08, 24.57, 22.62, 14.06. 

13-Methoxy-9(Z), 11 (E)-octadecadienoic acid 
(2): 1H NMR ~ 6.44 (dd, lH), 5.99 (t, lH), 

5.54 (m, lH), 5.36 (m, lH), 3.55 (q,lH), 3.27 
(s,3H), 2.27 (m,4H), 1.32 (m, 18H), 0.88 
(bt,3H). laC NMR ppm 179.78, 133.76, 132.57, 
127.99, 127.91, 82.62, 56..10, 35.68, 34.19, 
31.97, 29.64, 29.12 (3!f 27.79, 25.17, 24.79, 
22.70, 14.14. IR cm- 2919, 2852, 2669, 
1711, 1469, 1413, 1287, 1244, 1189, 1097, 
988, 952, 737. 

1 5 - M e t h o x y -  1 I(Z), 13(E)-eicosadienoic acid 
(5). IH NMR 6 6.44 (dd,lH), 5.99 (t, lH), 
5.54 (m, lH), 5.35 (m, lH), 3.58 (q, lH), 3.27 
(s,3H), 2.24 (m,4H), 1.29 (m,22H), 0.88 
(bt,3H). 13C NMR ppm 179.67, 133.87, 132.81, 
127.99 (2), 82.64, 56.26, 35.81, 34.16, 32.05, 
29.77, 29.55 (2), 29.39 (2), 29.23, 27.93, 
25.25, 24.87, 22.78, 14.23. 

15-  Methoxy-5(Z),8(Z), 11 (Z), 13(E)-eicosate- 
traenoic acid (8). IH NMR 5 6.49 (dd,lH), 
6.02 (t, lH), 5.60 (m, lH), 5.39 (t,5H), 3.61 
(q, lH), 3.28 (s,3H), 2.90 (m,4H), 2.36 (t,2H), 
2.10 (t,2H), 1.74-1.27 (m,10H), 0.88 (bt,3H). 
13C NMR ppm 178.80, 134.52, 130.74, 129.04 
(2), 128.72, 128.21, 127.77, 127.39, 82.48, 
56.24, 35.73, 33.48, 31.99, 26.66, 26.28, 
25.82, 25.19, 24.70, 22.73, 14.17. 

RESULTS A N D  DISCUSSION 

In situ reduction of the lipoxygenase reac- 
tion (pH = 9.2) with sodium borohydride, 
followed by acidification and extraction, 
provided the desired alcohols in good yields 
after purification by adsorption chromatog- 
raphy (Table I). The specificity of the enzyme, 
known to be 606 (9), provided single isomers of 
the hydroperoxides in each case. This was 
confirmed by HPLC analysis of the alcohols. 
Half-gram quantities of the fatty acids thus 
could be processed to the corresponding 6o6 
alcohols. Selective methylation of the alcohol 
was achieved in each case by treatment with 
sodium hydride and methyl iodide in tetra- 
hydrofuran at room temperature. The products 
were isolated in reasonable yields (Table I) 
by acidification and extraction, followed by 
purification on adsorption chromatography. 
Again, HPLC analysis demonstrated the absence 
of any isomeric components. 

The 1H NMR spectrum for each ether 

TABLE I 

Step-by-Step Synthetic Yield Summary (%) 

Fatty acid ~o6-Alcohol oJ6-Methyl ether 

18:2 90 78 
20:2 74 81 
20:4 60 40 
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displayed a new singlet absorbance due to the 
methoxy group (3.26 ppm) and a concomitant 
shift in the signal (0.58 ppm upfield) due to the 
proton at the position of oxygen substitution 
relative to the alcohol. In the proton-decoupled 
lSC NMR spectrum, the signal at %73 ppm in 
each alcohol was replaced by a signal at %82 
ppm in the corresponding ether. In each ether 
spectrum, an absorbance at %56 ppm due to 
the methoxy carbon also was observed. The 
threat of bond migration or rearrangement in 
the sensitive double bond regions of  these 
compounds posed by the strenuously basic 
reaction conditions was considered from the 
outset. The olefinic regions of  the proton 
spectra were particularly informative in this 
regard. At 90 mHz, the region was nearly 
resolved into a set of  4, one-proton multiplets 
for the cis, trans-dienol acids as has been previ- 
ously reported (20). Only the positions of  the 
~ignal due to the olefinic proton vicinal to the 
oxygenated carbon (revealed by homonuclear 
decoupling) were changed (%0.2 ppm shift, 
upfield) when the ether spectra were compared 
with those of the corresponding alcohols. In 
the tetraenoic acid, these resonances were 
joined by a 4-proton signal with characteristic 
cis-olefinic appearance. Again, the only change 
in this region of  the spectrum upon conversion 
from alcohol to methyl ether was the small 
upfield shift for the signal due to the proton 
nearest the carbon bearing the oxygen atom. 
These observations indicated that the double 
bond system was not rearranged by treat- 

ment with base. Nonrearrangement in the 
olefinic region was also confirmed by infra- 
red spectroscopy. For  example, compounds 
i and 2 displayed virtually identical spec- 
tra in the region characteristic of olefinic 
CH out-of-plane bending deformations below 
1000 cm -1. Distinctive bands at 985 and 950 
cm -1 (cis, trans-conjugated diene) (11) were 
present in both spectra. The prospect of  racemi- 
zation during methylation also was investigated 
in this system (1~2) by measuring optical 
rotations for the starting alcohol and ether 
product (Table II). The methoxy derivative 

TABLE II 

Specific Optical Rotations: [ a ]~~ (C 10.0, Ethanol) 

1 2 

589 +1.60 -2.00 
578 +1.68 -2.09 
546 +1.98 -2.37 
436 +3~82 -3.93 
405 +4.86 -4.61 

rotates polarized light to approximately the 
same extent as does the alcohol but in the 
opposite direction. While this data does not 
establish the optical purity of the ether, com- 
plete racemization is clearly ruled out. The 
Williamson ether synthesis is known to be 
stereospecific in saturated systems (12), but 
this apparently is the first case in which the 

TABLE III 

Major Fragments in the Mass Spectroscopic Analysis 

m/e Relative abundance Assignment 

3 

167 22.7 M- .(CH2)~COOCH ~ 
253 100.0 M- -CsHll 
292 15.9 M- HOCH a 
293 8.3 M- .OCH a 
324 94.4 M 

6 

16'7 26.9 M- "(CHz)gCOOCH a 
281 100.0 IV[- ~ 
320 21.6 M- HOCH a 
321 10.1 M- "OCH a 
352 87.6 M 

9 

167 100.0 M- "CH~CH=CHCH2 - 
CH=CH(CH2)aCOOCH 3 

277 25.4 M- *CsHll 
316 52.7 IV[- HOCH a 
317 16.8 M- "OCH a 
348 6.6 M 

LIPIDS, VOL. 15, NO. 12 



1054 

s t e r eochemis t ry  of  an  allylic a lcohol  has  been  
m o n i t o r e d .  

Mass f r a g m e n t a t i o n  p a t t e r n s  for  the  m e t h y l  
e thers  (as the i r  m e t h y l  es ters ;  3 ,6  and 9) were 
o b t a i n e d  at 9 eV (Table  III).  In  a d d i t i o n  to  
a b u n d a n t  molecu la r  ions,  these der ivat ives  
showed  a s t rong  t e n d e n c y  to f r agmen t  at  t he  
ends  o f  the  doub le  b o n d  sys tem.  We suggest a 
m e c h a n i s m  involving a cyclic i n t e r m e d i a t e  to  
a c c o u n t  for  th is  pa t t e rn .  

CH3 

R [+ C H  

(a) (b) 

SCHEMEII 

As expec ted  for  c o m p o u n d s  con ta in ing  b o t h  
m e t h y l  e the r  and  m e t h y l  es ter  groups,  frag- 
m e n t s  due  to  loss of  m e t h a n o l  and  m e t h o x y  
radical  also were present .  I t  is ev iden t  f rom the  
foregoing t h a t  allylic a lcohols  in po lyunsa tu -  
ra ted  f a t t y  acids can  be  select ively m e t h y l a t e d  
w i t h o u t  r a cemiza t i on  at  the  s ubs t i t u t ed  posi- 
t i on  or b o n d  mig ra t ion  in olef inic  regions 
e lsewhere  in the  molecule .  This  s t r a igh t fo rward  
synthes is  p rov ides  access to  a new class of  f a t ty  

METHODS 

acids s t ruc tura l ly  re la ted to the  p r o d u c t s  of  
l ipoxygenase  catalysis.  
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Gangliosides from Rat Cerebellum: 
Demonstration of Considerable Heterogeneity 
Using a New Solvent for Thin Laver Chromatography 
J-P. ZANETTA 1, F. V IT IELLO 2 and G. VINCENDON, Centre de Neurochimie du CNRS 
et Institut de Chimie Biologique de la Facult~ de Mddicine, Universit~ Louis Pasteur, 
11 rue Humann, 67000 Strasbourg, France 

ABSTRACT 

Using a new solvent (methyl acetate/n-propanol/chloroform/methanol/0.25% aqueous KC1, 25:20: 
20:20:17, v/v) and high performance silica gel thin layer chromatographic plates, all common ganglio- 
sides found in brain can be easily separated with 1 hr. This system is reproducible and "tailing" is 
negligible compared with previous solvents. When such a system is applied to separate the gangliosides 
found during the development of the rat cerebellum, a considerable heterogeneity is observed. Data 
are presented (using rechromatography experiments, fractionation on DEAE-Sephadex, treatment 
with neuraminidase or alkaline medium and carbohydrate analysis) suggesting that the complex 
profiles obtained with this chromatographic system are not due to chromatographic artifacts but result 
from the high resolving power of the system. After separation by ion-exchange chromatography, 28 
gangliosides can be detected. 

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

Recently, a large number of new gangliosides 
has been isolated and identified in various 
tissues, including brain (for review, see 1-3). 
Minor components have been identified in 
mammalian brains (4-6) together with major 
components which were not separated from 
well known gangliosides in the common types 
of solvents used for thin layer chromatography 
(TLC) (7-16), even though more recent solvents 
give consistent improvements ( 17,18). 

While many techniques are now available to 
separate gangliosides at a preparative scale, 
including column chromatography on silicic 
acid (19), silica gel (4,20), DEAR-cellulose 
(21,22) and DEAE-Sephadex (4-6), all analyti- 
cal systems of  TLC do not very well resolve the 
recently discovered complex population of 
gangliosides (4). 

In an at tempt to increase the efficiency of  
such separations, we developed a rt~ew solvent 
mixture which, using high performance TLC 
(HPTLC) gives very rapid, accurate and much 
more efficient separation of gangliosides. 
Presented are data on this solvent which show 
that the considerable heterogeneity of the 
ganglioside population found in rat cerebellum 
is not due to artifacts. 

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

Chemical 

Standard gangliosides were obtained as 

1Charg~ de Recherche au CNRS. 
2permanent address: Istituto di Fisiologia Umana, 

Facolt~t di Medicina e Chirurgia, Policlinico, Piazza 
Giulio Cesare, 70124 Bari, Italy. 

previously described (18). HPTLC Silica Gel 60 
plates (10 • l0  cm) and resorcinol were pur- 
chased from Merck AG (Darmstadt, GFR). 
Neuraminidase type VI from Clostridium 
perfringens was from Sigma Chemical Co. 
(St. Louis, MO). 

Ganglioside Extraction from Rat Cerebella 

Gangliosides were extracted by chloroform/ 
methanol mixtures followed by phase partition 
according to Suzuki (13). Briefly, 1 vol of 
water and 12.7 vol of methanol were added to 
pooled fresh cerebella from rats of known ages 
and the tissue was homogenized. The mixture 
was stirred for 5 min at room temperature and 
25.3 vol of chloroform was added. The suspen- 
sion was stirred for another 10 min and centri- 
fuged 30 min at 20,000 g and 20 C in stainless 
steel tubes. The pellet was then extracted with 
20 vol of chloroform/methanol (1:2, v/v) by 
stirring 30 rain at room temperature and 
centrifuging. Twenty vol of chloroform and then 
16 vol of 0.88% (w/v) aqueous KC1 were added 
to the pooled supernatant. The lower phase, 
washed with the previous vol of  the theoretical 
upper phase (13), was discarded. The combined 
upper phases were evaporated to dryness in a 
rotary evaporator at room temperature. 

For  preparative purposes (1-10 mg of lipid- 
bound sialic acid), the dry material was sus- 
pended in a small vol of water and dialyzed for 
3 days at 4 C against large volumes of distilled 
water. The residue obtained after lyophilization 
was taken up in chloroform/methanol (CM) 
(2:1, v/v) and stored at -20 C until needed. 

For analytical purposes (where small 
amounts of  gangliosides are involved), the dried 
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upper phase was extracted in 1 ml CM (1:1) 
and centrifuged. The supernatant was evapo- 
ratea to dryness in a stream of nitrogen, ex- 
tracted with 200 /11 of CM (1:1) and centri- 
fuged. The clear supernatant was used directly 
for TLC analysis. 

Analytical TLC 

For this study, only HPTLC plates were 
used. Three previously published solvent 
systems and one new system were compared; 
solvent a,: chloroform/methanol/aqueous KC1 
(17); solvent b: chloroform/methanol/NH4OH 
(4); solvent c: methyl acetate/isopropanol/ 
0.25% aqueous KC1 (18) and solvent d: methyl 
acetate/n-propanol/chloroform/methanol/0.25% 
aqueous KC1 (25:20:20: 20:17, v/v). 

With solvents a and b, HPTLC plates were 
run for 2 hr at 20 C and 1 hr with solvent c. 
With solvent d (developed by us to achieve 
better resolution of gangliosides), HPTLC plates 
were run for ca. 45 min at room temperature in 
a tank lined with filter paper until the solvent 
reached the top of the plate. Straight deposits 
of  gangliosides, 5 mm long, in CM (2:1) were 
spotted with a glass capillary at 1 cm from the 
bot tom of the plate and dried with a stream of 
cold air. Gangliosides were detected by the 
resorcinol/hydrochloric acid method of  Sven- 
nerholm (23). 

Preparative TLC of Cerebellar Gangliosides 

Equal amounts of gangliosides (in terms of 
sialic acid) from cerebella of different ages 
(0, 4, 8, 12, 16, 20, 25, 30, 40 and 90 days) 
were mixed together. The HPTLC system was 
chosen for use at the semipreparative scale 
because of its ability to separate most of the 
individual gangliosides. The ganglioside mixture 
was spotted on the plate as an 8-cm-long 
streak and chromatographed in solvent d under 
conditions identical to those used for analytical 
purposes. After drying with a cold air stream, 
the plates were treated with iodine vapor and 
each ganglioside streak was lightly marked with 
a pencil. Traces of iodine were eliminated in a 
stream of cold air and silica gel was aspirated 
with a vacuum pump into capillary pipettes 
closed with glass wool. Material with the same 
Rf obtained from 6 different plates was re- 
covered in the same pipette. Gangliosides were 
eluted first with CM (1:2) containing 5% water 
and then with methanol. The solvents were 
evaporated at room temperature in a stream of 
nitrogen. The dry residue was suspended in a 
small volume of CM (1:2) and centrifuged. The 
pellet was washed once and the pooled super- 
natants were dried in a stream of nitrogen and 
taken up in CM (2:1). The individual ganglio- 

sides were used in this form for carbohydrate 
analysis. 

Ion Exchange Chromatography 
of Gangliosides 

In 2 experiments, gangliosides were sepa- 
rated by ion-exchange chromatography on 
DEAE-Sephadex A 25 according to Momoi 
et al. (4). The system used was essentially the 
same except that column size (20 • 0.7 cm) 
and elution volume (600 ml) were reduced for 
the smaller quantities of gangliosides (10 mg 
of lipid bound NeuAc) used in our studies. 

Treatment of Gangliosides 
by Neuraminidase 

For the degradation of gangliosides by 
neuraminidase, the conditions of Ando and Yu 
(6), with regard to enzyme substrate ratio, 
detergent and temperature, were used. The 
incubations were performed in 0.2 M sodium 
acetate/acetic acid buffer, pH 5.0. 

Gangliosides were extracted by adding 19 
vol of CM (2:1) to the incubation mixture and 
clarified with filter paper previously cleaned 
with lipid solvents. The solution was dried ha 
a stream of nitrogen at room temperature and 
was taken up in a small volume of CM (2:1). 

Alkaline Treatment of Gangliosides 

Two methods were used in alkaline treat- 
ment: alkaline methanolysis (6), and incubation 
for 2 hr at room temperature in the mixture 
n-propanol/isopropanol/25% NH4OH (35:35: 
20, v/v) (24). 

Carbohydrate Analysis 

The carbohydrate composition of the 
isolated gangliosides was determined according 
to Zanetta et al. (25) by gas liquid chromatog- 
raphy (GLC) of the trifluoroacetate derivatives 
of  the O-methyl-glycosides obtained after 
methanolysis. 

RESULTS AND DISCUSSION 

Efficiency and Properties 
of the New Solvent 

As shown in Figures 1 and 2, the separation 
of  all the standard gangliosides is achieved in 
less than 1 hr on HPTLC silica gel plates. G7, 
GM3, GM2, GM1, GD3, GDla ,  GD2, GDlb ,  
G T l b  and GQ1 (and also spots corresponding 
to penta- and hexasialogangliosides) can be 
resolved in this system. The spots are very 
sharp and tailing is less pronounced than with 
other solvents for identical samples and quan- 
tities of gangliosides put on the plates. The 
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effect of salts (mainly KC1) is negligible and 
generally the dialysis step of the upper phase is 
unnecessary. Slight contamination by phospho- 
lipids does not modify the chromatographic 
separation nor the quantitative determination 
of gangiioside sialic acid on the plate by the 
resorcinol/hydrochloric acid method (23). The 
alkaline hydrolysis step of phospholipids 
generally used to purify the gangliosides ex- 
tracts thus can be avoided. Only sucrose and 
giucosides (when present) can give rise to false 
determinations of ganglioside sialic acid in the 
Rf region close to GDla.  The separation is 
not greatly dependent on the temperature and 
generally no special precautions are necessary. 

Heterogenei ty  o f  the  Ganglioside 
Populat ion o f  the  Rat  C e r e b e l l u m  

As shown in Figure 1, the ganglioside profile 
of the rat cerebellum is much more complex 
than those published for the brain of most 
mammals, including man (either normal or 
pathological) and those of the rat cerebellum 
with other solvent systems. In solvent d, 16 
spots (Fig. 1) with the typical color of sialic 
acid, revealed by the resorcinol-HC1 methods 
(23), are detected. Isolation of each spot by 
preparative TLC and rechromatography indi- 
cate that such a complex picture is not due to 
chromatographic artifacts, provided that gang~ 
liosides are not submitted to drastic treatments 
during the various steps of isolation (see Meth- 
ods). 

Compar ison wi th  Standard Gangliosides 

Parallel migration or comigration of total 
cerebellar gangliosides with standard ganglio- 
sides can suggest the structure of some of these 
compounds. However, as discussed later, such 
an identification is not at all sufficient. Spots 
with exactly the same migration as GM3, GM1, 
GDla,  GDlb ,  G T l b  and GQ1 are present. 
G7 apparently is absent, whereas traces of GM2 
(a maximum of 0.2% of total ganglioside sialic 
acid) were present. Two spots are detected 
between GM2 and GM1, with the slower 
migration appearing often as a diffuse band 
preceding GM1. Between GM1 and GDla,  
2 spots are evident, called GX1 and GX2. Two 
other unknown spots, GY1 and GY2, are 
localized between GDla  and GDlb.  One other 
spot is detected between G D l b  and G T l b  
called GZ. Below the GQ 1 band, 2 minor spots 
can be detected when the plates are overloaded. 

It should be mentioned that, between GM1 
and GTlb ,  the background of the chromato- 
graphic plate is never unstained when a com- 
plex mixture of rat cerebellum ganglioside is 
submitted to TLC. When the space between 
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FIG. 1. Chromatography on HPTLC plates (10 • 
10 cm) in solvent d of ganglioside extracts of cerebella 
of rats of different ages (0, 4 and 8 days old) revealed 
by the resorcinol-hydrochloric method (13). GX~, 
GX:, GY z , GY 2 and GZ refer to unidentified ganglio- 
sides (tee Results and Discussion). 

each evident spot is eluted and rechromato- 
graphed, a spot with the same Rf is obtained. 
This observation strongly suggests that the 
background of the plate is not a result of tailing 
of some compounds with higher Rf but is 
from minor gangliosides. 

D E A E - S e p h a d e x  C h r o m a t o g r a p h y  

The ammonium acetate gradient (4) permits 
the separation from a complex ganglioside 
mixture of 3 peaks, which should correspond 
(4), respectively, to mono-, di- and trisialo- 
gangliosides. The tail following the third peak 
contained gangliosides with a higher sialic acid 
content. A drawing of the TLC profiles of these 
peaks is given in Figure 2 whereas the propor- 
tion of each spot is indicated in Table I. These 
profiles were obtained both by comparison of 
the migration with the standard mixture and by 
cochromatography. 

As shown in Figure 2b and Table I, the first 
peak of DEAE-Sephadex A 25 gave 8 spots. 
The spot migrating as GM1 is by far the most 
predominant. A spot migrating as GM3 is 
detected as well as one with the same Rf as 
GM2. GM1 never appears as a sharp spot but 
is preceded by a diffuse zone and followed by 
a sharp minor spot. Two other minor spots are 
detected with Rf values slightly higher than 
GDla  and GDlb,  respectively. These 2 spots 
also are detected with solvents a and b. 
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In the second peak isolated by DEAE- 
Sephadex chromatography, numerous spots are 
detected (Fig. 2d). The first is found just below 
GM3. The second is found between GM2 and 
GM1 but is clearly distinct from the diffuse 
coloration before GM1 found in the first peak 
from the DEAE-Sephadex column. An intense 
spot is found below GM1 with a migration 
similar to that of GD3. Two other intense 
spots are detected which comigrate with G D l a  
and GDlb ,  respectively. It should be noted 
that 2 other less intense spots are seen between 
GD3 and G D l a  and also between G D l a  and 
GDlb .  One of them has the same migration as 
GD2. 

Such a complexity also is found with sol- 
vents, a, b and c, but it is less well defined than 
with solvent d. Thus, a total of 10 spots can be 
detected (Fig. 2d and Table I). 

The third peak from the DEAE-Sephadex 
column gives 7 spots (Fig. 2e), 2 of them 
migrating between GD3 and GDla,  3 between 
GD 1 a and GD 1 b and 2 below GD I b; the lower 
one migrates like GT 1 b. 

The fourth peak of the DEAE-Sephadex 
column is composed of  3 slowly migrating spots 
(Fig. 2f). The most rapid spot migrates as GQ 1 
whereas the other 2 minor spots could be 
attributed to penta- and hexasialogangliosides. 

These puzzling results are, in fact, in agree- 
ment with the results of  Momoi et al. (4) on 
bovine gray matter. Even if the total ganglio- 
side profile of  bovine brain is much simpler 
than the cerebeUar profile, these authors 
(using solvent b) found 4 monosialoganglio- 
sides, 7 disialogangliosides, 2 trisialo-, 1 tetra 
sialo- and 2 other unidentified spots. With the 
same solvent used for rat cerebellum, we found 
6 spots for monosialo-, 8 for disialo-, and 5 
for trisialogangliosides. In this system (solvent 
b), one disialoganglioside spot migrates as QQ 1. 
This compound might correspond to the GB4 
of Momoi et al. (4). 

Alkaline Treatment 

As shown in Figure 2g and Table I, alkaline 
treatments of a ganglioside mixture from rat 
cerebellum significantly modify the TLC profile 
of  the mixture. Identical phenomena also have 
been observed by others (17,24). GM2 increases 
significantly whereas GX2 and GY1 almost 
completely disappear. However, a major spot 
which migrates below G D l b  appears in a 
quantity identical to that of the decrease of  
GX2 spot. It can thus be postulated that GX2 
contains a masked form of a ganglioside migrat- 
ing in the zone of trisialogangliosides. In sol- 
vents a and b, this compound migrates as 
GDlb .  

METHODS 

0 4 8 0 4 8 0 4 

GXl 

GOla 
GY2 
GZ 

GO. I 

FIG. 2. Drawing of ganglioside profiles from 
pooled cerebella of rats of different ages obtained on 
HPTLC plates eluted with solvent d: (a) spots detected 
directly in the total ganglioside extract are numbered. 
Some of them were analyzed by gas liquid chromatog- 
raphy (see Table II); (b) profile of the gangliosides 
found in the first peak from DEAE-Sephadex chro- 
matography (monosialogangliosides); (c) result of the 
action of neuraminidase on the total ganglioside 
extract shown in a; (d) profile of the gangliosides 
found in the second peak from DEAE-Sephadex 
chromatography (disialogangliosides); (e) profile of 
the gangliosides found in the third peak from DEAE- 
Sephadex chromatography (trisialogangliosides); (f) 
profile of the gangliosides found in the fourth peak 
from DEAE-Sephadex chromatography (tetra-, penta- 
and hexasialogangliosides); (g) action of alkaline 
hydrolysis on the mixture separated in a; (h) spots 
detected in the standard mixture of gangliosides. 
Gangliosides detected directly when the total mixture 
was submitted to HPTLC in solvent d are identified 
by numbers. Some compounds (* or o) appear only 
after separation of the gangUoside mixture on DEAE- 
Sephadex columns. The identification number is that 
of the spot of immediately higher Rf found by direct 
HPTLC. 

Treatment with Neuraminidase 

After treatment by neuraminidase from 
Clostridium perfringens in the presence of tauro- 
cholate (6), 6 spots are detected which have 
exactly the same migrations as the spots ob- 
tained in the first peak from DEAE-Sephadex 
chromatography. Poly sialoganglio sides and 
GM3 disappear and GM1 and GM2 increase 
(Fig. 2c). The spots with Rf values slightly 
higher than GDIa  and G D l b  persist even after 
a 72-hr treatment with the enzyme (Fig. 2c). 

Isolation of Individual Gangliosides 
and Carbohydrate Analysis 

As we have mentioned, individual ganglio- 
sides gave only one spot with the same migra- 
tion as the initial ganglioside, if care was taken 
during isolation. However, heating during 
evaporation gave a pattern characteristic of  
degradation. 

The results of carbohydrate analysis of 
individual gangliosides isolated by TLC in 
solvent d from a total mixture of gangliosides 
from rat cerebella of different ages (see Meth- 
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D i r e c t  T L C  

M o n o s i a l o -  D i s i a l o -  T r i s i a l o -  T e t r a s i a l o -  D i r e c t  a f t e r  a l k a l i n e  

C o m p o u n d  g a n g l i o s i d e s  a g a n g l i o s i d e s  a g a n g l i o s i d e s  a g a n g l i o s i d e s  a T L C  b h y d r o l y s i s  b 

1 ( G M 3 )  2 . 0 0  - -  - - 1 . 9 7  2 . 2 0  

2 - 0 . 4 3  - - 0 . 5 9  0 . 5 9  

3 ( G M 2 )  0 . 5 1  - - - 0 . 2 6  1 . 1 8  

3 *  - 0 . 1 5  . . . .  

4 0 . 9 2  - -  - - -  0 . 5 9  0 . 5 9  

4 *  - 1 . 0 7  . . . .  

5 ( G M 1 )  5 . 7 9  - - - 6 . 3 1  6 . 0 6  

5 "  1 . 1 2  . . . . .  

6 ( G ' D  a ) - 3 . 4 9  - - 3 . 5 9  0 . 5 9  

6 *  0 . 1 5  . . . . .  

6 ~ - -  - -  1 . 3 1  - -  - -  - -  

7 - -  1 . 6 1  - -  - -  3 . 0 8  3 . 2 4  

7 *  - -  2 . 3 4  . . . .  

8 0 . 5 1  . . . . .  

8 *  - -  - -  4 . 1 3  - -  - -  - -  

9 ( G D t a )  - -  2 0 . 6 5  - - 2 7 . 7 0  2 9 . 7 6  

9 *  - -  - 2 . 8 2  - - -  - 

1 0  - 2 . 8 7  - - -  2 . 2 0  2 . 2 0  

1 0 "  - - 7 . 0 4  - - - 

1 1  ( G D 2 )  - -  1 . 3 9  - -  - -  1 2 . 0 0  1 . 2 5  

1 1 "  0 . 9 7  . . . . .  

1 1  ~ - -  - 2 . 7 0  - -  - -  - -  

1 2  ( G D t b )  - -  8 . 5 9  - -  - -  8 . 7 6  8 . 7 9  

1 2 "  . . . . .  1 0 . 4 2  

1 3  ( G Z )  - - 7 . 3 4  - 7 . 8 2  8 . 0 1  

1 4  ( G T ~ b )  - -  - 2 2 . 1 0  - 2 1 . 7 8  2 1 . 7 2  

1 5  ( G Q t )  - - - 3 . 5 0  3 . 2 5  3 . 5 0  

1 6  + 1 7  - - - 0 . 5  0 . 5 0  0 . 5 6  

a R e s u l t s  a r e  e x p r e s s e d  a s  p e r c e n t  o f  t o t a l  s i a l i c  i n  t h e  s a m p l e  b e f o r e  f r a c t i o n a t i o n  o n  D E A E - S e p h a d e x  

c o l u m n s .  

b R e s u l t s  a r e  e x p r e s s e d  a s  p e r c e n t  o f  t o t a l  s i a l i c  a c i d  r e c o v e r e d  o n  t h e  p l a t e s .  F o r  t h e  n o m e n c l a t u r e  o f  t h e  

v a r i o u s  s p o t s ,  s e e  F i g .  2 .  

ods) are given in Table II. As can be seen, the 
analysis agrees well with the expected structure 
of  major spots with the exception of glucose 
(which cannot be accurately determined due 
to contamination from TLC plates) (26). Two 
gangliosides containing fucose can be detected:  
one monosialo-(5) and possibly di- or trisialo- 
ganglioside (Table II). The spot between G D l b  
and G T l b  evidently is a trisialoganglioside 
which correlates with its behavior on DEAE- 
Sephadex. The possibility that the observed 
heterogeneity was due to different fa t ty  acid 
or  sphingosine composit ion was also tested on 
the same samples. As published previously (25), 
fa t ty  acid methyl  esters can be extracted by 
hexane after methanolysis and analyzed sepa- 
rately by GLC. We did not detect any signifi- 
cant differences in the fat ty acid compositions 
of the spots we analyzed. The same also is true 
for sphingosine bases (analyzed together with 
sugars in our system) (18). The observed 
heterogeneity thus is essentially due to the 
carbohydrate part of the ganglioside popula- 
tion. 

CONC LU SIONS 

The solvent of choice in this study is a 
considerable improvement over other systems 
for the TLC separation of  gangliosides (includ- 
ing much bet ter  resolution, reproducibil i ty,  
insensitivity to salts and time-saving). However, 
it is evident (as shown previously by Momoi 
et al. (4) and Iwamori and Nagai [27])  that 
TLC techniques alone are insufficient for the 
separation and identification of  a total  ganglio- 
side preparation from mammalian brain. By 
combining DEAE-Sephadex chromatography 
with our solvent system, up to 28 compounds 
could be resolved in rat cerebellum, compared 
to 16 revealed by TLC in our system without 
previous ion-exchange chromatography and 
only 8 in conventional TLC systems (solvent a). 

Such inability of  TLC systems to resolve a 
complex ganglioside mixture may lead to com- 
pletely erroneous conclusions in certain studies 
of  gangliosides. As shown in Table III, the 
ganglioside composit ion of adult rat cerebellum 
is dramatically dependent  on the system used 
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T A B L E  II  

C a r b o h y d r a t e  C o m p o s i t i o n  a o f  S o m e  G a n g l i o s i d e s  o f  t h e  R a t  C e r e b e l l u m  
I s o l a t e d  b y  M o n o d i m e n s i o n a l  T L C  in  S o l v e n t  d 

E x p e c t e d  O t h e r  s u g a r s  c 
S p o t  b s t r u c t u r e  F u c  G a l  G a l N a c  A c N e u  ( G l c N a c ,  M a )  

1 G M 3  --  1 . 0 2 0  --  1 . 0 0 0  --  
3 G M 2  -- 0 . 9 8 0  1 . 0 0 0  1 . 0 1 4  --  
4 1 . 0 6 2  2 . 3 3 5  1 . 0 0 0  1 . 0 5 2  --  
5 G M 1  --  2 . 0 0  1 . 0 0 0  1 . 1 2 0  --  
6 G D 3  --  1 . 0 0 0  --  1 . 8 8 3  -- 
7 1 . 1 4 2  2 . 1 5 7  1 . 0 0 0  2 . 5 4 1  --  
8 --  1 . 9 1 2  1 . 0 0 0  2 . 1 0 5  --  
9 G D I a  -- 1 . 9 6 8  1 . 0 0 0  2 . 0 0 0  --  

10  --  1 . 5 0 1  1 . 0 0 0  2 . 3 0 9 1  --  
11 G D 2  --  1 . 0 0 1  1 . 0 0 0  2 . 0 9 1  --  
12  G D l b  --  2 . 1 4 7  1 . 0 0 0  1 . 9 2 7  --  
13  --  1 . 9 2 5  1 . 0 0 0  2 . 8 7 3  --  
1 4  G T l b  --  2 . 9 8 0  1 . 0 0 0  2 . 9 7 1  - -  
15  G Q I  - 1 . 9 6 4  1 . 0 0 0  3 . 8 6 8  

a M o l a r  r a t i o s .  

b S a m e  s p o t  as  in  F ig .  2a .  

C G l u c o s e  v a l u e s  a r e  n o t  s h o w n  b e c a u s e  o f  t h e  h i g h  c o n t a m i n a t i o n  f r o m  H P T L C  p l a t e s .  

T A B L E  I I I  

C o m p a r i s o n  o f  G a n g l i o s i d e  C o m p o s i t i o n s  a o f  A d u l t  R a t  C e r e b e l l u m  

F r o m  F r o m  F r o m  
G a n g l i o s i d e  r e f .  2 8  r e f .  2 9  r e f .  3 0  T h i s  s t u d y  

G M 3  --  5 . 8 0  1 . 9  1 . 1 7  
G M 2  - 1 . 4 1  0 . 4  - 
G M  1 3 . 0 7  1 1 . 9 5  7 . 6  4 . 2 4  
G X 1  --  --  2 . 0  1 . 0 6  
G X 2  --  - --  0 . 0 5  
G D l a  2 9 . 1 2  1 9 . 6 9  2 1 . 0  2 2 . 7 3  
G Y 1  --  3 . 1 6  0 . 3  3 . 1 9  
G Y 2  --  - --  2 . 7 7  
G D I b  2 0 . 6 9  2 1 . 1 0  1 2 . 0  7 . 1 5  
G Z  - --  --  1 7 . 4 7  

G T I b  4 7 . 1 3  2 6 . 9 0  2 7 . 0  3 2 . 8 9  
G Q  - 1 1 . 2 5  1 5 . 9  6 . 0 4  
G ( P + H )  --  --  --  0 . 3 7  

G T I a  - --  9 . 0  --  

a E x p r e s s e d  as p e r c e n t a g e  o f  to ta l  sialic acid.  

for the separation of these compounds. One 
major ganglioside (GZ) is completely missed 
with classical solvents since it is not  separated 
from GDlb,  the proportion of which appears 
to be much lower in our system. The same 
observation: is true for GM3, GM1 and GQ1 
because of a poor resolution of TLC systems. 
Such incomplete separations are particularly 
dangerous for developmental studies, since 
compounds with the same Rf values might 
correspond at different ages to different gang- 
liosides. It is thus evident that considerable care 
must be taken in the identification of ganglio- 
sides when TLC systems with poor resolving 

power are employed. Work is now in progress 
to isolate and identify more precisely most of 
the gangliosides present in adult rat cerebellum. 
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Occurrence of Squalene in Skin Surface Lipids 
of the Otter, the Beaver and the Kinkajou 
JANE S. LINDHOLM and DONALD T. DOWNING, Department of Dermatology, 
University of Iowa College of Medicine, Iowa City, IA 52242 

ABSTRACT 

In a previous survey of the skin surface lipids of 46 mammalian species, it was found that only 3, 
the otter, the beaver and the kinkajou, contained components with chromatographic mobility similar 
to squalene, and in each case, this material was the predominant constituent. The materials in question 
have now been isolated from each of these species and identified as squalene by thin layer chromatog- 
raphy, gas chromatography and infrared spectroscopy. The occurrence of squalene in the surface lipids 
of these particular species cannot be explained on the basis of either their evolutionary relationship or 
ecological niche. 

INTRODUCTION 

It has come to be recognized that the com- 
position of sebum varies distinctly among 
species (1-3). For example, 2 of the major 
constituents of human sebum, triglycerides and 
squalene, comprising 50 and 12% of the mix- 
ture, respectively, have not been found in 
significant amounts in the skin surface lipids of 
other animals (1,2), although squalene has been 
reported to form 0.5 and 1.5%, respectively, of 
the skin surface lipids of the rat (4) and the 
mouse (5). It was therefore of some interest 
that, in a survey of the skin surface lipids of 
46 species of mammals by thin layer chro- 
matography (6), we observed that 3 species had 
a major lipid component with a chromato- 
graphic mobility like squalene. These species 
were the otter (Lutra canadensis), the beaver 
(Castor canadensis) and the kinkajou (Potos 
flavus). No indication of the presence of 
squalene was seen in the lilbids from the 43 
other species examined. We have now estab- 
lished that in the otter, the beaver and the kin- 
kajou, squalene forms 44, 80 and 94%, respec- 
tively, of the surface lipids of these species. 

M ETHODS AND RESULTS 

Animals 

The otter and 2 specimens of the kinkajou 
were from private animal collections. The 
beaver was kept at the Wildlife Research 
Station, Boone, IA. Fur samples were obtained 
from the animals with solvent-cleaned scissors, 

and the lipids were subsequently extracted 
from the fur with chloroform. Yields of total 
surface lipid (mg/g of fur) were: otter, 14; 
beaver, 3 ; and kinkajou, 30. 

Analysis of the Lipids 

Quantitative thin layer chromatograms. 
These were performed on aliquots applied in 
chloroform to 6-mm-wide lanes drawn in 0.25- 
mm layers of Silica Gel G. The chromatograms 
were developed successively with hexane (to 
19 cm), toluene (to 19 cm) and hexane/ether/  
acetic acid (70:30:1, tO 11 cm). After drying, 
the chromatograms were sprayed with 50% 
sulfuric acid and heated to 220 C to char the 
lipids. The charred chromatograms were then 
scanned with a photodensitometer to provide 
a record of the chromatograms (Fig. 1) and to 
allow quantification of the lipid mixtures 
by triangulation of the photodensitometric 
peak areas (7,8). The material subsequently 
identified as squalene formed 44, 80 and 94%, 
respectively, of the lipids from the otter, the 
beaver and the kinkajou. 

Preparative thin layer chromatography. To 
obtain sufficient material for identification, 
aliquots of up to 60 mg of the surface lipids 
were applied to 1-mm layers of Silica Gel G and 
developed with hexane (to 19 cm). The chro- 
matograms were then sprayed with 2~,7Ldi - 
chlorofluorescein and viewed under a UV 
lamp. The visualized lipid corresponding in 
mobility to squalene was removed from the 
chromatographic plate and recovered from the 
adsorbent with ether. 
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FIG. 1. Photodensitometer records of the skin 
surface lipids of the otter, the kinkajou and the beaver 
resolved on Silica Gel G by successive development 
in hexane (to 19 cm), toluene (to 19 cm) and hexane/ 
ether/acetic acid (70:30:1, to 11 cm) and then charred 
by spraying with 50% H2SO 4 and heating to 220 C. 
The material migrating to Rf 0.87 in each instance was 
identified as squalene. The material having Rf 0.0 to 
0.05 is unidentified polar lipid and that at Rf 0.13 is 
free sterol, Whereas those at Rf 0.65 to 0.8 are wax 
esters and diesters. The substance with Rf 0.4 in the 
lipids from the otter is probably glyceryl ether di- 
esters. 

Identification of Squalene 

In  the  ana ly t ica l  t h in  layer  c h r o m a t o g r a m s ,  
t he  ma jo r  c o n s t i t u e n t  f rom each  species had  a 
mob i l i t y  iden t ica l  to  t h a t  of  squa lene  and  pro-  
duced  the  same color  changes  dur ing  charr ing.  
Cor re spond ing  f rac t ions  recovered  f rom t he  
prepara t ive  c h r o m a t o g r a m s  were redissolved in 
h e x a n e  and  sub jec ted  to  gas c h r o m a t o g r a p h y  at  
215 C on  a 3 ft x 1/8 in. id c o l u m n  c o n t a i n i n g  
10% OV 17 on  C h r o m o s o r b  W. Each  f rac t ion  
showed  a single c o m p o n e n t  hav ing  a r e t e n t i o n  
t ime  ident ica l  to  t h a t  of  squalene.  The  i d e n t i t y  
o f  the  3 l ipid spec imens  was con f i rmed  b y  
ob t a in ing  the i r  in f ra red  spec t rum w h e n  appl ied  
to KBr  discs. In  each  case, the  spec t rum was 
iden t ica l  to  t h a t  of  a u t h e n t i c  squalene  (Sigma 
Chemica l  Co., St. Louis,  MO). 

DISCUSSION 

A l t h o u g h  the  presence  of  squalene  in skin 
surface l ipids has  previous ly  been  repor ted ,  it 

is on ly  in h u m a n  s e b u m  t h a t  i t  has  been  f o u n d  
in apprec iable  concen t r a t i on .  Our  f inding of  
th is  l ipid as the  ma jo r  c o m p o n e n t  in the  surface 
l ipids of  3 o t h e r  species serves to  accen tua t e  
no t  on ly  the  divers i ty  in the  c o m p o s i t i o n  of  
skin l ipids bu t  also the  unp red i c t ab i l i t y  o f  the i r  
compos i t i on .  The  3 species s tud ied  here  are n o t  
closely re la ted:  2 are carnivores ,  bu t  be long  to 
d ' i fferent  famil ies;  the  o t t e r  to  the  family 
Muste l idae  (wh ich  includes  the  skunk ,  badger ,  
mink ,  and  ferret)  and  the  k inka jou  to the  
family P rocyon idae  ( t o g e t h e r  wi th  the  r a c c o o n  
and  ring-tai led cat) .  F o u r t e e n  o the r  carnivores,  
inc lud ing  those  m e n t i o n e d ,  showed  no  sign o f  
squa lene  in the i r  surface lipids. Of 13 roden t s  
be longing  to 7 families,  the  beaver  was the  sole 
species in which  squalene  was de tec ted .  Al- 
t h o u g h  the  o t t e r  and  the  beaver  have the i r  
aqua t ic  e n v i r o n m e n t  in c o m m o n ,  the  k inka jou  
is an  arbor ia l  carnivore  which  subsis ts  princi-  
pally on  fruit .  The re  is, the re fore ,  no  ready  
exp lana t ion ,  n e i t h e r  in the  evo lu t iona ry  rela- 
t i onsh ips  n o r  in the  hab i t a t ,  for  the  occur rence  
of  squalene  as the  pr inc ipa l  surface l ipid o f  
these  3 animals.  
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Effect of Epinephrine and Dibutyryl Cyclic AMP 
on AS-Desaturation Activity 
of Rat Liver Microsomes 
I .N.T. de GOMEZ DUMM l, M.J.T. de ALANIZ  1 and R.R. BRENNER 1, 
Instituto de Fisologi'a, Facultad de Ciencias Mddicas, Universidad 
Nacional de La Plata, 1900 La Plata, Argentina 

ABSTRACT 

The effect of epinephrine and dibutyryl cyclic AMP on the oxidative desaturation of [1-14C] - 
eicosatrienoic acid to arachidonic acid of rat liver microsomes has been studied. Epinephrine, at a dose 
of 1 mg/kg/body weight, produced a significant decrease on A5-desaturation activity 3 hr 
after the injection. This effect was maintained up to 12 hr and reached the control values 48 hr after 
the hormone administration. Dibutyryl cyclic AMP treatment for 24 hr (5 mg/8 hr/100 g body 
weight) also produced a significant decrease of the conversion of eicosatrienoic acid to arachidonic 
acid in rat liver microsomes. The effect of epinephrine on A5-desaturation activity was postulated to 
be evoked through an increase of the intracellular concentration of cyclic AMP. 

INTRODUCTION 

The regulatory effect  of  several ho rmones  
on the activity of  the A6- and A9-desaturases 
of  rat liver microsomes is well established. It 
was previously demonst ra ted  that  diabetes 
depressed A6-desaturase activity (1-3) and that  
low doses of  insulin enhance this react ion (1,4). 
In addit ion,  hormones  that  increase b lood 
glucose levels, such as glucagon, epinephrine,  
ty rox ine  and glucocort icoids  depress the  con- 
version of  l inoleic acid to 7-1inolenic acid (5-8). 
On the o ther  hand, A9-desaturase activity 
increases under  insulin and ty rox ine  t rea tment  
(7,9). 

The  ef fec t  of  ho rmones  on A5-desaturat ion 
of  fa t ty  acids is l i t t le known,  therefore ,  this 
research has been designed to investigate the 
effect  of  epinephrine and dibutyryl  cyclic AMP 
(DB cAMP) on the activity of  A5-desaturat ion 
of  fa t ty  acids. 

MATERIALS AND METHODS 

Adul t  female Wistar rats weighing 180-220 
g and mainta ined on standard Purina chow were 
used. To study the effect  of  a pulse of  epineph- 
rine administrat ion,  rats were divided into 
groups of  4 animals each. They  were fasted for 
24 hr and then re-fed with Purina chow for 
1 hr. Water was given ad l ibitum. Three hr  later, 
the rats were injected subcutaneously  with 
epinephrine at a dose of  1 mg/kg body weight. 
Animals  were killed by decapi ta t ion 0.5, 1.5, 
3, 12, 24 and 48 hr  af ter  the inject ion.  Blood 
samples were taken to measure glucose levels 

1Members of the Carrera del Investigador Cien- 
ti'fico o f  the Consejo National de Investigaciones 
Cienti'ficas y T6cnicas, Argentina. 

using the o-toluidine me thod  (10). The  rats 
used as controls  were t reated identically,  except  
that  0.9% saline was subst i tuted for epineph- 
rine. 

In o ther  exper iments ,  the ef fec t  of  d ibutyryl  
cyclic AMP on A5-desaturat ion activity o f  rat 
liver microsomes was tested. The rats were 
as:embled into 2 groups of  5 animals each. One 
group was injected intraper i toneal ly  with 
d ibutyryl  cyclic AMP (provided by Sigma 
Chemical  Co., St. Louis, MO) at a dose o f  
5 mg/8 hr  /100  g body  weight,  and the o ther  
group, used as control ,  was injected with 0.9% 
saline solution. In this exper iment ,  the animals 
were fasted for 24 hr, re-fed for 2 hr  with 
Purina chow, and then killed 12 hr  after the 
end of  the feeding period that  corresponded to 
24 hr  after the first inject ion.  

Microsomes were separated by differential  
centr i fugat ion at 100,000 x g as described 
previously (8). The desaturat ion o f  eicosatri- 
enoic  acid to arachidonic acid by liver micro- 
somes was measured by es t imat ion of  the  
percentage conversion of  [ 1J4C] eicosa-8,11,14- 
t r ienoic  acid (54.7 m C / m m o l ,  98% radio- 
chemical  pure;  New England Nuclear  Corp., 
Boston,  MA) to arachidonic acid. Three  nmol  
of  the  labeled acid and 97 nmol  of  unlabeled 
acid were incubated with 5 mg of  microsomal  
prote in  in a shaker at 35 C for 20 rain. The  
compos i t ion  o f  the incubat ion  medium and the 
assay procedure  to measure the desaturat ion of  
eicosatr ienoic acid was described elsewhere (8). 

RESULTS AND DISCUSSION 

The effect  of  the adminis t ra t ion of a pulse 
o f  epinephrine on A5-desaturat ion activity of  
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eicosatr ienoic acid is shown in Figure 1A. 
Epinephrine markedly  depressed this enzymat ic  
activity,  since 3 hr  after the  inject ion the effect  
was highly significant. However ,  the depression 
reached the  lowest  value at 12 hr. A5-Desatura- 
t ion  activity was then slowly recovered,  and 
48 hr  after the in ject ion it  was similar to the 
control .  Blood glucose alsa showed a fast 
response to the hormone .  However ,  the increase 
of  the b lood glucose was found 30 min after 
epinephrine adminis t ra t ion and recovered to 
cont ro l  values af ter  24 hr. Therefore ,  the effect  
of  epinephrine on the fat ty  acid desaturat ion 
was slower than the effect  on glycogen break- 
down_ 

Table I shows the effect  of  DB cAMP on 
A5-desaturat ion activity o f  rat liver micro- 
somes. DB cAMP highly depressed the conver-  
sion o f  eicosatr ienoic acid to arachidonic acid. 
Twen ty - four  hr  af ter  the t rea tment ,  the activity 
of  the enzyme was reduced to less than one-half  
of  the  original value. 

In a previous study, we demonst ra ted  that  
epinelShrine evoked a decrease of  A6-desatura- 
t ion activity on rat liver microsomes  (6). F r o m  
the results obtained in this exper iment ,  it is 
evident that  epinephrine also modif ies  the 
activity o f  A5-desaturase,  since the conversion 
o f  eicosatrienoic acid to arachidonic acid 
markedly  decreases after the catecholamine 
administrat ion.  However ,  the decrease of  
A5-desaturase activity was no t  as fast as that  
o f  A6-desaturase. While A6-desaturase de- 
creased significantly 90 min after  the inject ion 
of  the hormone ,  A5-desaturase activity showed 
the effect  af ter  3 hr, and the recovering of  the 
enzymes '  ac t iv i t ies  in both cases were similar 
(Fig. I ,  A and B). The  change in the  concen-  
t ra t ion o f  cAMP evoked by epinephrine injec- 
t ion may be seen in Figure lB. 

The effect  o f  epinephrine on A6-desatura- 
t ion activity was postula ted to be mediated 
through an enhancement  of  the intracellular 
cyclic AMP levels, since it was mimicked  by 
pharmacological  activators of  /3 receptors  and 
inhibi ted by /3 blockers (6,11). Moreover,  DB 
cAMP adminis t ra t ion to in tac t  rats also pro- 
duced a significant decrease in l inoleic acid 
desaturat ion act ivi ty (5). The  results obta ined 
f rom this exper iment  with A5-desaturase 
would be produced  by a similar mechanism. 
However ,  in a previous study,  we did no t  find 
a significant change of  the A5-desaturat ion 
act ivi ty after  t reat ing the rats with glucagon 
or  DB cAMP (5). On the contrary,  in the 
exper iment  described here, we could demon-  
strate that  the conversion of  eicosatr ienoic acid 
to arachidonic acid was significantly decreased, 
not  only by epinephrine,  but  also by DB cAMP 
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FIG. t. (A) Effect of epinephrine administration 
on rat liver microsomal conversion of [1J*C]eicosa- 
8,11,14-trienoic acid to arachidonic acid (X--X) and 
plasma glucose levels (a . . . .  a). Zero point corresponds 
to the percentage conversion (average 22.0) for 
eicosatrienoic acid of normal rats injected with saline 
solution. Each point represents the average of 4 rats. 
In circles, results axe significantly different from the 
controls, P < 0.01. (B) Effect of epinephrine adminis- 
tration on rat liver microsomal conversion of [1J4C]- 
linoleic acid to ~/-linolenic acid ( . . . . .  ) and liver 
cAMP levels (o ..... o). Zero points corresponds to the 
percentage conversion (average 21.7) for linoleic acid 
of normal rats injected with saline solution. Each 
point represents the average of 4 rats. In circles, 
results are significantly different from the controls, 
P < 0.05 for cAMP levels and < 0.01 for linoleic acid 
conversion to ~/-linolenic acid. Results calculated from 
de G6mez Dumm et al. (6). 

t rea tment .  This apparent  difference could be 
explained by the different  exper imenta l  de- 
signs. In the exper iment  just  ment ioned ,  the 
rats were re-fed with a fat-free diet while they 
were s imultaneously t reated with DB cAMP, 
whereas in the present  exper iment ,  they were 
fed on  Purina chow. It  has been demons t ra ted  
that  rats maintained on a fat-free diet show a 
significant decrease of  the A5-desaturat ion 
activity when compared  to animals fed a 
balanced diet (12). Therefore ,  the fat-free re- 
feeding diet would have masked the decrease of  
A5-desaturat ion activity produced  by DB cAMP 

TABLE I 

Effect of Dibutyryl Cyclic AMP on A5-Desaturation 
Activity of Rat Liver Microsomes a 

20:3--*20:4 

Conversion (%) 
Control 18.0 + 1.7 b 

P < 0.01 
DB cAMP 7.6 + 1.1 

aSee Materials and Methods for details. 
bAverages of the analyses of 5 rats -+ 1 standard 

error of the mean. 
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a d m i n i s t r a t i o n  (5) .  
T h e  r e s u l t s  o b t a i n e d  in  t h i s  w o r k  s h o w  t h a t  

A 5 - d e s a t u r a s e  a c t i v i t y  o f  r a t  l iver  m i c r o s o m e s  
m i g h t  be  c o n t r o l l e d  b y  e n d o c r i n o l o g i c a l  fac-  
t o r s .  T h e  e f f e c t  o f  e p i n e p h r i n e  o n  f a t t y  ac ids  
A5-  a n d  A 6 - d e s a t u r a s e s  w o u l d  be  s i m i l a r  a n d  
it  w o u l d  be  p r o d u c e d  b y  an  i n c r e a s e  o f  t h e  
i n t r a c e l l u l a r  levels  o f  cyc l i c  A M P .  
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Heat Activation of Rat Epididymal Fat Tissue 
AcetyI-CoA Carboxylase Is Due to Dephosphorylation 
by Its Endogenous Phosphatase 1 
GLENN R. KRAKOWER and KI-HAN KIM, Department of Biochemistry, 
Purdue University, West Lafayette, IN 47907 

ABSTRACT 

Acetyl-CoA carboxylase from rat epididymal fat tissue is activated by incubation at 30 C in the 
absence of citrate or metal ions. This activation is accompanied by a corresponding loss of 32p from 
the labeled enzyme, and it is not blocked by the heat-stable phosphorylase phosphatase inhibitor 
proteins from rabbit muscle. We have succeeded in separating an activity which activates and dephos- 
phorylates acetyl-CoA carboxylase from the carboxylase using polyethylene glycol-6000, These results 
suggest that the temperature-dependent activation of acetyl-CoA carboxylase in etude or partially 
purified preparations results from dephosphorylation of the carboxylase by bound phosphatase. 

INTRODUCTION 

Acetyl-CoA carboxylase, the rate-determin- 
ing enzyme of  fat ty acid biosynthesis, is regu- 
lated by covalent modification: phosphory- 
lation inactivates the enzyme and dephosphory- 
lation activates it (1-3). Acetyl-CoA carboxy- 
lase has been observed to be activated by 3 
mechanisms: polymerizat ion by  an agent such 
as citrate, cation-mediated activation, and the 
so-called "heat-activation" in the absence of  
either citrate or metal ions (4). Although it has 
been suggested that  such a temperature-depen- 
dent activation might be due to polymer 
formation (4), even in the absence of  citrate, 
the mechanism of  such an activation has never 
been careful lyexamined.  AUred and Roehrig 
have reported a 27,000 x g (20 min) fraction 
from liver which can be heat-activated and 
which is inhibited by a 105,000 x g (60 min), 
heat-stable factor that  can be removed by 
Sephadex G-25 treatment  (4). These results 
suggest that other mechanisms besides poly- 
merization might be involved in heat activation. 

In this communication, we report  that  
acetyl-CoA carboxylase from rat epididymal 
fat tissue also can be heat-activated in the 
absence of  citrate. This activation is accom- 
panied by a corresponding loss of 32p from 
labeled enzyme. The factor responsible for 
acetyl-CoA carboxylase activation h a s  been 
separated from acetyl-CoA carboxylase and has 
subsequently been identified as acetyl-CoA 
carboxylase phosphatase. Unlike the activation 
and dephosphorylat ion of  acetyl-CoA carboxy- 
lase by phosphorylase phosphatase (5), this 
activation is not  inhibited by the rabbit  muscle 
inhibitor proteins of phosphorylase phospha- 
tase. 

1Journal Paper No. 8124 from Purdue University 
Agricultural Experiment Station. 

MATERIALS AND METHODS 

Chemicals 

Acetyl-CoA, phenylmethylsulfonyl  fluoride 
(PMSF), crystalline bovine serum albumin, 
fraction V bovine serum albumin (BSA), 
polyethylene glycol-6000, and ATP were 
obtained from Sigma Chemical Co., St. Louis, 
MO. Carrier-free [32p]Pi and NaH[14C]O3 
(59.3 mCi/mmol) were purchased from Amer- 
sham/Searle, Des Plaines, IL,  NaH[14C]O3 
was purified as described previously (1). En- 
zyme-grade ammonium sulfate was purchased 
from Schwarz/Mann; Orangeburg, NY; acryl- 
amide, bis-acrylamide, and sodium dodecyl  
sulfate from Bio-Rad, Richmond, CA; glass 
fiber membranes from Reeve Angel, Clifton, 
NJ; complete Freund's  adjuvant from Difco, 
Detroit,  MI; Sephadex G-50 from Pharmacia, 
Piscataway, NJ. 

Animals 

Male Wistar rats weighing 210-255 g were 
raised in the departmental  rat colony and fed 
ad libitum with a commercial animal diet. 

Assay of Acatyl-CoA Carboxylase and 
Acetyl-CoA Carboxybse Phosphatase 

Acetyl-CoA carboxylase was assayed after 
preincubating the carboxylase sample in a final 
vol of 100/al, containing 20 mM Tris, pH 7.2, 
1.0 mM DTT, 100 btg BSA, and 0.25 mM PMSF 
for the indicated length of  t ime at 30 C. Fol- 
lowing the preincubation, the assay was initi- 
ated in a final vol of 150/al by addit ion of  the 
following (final concentrations):  50 mM Tris, 
pH 7.2, 4.75 mM citrate, 5.5 mM MgC12, 1.4 
mM DTT, 150 /.tg BSA, 0.16 mM PMSF, 2.0 
mM ATP, 0.16 mM acetyl-CoA, and 13 mM 
KHI4COa (1.5 x 106 cpm/assay). 14CO2 
incorporat ion into malonyl-CoA was measured 
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by the Majerus et al. method (6). One unit  of 
acetyl-CoA carboxylase is the amount  of 
enzyme which will form 1 /~mol of malonyl- 
CoA per min at 30 C in the conditions just 
described. 

Phosphatase activation is measured after 
adding fractions containing phosphatase activ- 
ity to acetyl-CoA carboxylase and incubating 
at 30 C for the indicated length of time. After 
the incubation, acetyl-CoA carboxylase is 
assayed as already described. 

Preparation of [32p] -Acetyl-CoA Carboxylase 

Acetyl-CoA carboxylase was labeled by 
incubating finely minced adipose tissue with 
[32p]phosphate as described previously (5). 
[~P]Acetyl-CoA carboxylase was purified 
through the 45% ammonium sulfate precipi- 
tation as described previously (7), and was 
desalted with Sephadex G-50. 

In experiments where the phosphatase was 
separated from acetyl-CoA carboxylase, the 
ammonium sulfate-precipitated enzyme was 
dialyzed into a buffer containing 100 mM 
phosphate, pH 7.5, 25 mM citrate, 0.5 mM 
EDTA, and 15 mM ~-mercaptoethanol at 20 Co 
This enzyme was then slowly brought to 5% 
w/v with 50% polyethylene glycol-6000. After 
stirring for 3 hr at 20 C, the preparation was 
centrifuged at 27,000 x g for 10 rain; the 
precipitate containing acetyl-CoA carboxylase 
was resuspended in 0.25 M sucrose, 50 mM 
Tris, pH 7.2, and 10 mM ~-mercaptoethanol 
and was recentrifuged at 27,000 x g for 10 min 
to remove insoluble protein. The phosphatase 
was found in the supernatant fraction follow- 
ing polyethylene glycol fractionation; this 
fraction was centrifuged and dialyzed. 

Enzymes 

Purified rabbit muscle phosphatase inhib- 
itor-1 (in its active, phosphorylated form) and 
inhibitor-2 were gifts from P. Cohen, Univer- 
sity of Dundee (8). 

Dephosphorylation of the Carboxylase 

The determination of 32p released during 
heat activation was carried out as follows: 
during the incubation of the Sephadex G-50- 
treated acetyl-CoA carboxylase at 30 C, 1.0-ml 
samples were taken at the indicated times. 
These samples were precipitated by 45% 
saturation with ammonium sulfate and resus- 
pended in a buffer containing 50 mM Tris, 
pH 7.5, 0.15 M NaC1, 1 mM EDTA and 5 mM 
~-mercaptoethanol. Immunoprecipitation stu- 
dies were carried out on these samples with 
antiserum to the fat tissue carboxylase, using 

2.5 t i m e s  the equivalence point of the anti- 
body. The mixture was incubated 20 min at 
30 C, then 16 to 20 hr at 4 C. The antibody- 
antigen complex obtained by centrifugation 
at 3,000 g for 15 min was then washed by 
resuspension and centrifugation 2 times with 
cold 0.15 M NaC1 and 0.3 mM PMSF. The 
immunoprecipitates were suspended in a buffer 
containing 50 mM Tris, pH 7.2, 7% sucrose, 
2% SDS, 5% ~-mercaptoethanol, 0.5 mM 
EDTA, and 0.2 mM PMSF, and were heated 
in a boiling water bath for 15 rain. These 
samples were subjected to 5% acrylamide SDS 
gel electrophoresis (9); the gels were sliced 
and the M r = 220,000 carboxylase band was 
counted in an aqueous scintillation fluid. 

RESULTS AND DISCUSSION 

As shown previously, epididymal fat tissue 
acetyl-CoA carboxylase is activated rapidly 
upon preincubation at 30 C. The activation is 
complete within 15 min (Fig. 1). This activa- 
tion is independent of both citrate and metal 
ions. To demonstrate that this heat-activation 
is due to a dephosphorylation of acetyl-CoA 
carboxylase, we prepared partially purified 
[32p] acetyl-CoA carboxylase from fat tissue 
which had been incubated with 32p for 3 hr 
as described in Materials and Methods. This 
enzyme was incubated at 30 C for the indicated 
length of time; 3 samples were taken at each of 
these times. One sample was used to assay the 
carboxylase by formation of [14C]malonyl- 
CoA. A second sample was used to determine 
total 32p. A third sample was precipitated with 
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FIG. 1. Activation and dephosphorylation of fat 
tissue acetyl-CoA carboxylase by the endogenous 
phosphatase. The [32p] labeled carboxylase was incu- 
bated for 30 rain at 30 C to allow for the endogenous 
activation. At the indicated times, aliquots were with- 
drawn to assay the carboxylase (o--o) and to deter- 
mine total 32p content (e--e) in the M r = 220,000 
band of the SDS gel of the antibody-antigen complex 
as described in'Methods. 
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an t ibody  to the  carboxylase.  The enzyme-  
an t ibody  complex  was subjected to SDS gel 
e lect rophores is ,  and the  32p con ten t  in the  
carboxylase  was then  de te rmined .  

The exper imenta l  results relating the dephos-  
phory la t ion  and the  carboxylase  act ivat ion are 
shown in Figure 1. It is clear tha t  the act ivat ion 
o f  the carboxylase  is inversely related to the  
decrease in the amoun t  of  a2p in the carboxy-  
lase itself. 

Unlike the act ivat ion of  acetyl-CoA carboxy-  
lase by phosphorylase  phospha tase  (5), this 
heat-act ivat ion is not  inhibi ted  by the rabbi t  
muscle phosphory lase  phospha tase  inh ib i to r  
proteins .  Table I shows that  the addi t ion  of  
up to 4 units  o f  these inhib i tor  p ro te ins  has no 
ef fec t  on the  act ivat ion of  acetyl-CoA carboxy-  
lase. Four  uni ts  comple te ly  inhibi ted  the  acti- 

vat ion of  acetyl-CoA carboxylase  by 3 muni t s  
phosphory lase  phospha tase  b ey o n d  the  initial 
act ivat ion (5). 

Hardie and Cohen  repor ted  tha t  a factor  
which  activates acetyl-CoA carboxylase  can be 
removed  if the carboxylase  is precipi ta ted  wi th  
5% po lye thy lene  glycol (PEG) (10). Table II 
shows that  acetyl-CoA carboxylase  which has 
been  t rea ted  in this manner  does no t  undergo  
heat  activation. However,  if the  5% PEG super- 
na tant  is prec ip i ta ted  with 80% e thanol  at 20 C 
as described by Brandt  et al. for  the  p repara t ion  
of  phosphory lase  phosphatase  (11), the activat- 
ing factor  is found  in the  resuspended  precipi- 
tate af ter  dialysis. Fu r the r  purif icat ion and 
character iza t ion of  this activating factor  indi- 
cates tha t  this factor  is a p h o s p h o p r o t e i n  
phosphatase .  The details concerning  the  purifi- 

TABLE I 

Effect of Rabbit Muscle Phosphatase Inhibitor Proteins 1 and 2 
on Activation of Acetyl-CoA Carboxylase 

Inhibitor Acetyl-CoA carboxylase Inhibitor Acetyl-CoA carboxylase 
protein-1 activity protein-2 activity 

units munits units munits 

0 1.38 0 1.34 
0.4 1.32 0.4 1.39 
1.0 1.31 1.0 1.33 
2.0 1.37 2.0 1.28 
4.0 1.37 4.0 1.31 

Ammonium-sulfate-treated acetyl-CoA carboxylase was activated by its endogenous 
phosphatase from 0.73 munits in the presence of increasing amounts of inhibitor proteins 
1 or 2. After incubating for 15 min at 30 C in the absence of citrate, acetyl-CoA carboxylase 
was assayed as described in Methods. 

TABLE II 

Separation of Activator from Acetyl-CoA Carboxylase 
Using 5% Polyethylene Glycol Precipitation 

Treatment 

0 min 30 min 
preincubation preincubation 

activity activity 

munits 

Acetyl-CoA carboxylase after 
45% ammonium sulfate 1.06 1.72 

Acetyl-CoA carboxylase after 
5% PEG precipitation 1.17 1.09 
+ 20 ~1 ethanol-treated 

5% PEG supernatant 1.19 1.38 
40 ~1 ethanol-treated 

5% PEG supernatant 1.17 1.71 
60 ~1 ethanol-treated 

5% PEG supernatant 1.19 1.96 

Ammonium-sulfate-treated acetyl-CoA carboxylase was precipitated with 5% poly- 
ethylene glycol as described in Methods. The supernatant was then treated with 5 vol 95% 
ethanol at room temperature as described by Brandt et al. (11). Acetyl-CoA carboxylase 
activity is shown after 0 and 30 rain preincubation at 30 C. 
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cation and properties of this phosphatase will 
be published elsewhere. These studies suggest 
that dephosphorylation by a phosphatase is 
involved in the heat activation of acetyl-CoA 
carboxylase. 
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Golden Jubi lee  
International Congress  

~OOH 

on Essential Fatty Acids 
and Prostaglandins 

(The week after the ISF/AOCS World 
Congress, approximately 410 persons attended 
the GoMen Jubilee International Congress on 
Essential Fatty Acids and Prostaglandins, hem 
at the University o f  Minnesota in Minneapolis. 
Jubilee President Ralph T. Holman and his 
program coordinators provided the following 
summary for  JA OCS.) 

In 1930 at the University of Minnesota in 
Minneapolis George O. Burr and M.M. Burr 
made the remarkable discovery that dietary 
linoleic acid was essential for growth, develop- 
ment and normal function in rats. At this time, 
pharmacological activity of a group of un- 
characterized substances from semen and male 
accessory glands was also being described by 
workers in New York, England and Sweden. 
At the Karolinska Institute in Stockholm, 
U.S. yon Euler first extracted and characterized 
this material as biologically active hydroxy- 
lated unsaturated fatty acid and named it 
"prostaglandin." There are now known to be 
several different prostaglandins of different 
degrees of unsaturation and different sub- 
stituents. 

World War II interrupted research on the 
"essential fatty acids" (EFA) and "prosta- 
glandins" (PG), which in any case was then 
limited by inadequate technology. The 1950s 
saw the introduction of radioisotopes, gas 
liquid chromatography and mass spectrometry. 
During the 1950s and 60s EFA were shown to 
be required by several species, including man, 

and linoleic acid was found to be metabolized 
to longer chain polyunsaturated acids by a 
series of desaturation and elongation steps. 
Furthermore, the fatty acids derived meta- 
bolically from linoleic acid were considerably 
more potent as essential fatty acids. 

In 1965, van Dorp and colleagues of Uni- 
lever in Holland and Bergstr6m and colleagues 
at the Karolinska Institute in Sweden demon- 
strated that PG were enzymatically derived 
from arachidonic acid and other polyunsatu- 
rated acids. In the past decade, several new 
metabolites of arachidonic acid have been 
described, each with potent biological activity. 
These include the thromboxanes and leuko- 
trienes described by Samuelsson and colleagues 
and prostacyclins described by Vane and 
Moncada. One or more of the original dis- 
coverers of all of the above findings actively 
participated in the Golden Jubilee Congress. 

In spite of the evidence establishing a link 
between EFA and PG or other autopharma- 
cological mediators, workers in both fields 
had remained separated. Pharmaceutical com- 
panies became excited by the potential of PG, 
their analogs and inhibitors in the fields of 
reproductive physiology, inflammation and 
thrombosis. Meanwhile, in the EFA camp, 
advances were made in establishing the role of 
EFA in cell membrane function, brain growth 
and the prevention of atherosclerosis and 
thrombosis. At the time, however, benefits of 
high linoleic acid diets to the cardiovascular 
system were largely attributed to reduction in 
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blood cholesterol. 
Two years ago an international group 

investigated the feasibility of a marriage be- 
tween the EFA and PG fields at a Golden 
Jubilee Congress to mark the 50 years that 
would soon have passed since their discoveries 
in 1930 and 1935. It was ascertained that Burr 
and von Euler (with a combined age of 160 
years) were both able and willing to attend a 
congress as guests of honor and give addresses 
on their discoveries. With this focus, a scientific 
conference was organized in which new and 
exciting findings were presented against the 
historical backdrop of  lectures by pioneers 
reviewing and updating their respective areas. 
It was obviously not possible to cover every 
topic in great detail, but the sessions were 
designed to highlight the precursor-product 
relationship between EFA, PG and other 
biologically important EFA metabolites. 

A new feature of the programming was the 
final session on "Hot  Stuff and Torrid Topics." 
Some subjects had been extracted from the 
offerings to the main program, whereas others 
were submitted at the meeting itself. The main 
criteria for acceptance in this session were that 
the data were completely new and the subjects 
were burning or controversial. The content of 
this session was kept a close secret throughout 
the meeting, and much in the way of  specu- 
lation was overheard! This format was designed 
to generate excitement and to allow a plenary- 
type presentation to any  investigator with 
something important to say. 

The unique formula for this meeting worked 
in a very special way. It was a first meeting of  
two branches of  science which had been distant 
acquaintances for many years. The knowledge 

�9 each had to offer the other fused them into one 
and generated infectious enthusiasm. The 
essence of the meeting was the synthesis and 
dissemination of ideas and knowledge rather 
than an emphasis on personalities. 

The reasons for the occurrence of poly- 
unsaturated fatty acids in cell membrane lipids 
are now being elucidated. Studies of the rates 
of interconversion of EFA have led to the 
concept that nutritional management of the 
dietary precursors should affect biosynthesis of  
PG and other oxygenated products. Practical 
applications of this knowledge were reported at 
the congress. Retinopathy in human diabetics 
maintained for six years on a diet rich in 
linoleic acid has been prevented. Similarly, it 
now seems that in man the dietary intake of 
linoleic acid or of polyunsaturated acids of fish 
oils may reduce severity of  hypertension and 
atherosclerosis. 

Although dietary linoleic acid is converted 

to the PG precursors dihomo-'y-linolenic acid 
and arachidonic acid, individual oxidative 
metabolites of these EFA may have different or 
even opposing actions in several biological 
systems. Conventional descriptions of EFA 
deficiency as a scaly skin and an elevated 
triene/tetraene ratio may be inadequate because 
different disease states were described in which 
conversion of linoleic acid to the PG precursors 
is impaired. We now must also consider the 
spectrum of various PG, leukotrienes, throm- 
boxanes and prostacyclins derived from the 
different polyunsaturated fatty acids ingested 
in different fats and oils. In this context, 
present recommendations for linoleic acid 
intake of 1-2% of dietary energy may have to 
be revised upwards, especially when one con- 
siders our present consumption of saturated 
fatty acids and arachidonic acid from animal 
fat. 

If  one considers that prostaglandins are 
themselves EFA, then psoriasis is one example 
of EFA-deficiency in which supphes of the 
linoleic and arachidonic acids are adequate but 
in which there is a block in the enzyme cyclo- 
oxygenase necessary for PG formation. In such 
cases replacement therapy with PGs or their 
synthetic analogs may be indicated. 

New leukotrienes were described at the 
congress, bringing to three the families or series 
of leukotrienes. A double bond at the five- 
position seems obligatory for an unsaturated 
fatty acid to serve as a leukotriene precursor. 
Although no leukotrienes can be produced 
from 8,11,14-20:3, they can be produced from 
5, 8, 11-20:3 (Mead's acid of EFA deficiency), 
from arachidonic acid 5,8,11,14-20:4 and 
from 5,8,11,14,17-20:5. Within each series of 
leukotrienes there are four individual members 
of which two have pro-inflammatory and 
bronchoconstrictor roles suiting them as 
mediators of inflammation and asthma. Prob- 
ably these account for the biological activity of 
the slow reacting substance in anaphylaxis 
(SRS-A). There were also reports on chemical 
synthesis of novel leukotrienes and of the 
biosynthesis of leukotriene-like substances from 
18-carbon fatty acids possessing A-5 unsatu- 
ration. 

In the prevention of thrombosis and in the 
immune system, there was renewed speculation 
that PGE1 and/or other derivatives of 8,11,14- 
20:3 may play previously hidden roles. The 
metabolic production of  this acid from dietary 
linoleic and 7-1inolenic acids, and its accumu- 
lation in free fatty acid pools may be involved 
in the process. Changes in PG metabolism 
induced by the therapeutic use of lidocaine 
in endotoxin shock in baboons indicated that 
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U.S. von Euler, (!eft), pioneer prostaglandin researcher, and George O. Burr (right), pioneer EFA researcher, 
pose at Golden Jubilee International Congress with conference president Ralph T. Holman. Peace pipes were 
presented to the two men to symbolize their contributions to knowledge. 

prostacyclin might be involved in protection 
against shock. This finding, for the first time, 
provided a r a t iona l  link between adequate 
nutri t ion and susceptibility to stress and shock. 
The concept that prostacyclin is a circulating 
hormone came in for heavy attack from several 
groups who had used various assay methods to 
test the possibility, and there was some men- 
tion of the original findings being artifactual. 

The torrid topic session produced a threat to 
the postulated role of thromboxane A2 in 
platelet thrombus formation. Although throm- 
boxane A2 is more potent as a platelet aggre- 
gator than the endoperoxides (PGG2 and 
PGH2) from which it is enzymically derived, 
these endoperoxides may also produce aggre- 
gation in their own right. Work was described in 
which a specific thromboxane inhibitor was 
used to block thromboxane production induced 
by arachidonic acid, adrenaline and collagen, 
but aggregation was unimpaired even though an 
antagonist of endoperoxide-induced aggregation 
could inhibit aggregation induced by these 
agents. 

Another torrid topic was columbinic acid, 
derived from seeds of the Columbine. Its 
structure is similar to linoleic acid with a trans 

double bond at the five-position. This acid was 
found to express many EFA functions asso- 
ciated with linoleic acid, but it cannot be 
converted to prostaglandins. The new essential 
fatty acids thus provided an experimental tool 
for separating PG-mediated functions from the 
structural lipid functions of essential fatty 
acids. For instance, in rats, columbinic acid 
could restore to normal the scaly skin lesions of 
EFA-deficient rats, but could not normalize the 
response to inflammation. Kidney lesions and 
defective platelet function also were not 
restored. 

Recently, much publicity has been given to 
the view that we should protect ourselves 
against thrombotic disease by subsisting on an 
Eskimo diet, whose effects seem mainly attribu- 
table to its high content of eicosapentaenoic 
acid (EPA), which is a precursor for PG of the 
3-series. However, from evidence presented at 
the congress, this view received some setbacks. 
There were several reports that fish oils con- 
taining EPA could indeed prolong bleeding and 
inhibit platelet aggregation, but  sometimes 
severe reductions in platelet count were en- 
countered. Furthermore, available evidence 
from animal and human studies did not support 



the view that EPA owes its antithrombotic 
actions to its conversion to a prostacyclin-like 
PGI 3 by enzymes in the vasculature. Feeding 
studies with EPA-rich fish oils in both animals 
and a human volunteer showed evidence of 
reduced platelet thromboxane production, and 
also of reduced production of prostacyclin, 
which has antithrombotic properties. The 
question arose whether diets rich in EPA cause 
undesirable increases in leukotriene/prosta- 
glandin ratio. In a human volunteer who 
subsisted on a severe Eskimo diet for a pro- 
longed period, some changes were seen that 
male members of the audience did not wish to 
share! Clearly additional animal studies with 
pure EPA, followed by closely monitored 
human volunteer studies, are needed. 

Perhaps the most exciting of all the torrid 
topics was a report suggesting that arthritis may 
be alleviated by dietary means involving 6,9,12- 
18:3. This result was found in an animal model 
of immune-mediated arthritis and the leuko- 
cytes from such animals were not able to 
take part in chemotaxis. With this and the other 
reported examples from the immune response 
and cardiovascular areas, the distinct impression 
was given that we may be on the verge of new 
and exciting developments in dietary control of 
many disease states. This goal might be more 
easily realized if the suitably chosen dietary 
adjunct is combined with a drug which specifi- 
cally redirects oxidative metabolism of EFA 
and other polyunsaturated fatty acid pre- 
cursors. Alternatively, or in addition, a drug 
could be administered that blocks cyclic AMP 
degradation by phosphodiesterases. Such a drug 
should enhance desirable antithrombotic ac- 
tions of PG whose formation is enhanced by 
dietary means. As reported at the meeting, 
antithrombotic properties of all PG are exerted 
through stimulation of cyclic AMP production 
in platelets. Certainly, pharmaceutical com- 
panies involved in development of drugs whose 
actions impinge on PG/thromboxane/leuko- 
triene-mediated mechanisms should be aware of 
the importance of dietary EFA in ultimately 
controlling actions of these drugs. Dietary 
factors should be accurately monitored in both 
animal tests and clinical studies. 

It was part of the historical picture that G.O. 
Burr and U.S. yon Euler should meet for the 
first time at this congress, and it was appro- 
priate that the EFA and PG people should also 
meet for the first time with such fertile results. 
Dr. Ralph T. Holman, the Congress Chairman, 
reminded us (with dry wit) of two other 
people who also met in the land of 10,000 
lakes-Hiawatha and Minnehaha. Because paro- 
dies of the Song of Hiawatha had been part of 
the literature of lipid researchers for two 
decades, the congress was opened and closed 
in that style. 

The banquet ended with two historic speech- 
es from two remarkable men-remarkable  not 
only for their work but for their great insight 
and natural humility. As scientists we were 
reminded to "expect the unexpected" and to 
realize that original discoveries often only 
become important after development by others 
whose contributions are often forgotten. 

To celebrate the occasion in a more sub- 
stantive way, the congress had medals struck 
which bore the images of Burr and yon Euler. 
Burr and yon Euler were renamed Hiawatha, 
they were given their gold medals for winning 
the lipid Olympics and they were given Chip- 
pewa peace pipes symbolic of their wisdom and 
honor. Replicas were also presented to Drs. 
Sune Bergstr5m, David van Dorp, Jan Bold- 
ingh, Hugh Sinclair, the program coordinators 
of the congress, and the Department of Bio- 
chemistry of which Burr was once head, all of 
whom had done so much to stimulate aware- 
ness of the importance in man of dietary 
essential fatty acids and prostaglandins. All 
attendees at the banquet received replicas in 
pewter. 

Then the Fellowship of Hiawatha 
Left the cavern, wended homeward, 
But they left with inspiration 
From the council halls of learning, 
From the speeches of the Four Winds 
From the Wisdom they had gathered 
At the feet of Hiawatha. 

R. T. Holman, M. Crawford, 
J.F. Mead, A.L. Willis 
Coordinating Committee 

vi 


	1-5.pdf
	6-9.pdf
	10-13.pdf
	14-18.pdf
	19-21.pdf
	22-25.pdf
	26-32.pdf
	33-38.pdf
	39-44.pdf
	45-49.pdf
	50-54.pdf
	55-60.pdf
	61-62.pdf
	63-65.pdf
	66-68.pdf
	69-73.pdf
	75-79.pdf
	80-85.pdf
	86-90.pdf
	91-94.pdf
	95-99.pdf
	100-107.pdf
	108-112.pdf
	113-121.pdf
	122-123.pdf
	124-128.pdf
	129-132.pdf
	133-134.pdf
	135.pdf
	137-140.pdf
	141-150.pdf
	151-156.pdf
	157-162.pdf
	163-167.pdf
	168-174.pdf
	175-178.pdf
	179-185.pdf
	186-190.pdf
	191-193.pdf
	194-195.pdf
	196-199.pdf
	200-202.pdf
	203-204.pdf
	205-215.pdf
	216-223.pdf
	224-229.pdf
	230-235.pdf
	236-241.pdf
	242-250.pdf
	251-254.pdf
	255-262.pdf
	263-268.pdf
	269-271.pdf
	272-275.pdf
	276-278.pdf
	278.pdf
	279-284.pdf
	285-291.pdf
	292-297.pdf
	298-305.pdf
	306-314.pdf
	315-322.pdf
	323-327.pdf
	328-336.pdf
	337-344.pdf
	345-355.pdf
	356-364.pdf
	365-370.pdf
	371-374.pdf
	375-378.pdf
	379-385.pdf
	386-387.pdf
	389-394.pdf
	395-400.pdf
	401-406.pdf
	407-411.pdf
	412-420.pdf
	421-427.pdf
	428-433.pdf
	434-438.pdf
	439-446.pdf
	447-451.pdf
	452-455.pdf
	456-463.pdf
	464-467.pdf
	468-471.pdf
	472-474.pdf
	475-478.pdf
	479-480.pdf
	481-484.pdf
	485-495.pdf
	497-503.pdf
	504-511.pdf
	512-518.pdf
	519-523.pdf
	524-533.pdf
	534-538.pdf
	539-543.pdf
	544-548.pdf
	549-554.pdf
	555-558.pdf
	559-562.pdf
	563-571.pdf
	572-579.pdf
	580-586.pdf
	587-590.pdf
	591-593.pdf
	594-596.pdf
	597-600.pdf
	601-603.pdf
	604-608.pdf
	609-615.pdf
	616-623.pdf
	624-630.pdf
	631-636.pdf
	637-643.pdf
	644-650.pdf
	651-660.pdf
	661-667.pdf
	668-676.pdf
	677-681.pdf
	682-685.pdf
	686-689.pdf
	690-693.pdf
	694-696.pdf
	698-704.pdf
	705-709.pdf
	710-718.pdf
	719-733.pdf
	734-744.pdf
	745-755.pdf
	756-763.pdf
	764-769.pdf
	770-782.pdf
	783-792.pdf
	793-797.pdf
	799-804.pdf
	805-810.pdf
	811-814.pdf
	815-822.pdf
	823-829.pdf
	830-837.pdf
	838-848.pdf
	849-852.pdf
	853-857.pdf
	858-863.pdf
	864-871.pdf
	872-875.pdf
	876-879.pdf
	881-888.pdf
	889-894.pdf
	895-903.pdf
	904-907.pdf
	908-912.pdf
	913-917.pdf
	918-924.pdf
	925-931.pdf
	932-937.pdf
	938-943.pdf
	944-948.pdf
	949-952.pdf
	953-961.pdf
	962-964.pdf
	965-967.pdf
	968-971.pdf
	972-974.pdf
	975-979.pdf
	980-982.pdf
	983-985.pdf
	987-992.pdf
	993-998.pdf
	999-1003.pdf
	1004-1011.pdf
	1012-1018.pdf
	1019-1022.pdf
	1023-1028.pdf
	1029-1036.pdf
	1037-1043.pdf
	1044-1050.pdf
	1051-1054.pdf
	1055-1061.pdf
	1062-1063.pdf
	1064-1066.pdf
	1067-1070.pdf
	1070.pdf
	iii-vi.pdf

